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SPONSORS I EXHIBITORS

Silver

attocube systems was founded in 2001 and is recognized for innovation
and excellence in the development, the production, and the distribution
of cutting-edge components and solutions for nanoscale applications in
research and industry.
The business sector ‘Nanoscale Analytics’ (formerly neaspec GmbH)
designs, manufactures and distributes advanced microscopy solu-
tions for nanoscale-resolved optical imaging and spectroscopy using
ground-breaking and patented technologies that enable to surpass the
diffraction-limited spatial resolution of conventional microscopes. nea-
spec instruments combine the best of two worlds – the nanoscale res-
olution of atomic force microscopy with the analytical power of optical
spectroscopy in the visible, infrared and even THz spectral ranges, open-
ing a new era in fundamental and applied research.
The products received various prestigious awards and are highly re-
garded in the scientific community. A skilled team with decades of appli-
cations experience guarantees highest levels of instrument performance,
consulting competence, comprehensive on-site installation service and
excellent after-sales support.

Phasics offers metrology and imaging solutions. Thanks to a full range of
wavefront sensors, optic testing stations, and quantitative phase imag-
ing cameras, Phasics covers a wide range of applications such as laser
beam testing, adaptive optics, lens alignment, quality control, and sur-
face characterization, as well as quantitative phase imaging for biology,
material inspection, and plasma metrology. Every Phasics solution re-
lies on our robust and patented QuadriWave Lateral Shearing Interfer-
ometry (QWLSI) technology. This technology was developed to over-
come the Shack-Hartmann limitations: it offers ultra-high resolution (up
to 852×720 measurement points), high sensitivity (sub-nanometric) and
large dynamic range (hundreds of microns).

We are PlanOpSim, experts in meta-lens software. We develop single
workflow design software for planar and meta-optics.
PlanOpSim unites the design of planar optics into an easy-to-use meta-
lens software tool.
PlanOpSim software integrates the different stages of designing meta-
surface and planar optics components. Multiscale simulations are used
to efficiently model from the nano- to the macro scale.
Full wave solution of nano-structures seamlessly integrated to fourier op-
tics for large components. Easy interaction with ray-tracing and manu-
facturing files for system integration.
Next to that PlanOpSim offers meta-surface design and R &D as a ser-
vice. PlanOpSim’s primary expertise is numerical modelling and design
of photonics and optical components.
With a unified workflow, meta-surface design with PlanOpSim gets rid of
gluing together different tools. Available on the cloud or in a local version.
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Synopsys’ Optical Solutions Group, is a leading developer of optical de-
sign and analysis tools that model all aspects of light propagation, en-
abling users to produce accurate virtual prototypes leading to manufac-
turable optical systems.
Our software packages include CODE V® imaging design software,
LightTools® illumination design software, LucidShape® products for au-
tomotive lighting, the RSoft™ products for photonic device and optical
communications design, and the PIC Design Suite for photonic inte-
grated circuit design, simulation, layout, and verification, Scattering mea-
surement tools including the development and sales of industrial prod-
ucts (“Mini-Diff” and “Reflet”).

Fun-COMP (Functionally scaled COMPuting technology) is an EU
(H2020, grant #780848) research collaboration involving seven aca-
demic and industrial partners – the Universities of Exeter, Oxford and
Muenster, IMEC, C2C-CNRS, Thales-TRT and IBM Zurich. Fun-COMP
is developing ground-breaking hardware technologies in the field of pho-
tonic computing. With applications ranging from ultra-fast, to ultra-low-
latency convolutional processing, highly-parallel matrix-vector multiplica-
tion, in-memory and neuromorphic computing, Fun-COMP devices and
technologies offer a new way of ‘doing’ computing - ideally suited to the
modern-day needs of artificial intelligence and machine learning.
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Other Sponsors

Université Paris-Saclay is a research university based in Paris, France.
Université Paris-Saclay offers a comprehensive and varied range of
Undergraduate, Master’s and PhD degrees, renowned internationally
thanks to the University’s reputation for research excellence and the
commitment of its academic staff. The University’s constituent faculties,
institutes and component institutions all contribute to the curricula with
cutting-edge specialised courses in Science and Engineering, Life Sci-
ences and Health, and Social Sciences and Humanities.
Université Paris-Saclayis ranked 1st in France and 13th in the world ac-
cording to the Academic Ranking of World Universities (ARWU).

SAIT - Samsung Advanced Institute of Technology is Samsung Group’s
R&D hub, established as the incubator for cutting-edge technologies un-
der the founding philosophy of “boundless search for breakthroughs’
and the vision of “changing the world through creative research.” The
research scope of SAIT includes semiconductor/display/battery mate-
rials, nano-electronics, computing platforms, AI algorithms, and meta-
photonics. With its extraordinary strength in theory and fabrication, the
meta-photonics team at SAIT aims to provide disruptively innovative
imaging devices and sensors by pushing the limit in pursuit of practi-
cal applications such as hyperspectral imaging devices in mobile, high-
efficiency color routers for CMOS image sensors, solid state beam steer-
ing for LiDARs, and health sensors. With deep and extensive competen-
cies in metasurfaces and nanomaterial technologies, we will keep ahead
for the better future inspired and promised by cutting-edge technologies.

AEM - Advanced Electromagnetics is a free, peer-reviewed, Gold Open
Access journal. It covers recent international research results in the gen-
eral field of Electromagnetic Waves, Antennas and Propagation. Authors
of articles published in Advanced Electromagnetics retain the copyright
of their articles and are free to reproduce and disseminate their work
(under a Creative Commons Attribution License). AEM is widely indexed
and has a Scopus CiteScore of 2.2 (2021).

Nanophotonics (De Gruyter) covers recent international research results,
specific developments in the field and novel applications. It publishes all
article in a Gold Open Access model and belongs to the top journals
in the field. Nanophotonics focuses on the interaction of photons with
nano-structures, such as carbon nano-tubes, nano metal particles, nano
crystals, semiconductor nano dots, photonic crystals, tissue and DNA.
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PLENARY SPEAKERS

Harry Atwater
California Institute of Technology, USA

Metasurface Laser Lightsails

Harry Atwater is the Otis Booth Leadership Chair of the Division of Engineering
and Applied Science, and the Howard Hughes Professor of Applied Physics and
Materials Science at the California Institute of Technology. Atwater’s scientific
effort focuses on nanophotonic light-matter interactions. His work spans funda-
mental nanophotonic phenomena and applications, including active wavefront

shaping of light using metasurfaces, optical propulsion of lightsails, quantum and 2D nanophotonics as
well as solar energy conversion.
Atwater was an early pioneer in nanophotonics and plasmonics and gave a name to the field of plasmon-
ics in 2001. He is Chair of the LightSail Committee for the Breakthrough Starshot program. Currently
Atwater is also the Director for the Liquid Sunlight Alliance (LiSA), a Department of Energy Hub pro-
gram for solar fuels, and was also the founding Editor in Chief of the journal ACS Photonics. Atwater
is a Member of the US National Academy of Engineering, a Web of Science Highly Cited Researcher,
and the recipient of the 2021 von Hippel Award of the Materials Research Society.

Metasurface Laser Lightsails
Nanophotonic design principles can enable self-stabilizing optical manipulation, levitation and propul-
sion of ultralight macroscopic-sized (i.e., mm, cm, or even meter-scale) metasurface ‘lightsails’ via radi-
ation pressure from a high power density pump laser source. Here we examine stringent criteria for the
lightsail metasurface design, and dynamical and opto-mechanical stability, and thermal management.
We discuss the dynamical stability analysis, as well as first experimental steps in characterization of
small (<1 mm) microscale lightsails.
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Jeremy J. Baumberg
University of Cambridge, UK

Picocavities: confining light below the size of an atom

Jeremy J. Baumberg FRS, directs a UK Nano-Photonics Centre at the Univer-
sity of Cambridge and has extensive experience in developing optical materials
structured on the nano-scale that can be assembled in large volume. He is
also Director of the Cambridge Nano Doctoral Training Centre, a key UK site for
training PhD students in interdisciplinary Nano research. Strong experience with

Hitachi, IBM, his own spin-offs Mesophotonics and Base4, as well as strong industrial engagement give
him a unique position to combine academic insight with industry application in a two-way flow. With
over 20000 citations, he is a leading innovator in Nano. This has led to awards of the IoP Faraday gold
Medal (2017), Royal Society Rumford Medal (2014), IoP Young Medal (2013), Royal Society Mullard
Prize (2005), the IoP Charles Vernon Boys Medal (2000) and the IoP Mott Lectureship (2005). He
frequently talks on NanoScience to the media, and is a strategic advisor on NanoTechnology to the UK
Research Councils. He is a Fellow of the Royal Society, the Optical Society of America, and the Institute
of Physics. His recent popular science book “The Secret Life of Science: How Science Really Works
and Why it Matters” is just published by PUP, see np.phy.cam.ac.uk.

Picocavities: confining light below the size of an atom
We show how plasmonically-enhanced light-induced van-der-Waals forces pull single adatoms from
metal facets, to create picocavities which confine light to volumes < 1nm3. The thousand-fold stronger
optical forces depend on nearby molecules as well as temperature and local optical field, and offer a
route to single molecule optical tweezers.
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Alexandra Boltasseva
Purdue University, USA

Advancing Photonic Design and Quantum Circuitry with Ma-
chine Learning

Alexandra Boltasseva is a Professor at the School of Electrical & Computer En-
gineering at Purdue University. She received her PhD in electrical engineering
at Technical University of Denmark, DTU in 2004. Boltasseva specializes in
nanophotonics, nanofabrication, optical materials, plasmonics and metamateri-

als. She is 2018 Blavatnik National Award for Young Scientists Finalist and received the 2013 IEEE Pho-
tonics Society Young Investigator Award, 2013 Materials Research Society (MRS) Outstanding Young
Investigator Award, the MIT Technology Review Top Young Innovator (TR35), the Young Researcher
Award in Advanced Optical Technologies from the University of Erlangen-Nuremberg, Germany, and
the Young Elite-Researcher Award from the Danish Council for Independent Research. She is a Fellow
of the Optical Society of America (OSA) and Fellow of SPIE. She served on MRS Board of Directors
and is Editor-in-Chief for OSA’s Optical Materials Express.

Advancing Photonic Design and Quantum Circuitry with Machine Learning
In this talk, we discuss photonic design approaches and emerging material platforms for showcasing
machine-learning-assisted topology optimization for optical metasurface designs with applications in
thermophotovoltaics, reflective optics, and lightsail technology. We demonstrate the effectiveness of
autoencoders for compressing the vast design space of metasurfaces into a smaller search space.
By employing global optimization via adjoint methods or quantum annealing, one can find the optimal
metasurface designs within the smaller space constructed by the autoencoder. The quantum-assisted
machine learning framework, named bVAE-QUBO, presented in this work is the first demonstration of a
generic machine learning framework that compresses an arbitrary continuous optimization problem into
an Ising-model formalism for quantum sampling.
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Duheon Song
Samsung Advanced Institute of Technology, Korea

Device technology and vision for a better life empowered by
meta-photonics

Duheon Song received B.S., M.S., and Ph.D. in Electronics Engineering from
Seoul National University in Korea. Before joining Samsung, he worked at LG
Semicon Company, and worked as a postdoc at MIT. Since joining Samsung

Electronics in 2000, he has made significant contributions to the development of the next-generation
DRAM/NAND-flash memories and their successful mass production. Since 2020, he has been leading
the Device Research Center at Samsung Advanced Institute of Technology, and his current research
effort focuses on developing beyond-Si semiconductor devices, Si-/nano-/meta-photonic devices for
diverse mobile applications, and quantum computing technologies.

Device technology and vision for a better life empowered by meta-photonics
In this talk, I will present noticeable advances in the device technology for information and vision appli-
cations based on meta-photonics. The development in the field of integrated electronics devices has
been incredibly fast, and this rapid development has been driven and accelerated by pioneering semi-
conductor manufacturing technologies that allow extreme scale-downs and creation of 3 dimensional
structures. Meta-photonics can provide innovative platforms to produce unprecedented synergetic ef-
fect with electronics due to its distinguished capability of manipulating the control of light at the deep
subwavelength scale. I will address how device technologies based on meta-photonics can contribute
to making a better life, and share remarkable achievements and future goals we are working on.
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Päivi Törmä
Aalto University, Finland

Bose-Einstein Condensation, Lasing and Topological Photon-
ics with Plasmonic Lattices

Päivi Törmä is a professor at the Department of Applied Physics, Aalto University,
Finland. Her research ranges from theoretical quantum many-body physics to
experiments in nanophotonics. Her theory work has revealed a new connection

between quantum geometry and superconductivity that explains why flat bands can carry supercurrent.
In her experiments, Törmä has worked on strong coupling of surface plasmon polariton modes and
molecules, and her group has realized lasing and Bose-Einstein condensation phenomena in plasmonic
nanoparticle arrays. Törmä has a PhD from the University of Helsinki. She obtained the EURYI award
in 2005, the ERC Advanced Grant in 2013, and the Academy Professorship of the Academy of Finland
in 2017. She led the Nanoscience Centre of University of Jyväskylä 2002-2005 and the Finnish Centre
of Excellence in Computational Nanoscience 2014-2017 and was a guest professor at ETH Zürich in
2015. In 2021, Törmä was elected as a member of the Academia Europaea.

Bose-Einstein Condensation, Lasing and Topological Photonics with Plasmonic Lattices
Arrays of metal nanoparticles host collective plasmonic-optical modes. We have observed lasing and
Bose-Einstein condensation when such plasmonic lattices are combined with organic molecules, show-
ing unique sub-picosecond dynamics, coherence properties and polarization textures. Recently, we
have observed lasing in bound-state-in-continuum modes with a topological charge. We have also
shown that magnetic field opens a gap between degenerate modes and can be used for on-off switch-
ing of lasing, which opens new prospects for studies of topological photonics.
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Nikolay Zheludev
University of Southampton, UK & NTU, Singapore

Picophotonics

Nikolay Zheludev’s research interest are in nanophotonics and metamaterials.
He is the Director of the Centre for Photonic metamaterials and Deputy Direc-
tor of the Optoelectronics Research Centre in Southampton University, UK. He
is also co-Director of The Photonics Institute and directs the Centre for Disrup-
tive 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 metamate-
rials, 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.

Picophotonics
Optical imaging and metrology of nanostructures exhibiting Brownian motion is possible with resolution
beyond thermal fluctuations and speed to resolve their dynamics. This opens the case for picophotonics
(atomic scale photonics), the science of interactions of picometer-scale objects and events with light.
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KEYNOTE SPEAKERS

Mark Brongersma
Stanford University, USA

Flat Optics for Dynamic Wavefront Manipulation

Mark Brongersma is the Stephen Harris Professor in the Departments of Mate-
rials Science and Applied Physics at Stanford University. He leads a research
team of ten students and five postdocs. Their research is directed towards the
development and physical analysis of new materials and structures that find use
in nanoscale electronic and photonic devices. He is on the list of Global Highly

Cited Researchers (Clarivate Analytics). He received a National Science Foundation Career Award, the
Walter J. Gores Award for Excellence in Teaching, the International Raymond and Beverly Sackler Prize
in the Physical Sciences (Physics) for his work on plasmonics, and is a Fellow of the OSA, the SPIE,
and the APS. Dr. Brongersma received his PhD from the FOM Institute AMOLF in Amsterdam, The
Netherlands, in 1998. From 1998-2001 he was a postdoctoral research fellow at the California Institute
of Technology.

Flat Optics for Dynamic Wavefront Manipulation
In this presentation, I will highlight recent efforts in our group to realize electrically-tunable metasur-
faces employing nanomechanics, tunable transparent oxides, microfluidics, phase change materials,
and atomically-thin semiconductors. Such elements are capable of dynamic wavefront manipulation for
optical beam steering and holography. The proposed optical elements can be fabricated by scalable
fabrication technologies, opening the door to a wide range of commercial applications.

Thomas Brunet
Bordeaux University, France

3D wavefront shaping with soft sub-wavelength acoustic
lenses

Thomas Brunet, After completing his PhD in physics about acoustics of granular
media at University Paris-Est in 2006, Thomas Brunet spent three years as a
postdoctoral researcher at Institut des NanoSciences de Paris where he started
to pay attention to phononic crystals & metamaterials. In 2010, he joined Bor-

deaux INP as Associate Professor of Mechanical Engineering and, since then, he has extended his
activities about acoustic waves in complex media to various materials designed and achieved in an
original way by combining several soft matter techniques. He is known particularly to have reported the
first (soft) 3D acoustic metamaterial with a negative index and (soft) gradient-index metasurfaces. He
is also interested in more fundamental aspects about wave physics such as Anderson localization likely
to occur in strongly resonant scattering media.

Flat 3D wavefront shaping with soft sub-wavelength acoustic lenses
In this talk, I will report a class of flat (or quasi-flat) acoustic lenses with sub-wavelength thicknesses,engineered
from soft porous silicone rubbers, for broadband underwater 3D wavefront shaping of ultrasound.The
functionalities of these soft gradient-index (or high-index) metasurfaces will be illustrated through vari-
ousultrasonic experiments in a large water tank, thus demonstrating acoustic focusing and vortex beam
generation.

16



Federico Capasso
Harvard University, USA

Advances in High-performance Flat optics: from Metalsur-
faces to High-volume Manufacturing for Consumer electronics
and Communications

Federico Capasso is the Robert Wallace Professor of Applied Physics at Har-
vard 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 Phys-

ical Research. He is visiting professor at NTU with both the School of Physical and Mathematical Sci-
ences 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 semi-
conductor nanostructures and devices, invented and first demonstrated the quantum cascade laser and
investigated QED forces including the first measurement of a repulsive Casimir force. His most recent
contributions are new plasmonic devices and flat optics based on metasurfaces. He is a member of the
National Academy of Sciences, the National Academy of Engineering, the American Academy of Arts
and Sciences. His awards include the King Faisal Prize, the IEEE Edison Medal, the SPIE Gold Medal,
the American Physical Society Arthur Schawlow Prize in Laser Science, the Jan Czochralski Award for
lifetime achievements in Materials Science, the IEEE Sarnoff Award in Electronics, the Materials Re-
search Society Medal, the Wetherill Medal of the Franklin Institute, the Rank Prize in Optoelectronics,
the Optical Society Wood Prize, the Berthold Leibinger Future Prize, the Julius Springer Prize in Applied
Physics, the European Physical Society Quantum Electronics Prize.

Advances in High-performance Flat optics: from Metalsurfaces to High-volume Manufacturing
for Consumer electronics and Communications
I will present recent major advances in cm scale achromatic RGB metalenses for VR by inverse design
and 10 cm metalenses for space optics consisting of 20 billion metatoms. A compact and highly inte-
grated metasurface-based inverse designed mode multiplexer that takes three single-mode fiber inputs
and converts them into the first three linearly polarized spatial modes of a few-mode fiber with high
fidelity the C-band (1530-1565 nm) of fiber optics will be presented.

Che Ting Chan
HKUST, Hong Kong

One-way photonic crystal waveguide modes with and without
magnetic material

Che Ting Chan received his PhD degree from the UC Berkeley in 1985. He is
currently serving as the Associate Vice-President for Research & Development
at HKUST, Hong Kong. He was elected a Fellow of the American Physical So-
ciety and the Hong Kong Physical Society. He is a member of the Hong Kong

Academy of Sciences. He works on the theory a variety of advanced materials, including photonic crys-
tals, metamaterials and nano-materials.

One-way photonic crystal waveguide modes with and without magnetic material
Robust transport of edge modes is an important signature of topological materials. The bulk-edge
correspondence states that the number of topological edge modes is determined by the bulk topological
invariants and such edge modes decay exponentially into the bulk. Here, we discuss some examples
in which one-way going modes can be realized with and without magnetic materials, but they are not
"edge" modes in the sense that the wave is not exponentially localized on the edge.
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Javier García de Abajo
ICFO-Institut de Ciencies Fotoniques, Spain

Atomically Thin Materials for Nanophotonics

Javier García de Abajo received his PhD from the University of the Basque Coun-
try in 1993 and then visited Berkeley National Lab for three years. He was a
Research Professor at the Spanish CSIC and in 2013 moved to ICFO-Institut de
Ciencies Fotoniques (Barcelona) as an ICREA Research Professor and Group

Leader. He is Fellow of both the American Physical Society and the Optical Society of America, and he
has co-authored 300+ articles on different aspects of nanophotonics, atomic physics, surface science,
and electron microscope spectroscopies. See http://www.nanophotonics.es for more details.

Atomically Thin Materials for Nanophotonics
We will discuss the opportunities opened by atomic-scale materials for the control of light at unprece-
dentedly small length scales, and in particular their application in optical sensing and nonlinear nanopho-
tonics. Recent advances in fabrication and conceptual design of materials benefiting from quantum
hybridization with the environment will be also presented.

Patrice Genevet
Université Côte d’Azur - CNRS, France

Topological Metasurfaces

Patrice Genevet obtained his PhD at University of Nice Sophia Antipolis in France
on localized spatial solitons in semiconductor lasers and amplifiers. After his
PhD, he did five years of postdoctorate fellowship (2009-2014) in the Capasso
group (SEAS, Harvard University) in collaboration with Prof. Scully (Texas A&M
University). In 2014, he obtained the position of senior research scientist at

A*STAR, Singapore. In 2015, He joined CNRS as ‘Chargé de Recherche de Première classe’. He is
the recipient of the ERC starting Grant 2015 on Functional flat optical components and applications,
the ERC Proof of Concept 2019 and the Aimé-Cotton Price 2017 from the French Optical Society. He
serves as an associate editor for Optics Letters and Science Advances. P. Genevet research activities
concern the development of optical metasurfaces for sensing, imaging, and LiDAR applications.

Topological Metasurfaces
New degrees of freedom in the design of optical components are attained by considering the response
of topological nanostructures. Relying on symmetry-breaking arguments and topological properties of
non-Hermitian metasurfaces, we provide new guidelines for achieving 2p phase coverage in transmis-
sion and reflection. Crossing of the branch cut is shown to provide a very intuitive design approach
for achieving full resonant phase scattering. Our results highlight the role of topological defects for
achieving realistic and insightful metasurface designs.
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Stephen K. Gray
Argonne National Laboratory, USA

Hybrid quantum dot/plasmonic systems

Stephen K. Gray is a Senior Scientist and an Argonne Distinguished Fellow at
the Center for Nanoscale Materials, Argonne National Laboratory. He received
a Ph.D. in Chemistry in 1982 from the University of California at Berkeley, and
did post-doctoral work at Oxford University and the University of Chicago before

joining the chemistry faculty of Northern Illinois University in 1986. He subsequently moved to Argonne
in 1990 and has been on its staff ever since, first in the Chemical Sciences and Engineering Division
and then joining the Center for Nanoscale Materials in 2009. He was made Fellow of the American
Physical Society in 2007. Much of his work focuses on the theory of nanoscale light-matter interactions,
including aspects of plasmonics and quantum plasmonics.

Hybrid quantum dot/plasmonic systems
Several aspects of the spectroscopy and dynamics of quantum dot/plasmonic nanoparticle systems are
outlined, including joint experimental and theoretical work on photoluminescence from a hybrid system
of CdSe/ZnS quantum dots layered on an array of silver nanoparticles. The array of nanoparticles ex-
hibits a surface lattice resonance and with appropriate design this resonance can be strongly coupled to
the quantum dot exciton. It is also shown how the photoluminescence can be observed at surprisingly
long distances away from the excitation source.

Varvara Kouznetsova
Eindhoven University of Technology, Netherlands

Emergent phenomena in locally resonant acoustic metamate-
rials due to subharmonic energy exchange

Varvara Kouznetsova, holds a degree in Applied Mathematics from Perm State
Technical University, Russia, and a PhD in Mechanical Engineering from Eind-
hoven University of Technology in the Netherlands. From 2002 to 2009 she was
a research fellow at the Netherlands Institute for Metals Research (NIMR) and

the Materials innovation institute (M2i). Currently she is an Associate Professor of Multi-scale Solid Me-
chanics at the Department of Mechanical Engineering of Eindhoven University of Technology, Nether-
lands and he is a Guest Associate Professor at Keio University, Japan. Dr. Kouznetsova’s research is
in the field of multi-scale mechanics focusing on the emergent multiscale behavior due to non-trivial in-
teractions across different space and time scales with particular application to mechanical and acoustic
metamaterials.

Emergent phenomena in locally resonant acoustic metamaterials due to subharmonic energy
exchange
This work investigates the emergent phenomena in non-linear locally resonant elasto-acoustic meta-
materials. The energy exchange between the propagative and subharmonic evanescent wave modes
is studied, which has been shown to originate from the autoparametric resonance promoted by the
non-linearity in the resonator. The phenomenon is analysed semi-analytically (using the multiple scales
method), numerically, and experimentally.
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Silvia Viola Kusminskiy
Max Planck Institute for the Science of Light, Germany

Cavity Magnonics

Silvia Viola Kusminskiy, is Professor for Theoretical Condensed Matter Physics
at RWTH Aachen University and head of the Research Group “Theory of Hybrid
Quantum Systems” at the Max Planck Institute for the Science of Light (MPL)
in Erlangen, Germany. After undergraduate studies at the Universidad de la

República in Uruguay, she obtained her PhD in Physics from Boston University in the USA. She con-
tinued her academic career in Germany, where she held postdoctoral positions at the Freie Universi-
taet Berlin, the Friedrich-Alexander University Erlangen-Nuernberg, and MPL. Her research comprises
mesoscopic systems and light-matter interaction, with emphasis on collective phenomena and a focus
on hybrid quantum systems including magnetic degrees of freedom.

Cavity Magnonics
Cavity Magnonics strives to control the elementary excitations of magnetic materials (magnons) and to
interface them coherently to other elementary excitations such as photons or phonons. This can allow
us to explore magnetism in new ways and regimes, has the potential of unraveling quantum phenomena
at unprecedented scales, and could lead to breakthroughs for quantum technologies. I will introduce the
field and present theoretical results from our group aimed to push the boundaries of the current state of
the art.

Svetlana Kuznetsova
Université du Mans, France

Complex resonance samples of coupled Helmholtz res-
onators

Svetlana Kuznetsova, obtained her PhD in radiophysics focusing on electromag-
netic response of dielectric metamaterials in 2016 from Lobachevsky State Uni-
versity of Nizhny Novgorod (NNSU), Russia. In the following two years she has
been teaching general physics at NNSU. From 2019 to the present she is a

post-doctoral researcher in Laboratoire d’Acoustique de l’Université du Mans (LAUM), France. She has
conducted research on the scattering properties of acoustic disordered hyperuniform materials and now
her research focuses on theoretical and numerical study of acoustic metamaterials possessing complex
resonances. In general her scientific interests involve waves in acoustic and electromagnetic complex
media, photonic and phononic structures.

Complex resonance samples of coupled Helmholtz resonators
Complex resonances of Helmholtz resonators coupled to a waveguide are studied. The scatteringma-
trix approach is used to obtain the trajectories of the complex resonance poles with the variation of
thedistance between the resonators. For two resonators they are shaped as Cassini ovals. Fano-type
peaks in thetransmission spectrum and the occurrence of the Dicke effect are observed. Variation of
the distance between theresonators is shown to be capable of the tuning of the resonant properties.
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Alberto Naldoni Alberto Naldoni
Palacký University Olomouc, Czech Republic

Advanced plasmonic photocatalysts for solar-to-chemical en-
ergy conversion

Alberto Naldoni is the co-leader of the photoelectrochemistry group at the Re-
gional Centre of Advanced Technologies and Materials of Palacký University
Olomouc. He obtained his Ph.D. (2010) in Chemical Sciences from University

of Milan before moving to the Italian National Research Council to study photocatalysis and photoelec-
trochemical water splitting. He spent three years as a visiting faculty in the Nanophotonics group at
the Birck Nanotechnology Center of Purdue University to investigate alternative plasmonic materials for
solar energy conversion. His research interests focus on nanomaterials for energy and environment,
plasmonics, photocatalysis, photoelectrochemistry, defects and doping in metal oxides, charge transfer
at solid-solid and solid-liquid interfaces. His scientific achievements include investigation of plasmonic
metal nitrides and metasurfaces for photocatalysis. Alberto Naldoni has authored 75 papers in peer-
reviewed journals including Science, Advanced Materials, JACS, Angewandte Chemie, Nano Energy,
Nano Letters, and ACS Catalysis. He gave 25 invited talks in international conferences and research
institutions.

Advanced plasmonic photocatalysts for solar-to-chemical energy conversion
Plasmonic nanostructures provide enhanced light-matter interaction offering exciting opportunities inthe
conversion and storage of solar energy in the form of chemical bonds. In this talk, I will overview our
recentprogress on the understanding of plasmonic effects such as near fields, non-thermal carriers, and
local heating generated both in nanocrystals and metasurfaces and on their use in chemical reactions
relevant for energy applications.

Manuel Nieto-Vesperinas
Instituto de Ciencia de Materiales de Madrid (CSIC), Spain

Reactive quantities in nanooptics

Manuel Nieto-Vesperinas is Research Professor at the Instituto de Ciencia de
Materiales de Madrid, CSIC, Spain. He studies light-matter interactions both in
macroscopic and nano-scales. He predicted weak photon localization in rough
surface scattering, and is a pioneer of optical forces at the nanoscale. His group
was the first to discover the magnetoelectric properties of high index dielectric
particles and their effect on anomalous directional scattering (Kerker phenom-

ena) opening the door for the present intensive research on this subject. He obtained his PhD from the
University of London and is a fellow of the Optical Society of America, having served as editor or board
member for some of its journals, as well as for journals of the IOP.

Reactive quantities in nanooptics
In this talk we discuss the reactive helicity of chiral electromagnetic fields and its alternating flow, as well
as its conservation law: the reactive helicity optical theorem, which governs the build-up of this quantity
through its zero time-average flow.
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Masaya Notomi
NTT Basic Research Labs., Japan

Non-Hermitian Control of Chiral Singular Points in Periodic
Nanophotonic Systems

Masaya Notomi received his B.E., M.E. and Ph.D. degrees in applied physics
from The University of Tokyo, Japan in 1986, 1988, and 1997, respectively. He
joined NTT Optoelectronics Laboratories, Nippon Telegraph and Telephone Cor-

poration in 1988 and moved to NTT Basic Research Laboratories in 1999. Since then, his research
interest has been to control the optical properties of materials and devices by using artificial nanostruc-
tures, and engaged in research on quantum wires/dots and photonic crystal structures. In 1996-1997,
he was a visiting researcher of Linkoping University, Sweden. He was a guest associate professor
of Applied Electronics in 2003-2009 and is currently a guest professor of Physics in Tokyo Institute of
Technology. He was appointed as Senior Distinguished Scientist of NTT since 2010. He is currently a
director of NTT Nanophotonics Center. He received IEEE/LEOS Distinguished Lecturer Award in 2006,
Japan Society for the Promotion of Science (JSPS) prize in 2009, Japan Academy Medal in 2009, the
Commendation for Science and Technology by the Minister of Education, Culture, Sports, Science and
Technology (Prize for Science and Technology, Research Category) in 2010, and IEEE Fellow grade in
2013. He served as a member of National University Corporation Evaluation Committee in the Japanese
government. He is a research director of JST CREST program from 2015. He is also a member of the
Japan Society of Applied Physics, APS, IEEE, and OSA.

Non-Hermitian Control of Chiral Singular Points in Periodic Nanophotonic Systems
We have investigated various interplays of polarization singular points and exceptional points in the mo-
mentum space of non-Hermitian periodic nanophotonic systems, both theoretically and experimentally.
We manipulate chiral singular points in the momentum space by varying the symmetry of non-Hermitian
periodic systems, resulting interesting polarization properties that cannot be achieved in Hermitian sys-
tems.

Dorota Anna Pawlak
ENSEMBLE3 Centre of Excellence, Poland

ENSEMBLE3 - Novel materials for photonics - possibilities pro-
vided by crystal growth

Dorota Anna Pawlak is a materials scientist. She received her PhD (1999) in
chemistry and her habilitation (2011) in physicochemistry of solid state, both
from the University of Warsaw. She worked for 2 years at the Institute of Materi-
als Research, Sendai, Japan. She currently holds a professorship position at the

Institute of Electronic Materials Technology (ITME). She has created a group of young scientists aiming
at developing novel materials and novel technologies to be used in such fields as metamaterials, plas-
monics and energy systems. DAP coordinated the efforts of FP7 EU Collaborative project ENSEMBLE:
ENgineered SElf-organised Multi-component structures with novel controllaBLe Electromagnetic func-
tionalities. The project included 7 Partners from 6 EU countries. She is a laureate of highly competitive
projects: TEAM project from the Foundation for Polish Science, and Maestro project from the National
Science Centre in Poland. She is president-elect of the Polish Society of Crystal Growth.

Non-Hermitian Control of Chiral Singular Points in Periodic Nanophotonic Systems
Possibilities of producing novel photonic materials provided by the crystal growth will be discussed in-
cluding examples of materials exhibiting various interesting optical and electromagnetic properties.
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Vladimir M. Shalaev
Purdue University, USA

Hybrid Quantum Photonics

Vladimir M. Shalaev, Scientific Director for Nanophotonics at Birck Nanotechnol-
ogy Center and Distinguished Professor of Electrical and Computer Engineer-
ing at Purdue University, specializes in nanophotonics, plasmonics, and optical
metamaterials. Vladimir M. Shalaev has received several awards for his research

in the field of nanophotonics and metamaterials, including the Max Born Award of the Optical Society of
America for his pioneering contributions to the field of optical metamaterials, the Willis E. Lamb Award
for Laser Science and Quantum Optics, IEEE Photonics Society William Streifer Scientific Achievement
Award, Rolf Landauer medal of the ETOPIM (Electrical, Transport and Optical Properties of Inhomoge-
neous Media) International Association, the UNESCO Medal for the development of nanosciences and
nanotechnologies, OSA and SPIE Goodman Book Writing Award. He is a Fellow of the IEEE, APS,
SPIE, MRS and OSA. Prof. Shalaev has authored three books, thirty invited book chapters and over
500 research publications.

Hybrid Quantum Photonics
We show that plasmonic enhancement and speedup opens up a means to outpace quantum decoher-
ence1,2 and discuss new opportunities for SiN quantum photonic circuitry enabled by recently discov-
ered single-photon sources3 in this technologically important platform.
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TUTORIALS

Vladimir M. Shalaev
Purdue University, USA

Wednesday 20th July
14:00 - 15:00 — Torremolinos
Quantum Meta-Photonics

Vladimir M. Shalaev, Scientific Director for Nanophotonics at Birck Nanotechnol-
ogy Center and Distinguished Professor of Electrical and Computer Engineering

at Purdue University, specializes in nanophotonics, plasmonics, and optical metamaterials. Vladimir M.
Shalaev has received several awards for his research in the field of nanophotonics and metamaterials,
including the Max Born Award of the Optical Society of America for his pioneering contributions to the
field of optical metamaterials, the Willis E. Lamb Award for Laser Science and Quantum Optics, IEEE
Photonics Society William Streifer Scientific Achievement Award, Rolf Landauer medal of the ETOPIM
(Electrical, Transport and Optical Properties of Inhomogeneous Media) International Association, the
UNESCO Medal for the development of nanosciences and nanotechnologies, OSA and SPIE Good-
man Book Writing Award. He is a Fellow of the IEEE, APS, SPIE, MRS and OSA. Prof. Shalaev has
authored three books, thirty invited book chapters and over 500 research publications.

Quantum Meta-Photonics
We discuss important challenges in the emerging quantum technology and possible means to ad-
dress them with ultrafast plasmonic metamaterials, scalable photonic material platforms and advanced
machine-learning designs.
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Mark Brongersma
Stanford University, USA

Thursday 21st July
14:00 - 15:00 — Torremolinos
The Road from Resonant Metamaterials to Metadevices

Mark Brongersma is the Stephen Harris Professor in the Departments of Mate-
rials Science and Applied Physics at Stanford University. He leads a research

team of ten students and five postdocs. Their research is directed towards the development and physi-
cal analysis of new materials and structures that find use in nanoscale electronic and photonic devices.
He is on the list of Global Highly Cited Researchers (Clarivate Analytics). He received a National Sci-
ence Foundation Career Award, the Walter J. Gores Award for Excellence in Teaching, the International
Raymond and Beverly Sackler Prize in the Physical Sciences (Physics) for his work on plasmonics, and
is a Fellow of the OSA, the SPIE, and the APS. Dr. Brongersma received his PhD from the FOM Insti-
tute AMOLF in Amsterdam, The Netherlands, in 1998. From 1998-2001 he was a postdoctoral research
fellow at the California Institute of Technology.

The Road from Resonant Metamaterials to Metadevices
In this tutorial, I will illustrate how 2-dimensional (2D) metamaterials can be created from optically-
resonant nanostructures made from semiconductor, metallic, and 2D quantum materials. The resulting
metafilms and metasurfaces are ideal building blocks for optoelectronic devices that are commonly con-
structed from continuous layers of metal and semiconductor. The use of nanostructured metamaterials
opens opportunities to dramatically modify the optical emission, transmission, absorption, reflection,
and refraction properties of continuous films. For this reason, we can now create a new class of opto-
electronic devices that offer an improved performance and allow for new functionalities.
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GUIDELINES FOR PRESENTERS I IN-PERSON

In-person 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.

In-person 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. 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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GUIDELINES FOR PRESENTERS I ONLINE

We will use the online event platform Whova and Zoom to livestream all the presentations. You will
need to:

• Download the Zoom Desktop client (http://zoom.us). You may also download the Zoom App on
your Mobile.

• Download the Whova app on you mobile.

• Sign into Whova Web App on your PC (using the Link we will send you by email). Please use
Chrome Browser (optional but recommended).

IMPORTANT: Links to the conference live sessions (Zoom) or to the recorded videos will be available
on the Whova App (Web/desktop and Mobile) exclusively. The links will not be displayed on the
conference website. You will need to install both Zoom and Whova Apps (both Desktop and Mobile
versions).

Online Oral Presentations

On-line oral presenters are required to submit a pre-recorded presentation (regular oral: 10-minutes,
invited: 15-minutes, keynote: 25-minutes and plenary: 30-minutes; A 5-minute live Q&A session will
follow each presentation).

All speakers have the possibility to give their talk live in the allotted time specified in the technical
program. At the time of the presentation, the session chairperson will allow the speaker to share their
computer screen with the audience (the pre-recording will be used as a backup in case of a no-show
or technical difficulty). Speakers also have the option to have their pre-recorded presentation played
during the live session. However, all authors, no matter what format they select (live or on replay)
should submit a pre-recorded presentation by the deadline of 30 June.

For both live or on-demand presentations, a 5-minute Question and Answer (Q&A) session will follow
each presentation. At least one of the paper’s authors must be online to answer questions after the talk.

Detailed instructions are available on the conference website.

Online Poster Presentations

Poster presenters will be required to use a poster in digital format. They will also have the opportunity
to provide a pre-recorded presentation (5-minute duration). Both poster and video presentations will
be made available for viewing by participants up to three weeks after the conference. Questions can
be posted at any time via special chat channels. During the conference, there will be poster sessions
scheduled over different time zones where poster presenters will discuss their posters with the attendees
via video conferencing. Additional information on poster presentations can be found here.

You are required to finalize your poster on your Whova booth using the link we will send to you. You can
addionnaly post your poster on Twitter (#meta2022 @metaconference is our official hashtag). On the
Whova platform you have the possibility to discuss your posters using the Chat and/or live videoconfer-
encing. You may schedule your own live meeting on your personal Zoom account and upload the link
on your Whova booth.
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META ONLINE PLATFORM

The online platform Whova will allow you to join the conference from the comfort of your own home or
office and at the convenience of your own schedule all streamlined through one seamless platform. In
addition to all poster and regular oral presentations the single interface will provide around-the-clock
access to:

⇤ Plenary lectures

⇤ Keynote lectures

⇤ Conference tutorials

⇤ Breakout rooms for networking or further discussions 1-on-1 or in a group

⇤ Social and networking activities

All live sessions and lectures will be recorded and available for our participants for viewing after the
conference so that they don’t miss a thing!
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USEFUL INFORMATION

Venue
META 2022 will be held at
Palacio de Congresos y Exposiciones de la Costa del Sol
3 Calle Mexico, 29620 Torremolinos (Spain)

https://palacio-congresos.es

Opened in October 1970, the Palacio de Congresos y Exposiciones de Torremolinos (Congress and
Exhibition Centre) was the result of a project designed in 1967 by the architects Rafael de la Hoz and
Gerardo Olivares James. The building, which became the state heritage property in 1971.

The complex is built on an estate of 70,000 square meters, of which 18,000 square meters are gardens.
Situated in a privileged location in the municipality of Torremolinos and located in the upper area of the
town on a hill overlooking the sea, the Congress Center is an icon of Malaga’s coastal landscape.

The building is arranged in a circular format around which the various auditoriums, meeting rooms,
administrative offices and annexed buildings are distributed. The central hall is presided over by its
most iconic visual symbol, an emblem of convention and business tourism in Spain: a large translucent
dome with an unprecedented crystal lamp hanging from the center of the exposed radial roof, falling like
drops in a waterfall spilling over the center of the composition.
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Getting to Venue

Getting to Torremolinos from Malaga Airport

Torremolinos is around 8km away from Malaga international airport. You can go from the airport to the
city center by taxi, by train or by bus.

Taxi
The airport has a well-signposted taxi rank outside the arrivals area of Terminal T3. Make sure that the
taxi driver has started the taximeter at the beginning of the journey (minimum fare). We recommend
requesting a receipt for any complaint or claim.

Train
The new suburban train station in the new Terminal T3 building links the airport with Torremolinos city
centre and other cities like Benalmadena and Fuengirola in one direction, and it links Malaga city center
in the other direction.

The train station is situated underground and accessed via escalators. It is well signposted and can be
reached via the square outside arrivals or outside departures. Before the station entry barriers you will
see several self-service tickets machines on your right where you can buy your tickets.

The first train to Torremolinos leaves the airport at 05:32, leaving every 20-30 minutes until the last train
at 23.42. Line: C1. Estimated travel time: 10 minutes.

Bus
You will find the bus stop straight in front of you outside the arrivals area of Terminal T3 on the side
of the road where there are a couple of shelters with seats. You will also see a ticket office in the
left hand corner of the arrivals forecourt where you should purchase your tickets for the journey. Line:
Torremolinos-Benalmadena-Airport. Estimated travel time: 30 minutes.
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Getting to Torremolinos from Malaga train station

There are two train stations in the centre of Malaga : Maria Zambrano and Centro Alameda. Maria Zam-
brano station provides high-speed (AVE) and long-distance links to many Spanish cities like Barcelona,
Cordoba, Madrid, Santiago de Compostela, Seville, etc, as well as local and regional routes.

You can take Line C1 from any of the two stations to reach Torremolinos. The estimated travel time is
20 minutes. You can check the timetables on the website of the national rail company RENFE

Getting to Torremolinos from Malaga bus station

Malaga bus station is located at the street "Paseo de los Tilos" very near Maria Zambrano train sta-
tion. So it will be very easy to take a bus or a train from this station. You can take bus line Malaga-
Torremolinos. Estimated travel time: 20 minutes.
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Abstract: Nanophotonic design principles can enable self-stabilizing optical manipulation, levitation and 
propulsion of ultralight macroscopic-sized (i.e., mm, cm, or even meter-scale) metasurface ‘lightsails’ via 
radiation pressure from a high power density pump laser source.  Here we examine stringent criteria for the 
lightsail metasurface design, and dynamical and opto-mechanical stability, and thermal management.  We 
discuss the dynamical stability analysis, as well as first experimental steps in characterization of small (<1 mm) 
microscale lightsails.  
 
 

I. Introduction 
 
 The Breakthrough Starshot Initiative initiated in 2016 defined an audacious goal of sending a spacecraft 

beyond to a neighboring star, Proxima Centauri within the next half-century. Its vision for an ultralight 
spacecraft that can be accelerated by laser radiation pressure from an Earth-based source to ~20% of the speed of 
light demands the use of materials with extreme properties. We explore nanophotonic design of materials, 
thermal management, and self-stabilizing optical manipulation, levitation, and propulsion of lightweight 
macroscopic (i.e., mm, cm, or even meter-scale) micro-lightsails via radiation pressure. We consider the 
materials characteristics required to realize robust, thermally stable building blocks, and find that stable 
trajectories for dynamic motion of macro-objects can be achieved by controlling the anisotropy of light 
scattering along the object surface. With radiative cooling being the sole mechanism for passive thermal 
management in vacuum or space, we quantify the stringent requirements on material absorptivity that enable 
these structures to withstand high laser intensities and prevent excessive heating and mechanical failure. 
Achievement of stable optical manipulation and propulsion of macroscale (i.e., >> wavelength in size) structures, 
via radiation pressure appears to be possible using structured optical beams and tailored nanophotonic design. 
Reaching this goal requires the conception and design of new ultralight photonic structures composed of 
materials with extreme optical, mechanical, and thermal properties.  

 
II. Nanophotonic Design Principles for Stable Metasurface Lightsail Propulsion  
 
A new set of nanophotonic design principles is required to enable self-stabilizing optical manipulation, 

levitation and propulsion of ultralight macroscopic-sized (i.e., mm, cm, or even meter-scale) ‘lightsails’ via 
radiation pressure. Lightsails are new ultralight photonic structures composed of materials with extreme optical, 
mechanical and thermal properties[1,2]. The design approach for such structures balances the need for 
sufficiently high reflectivity, required for efficient photon momentum transfer, very low absorption and very low 
areal mass density. We show that nanophotonic structures including planar dielectric slabs, two-dimensional 
photonic crystals and metasurfaces can yield designs that minimize mass while maximizing photon momentum 



transfer.  
Nanoscale control of light scattering across a lightsail creates mechanical stability by tailoring the scattered 

phase, without the need to shape or focus the incident light beam or excessively constrain the shape, size or 
material composition of the object.  We have developed a general, scale-independent theory for the 
light-induced manipulation of macroscopic objects with patterned nanoscale components that impart optical 
anisotropy[3]. We have investigated specific designs that feature resonant dielectric structures, termed 
metasurface elements for passivation stabilization (MEPS), which are nanophotonic structures that self-stabilize 
when rotated and/or translated relative to the optical axis.  
 

III. Lightsail Fabrication and Experimental Characterization 
 
Small-scale proof-of-concept experimental prototype metasurface lightsails which integrate MEPS into a 

single monolithic sheet structure have been fabricated in ultrathin, edge-supported dielectric membranes. Light 
scattered from these elements yields trajectory-restoring forces and torques, enabling dynamically stable 
propulsion of a lightsail relative to the pump beam optical axis, and with respect to the rotation axes 
(roll-pitch-yaw) and translational directions. Using a custom-designed ultrahigh vacuum experimental platform 
for optical characterization of dielectric lightsails, we can observe optical forces and torques under visible 
frequency (514.5 nm) laser illumination at power densities in the 10-100 kW/cm2 range. 

 
IV. Conclusion 
 
We have developed foundational principles and methods to manipulate and propel ultralight macroscopic 

metasurface lightsails using laser radiation pressure.  Metasurface elements for passive stabilization are tailored 
nanophotonic structures printed onto dielectric membranes which have angular scattering characteristics that 
produce restoring forces and torques that stabilize the trajectory.  Stabilization of levitation and propulsion via 
radiation pressure is of interest for trajectory control for next-generation ultralight ultrahigh altitude aircraft and 
spacecraft and development of laser-propelled lightsail spacecraft with unique characteristics and capabilities for 
outer planet and interstellar space exploration, such as the effort underway in the Breakthrough Starshot 
program.   
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Abstract: We show how plasmonically-enhanced light-induced van-der-Waals forces pull single adatoms from 
metal facets, to create picocavities which confine light to volumes < 1nm3. The thousand-fold stronger optical 
forces depend on nearby molecules as well as temperature and local optical field, and offer a route to single 
molecule optical tweezers. 
 

 

Fig.1: Inside plasmonic nanogaps, the optical forces on individual metal atoms are magnified 
x1000, driving new photochemistries. 
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Abstract: Discovering unconventional optical designs via machine-learning promises to advance on-chip circuitry, 
imaging, sensing, energy, and quantum information technology. In this talk, we discuss photonic design approaches and 
emerging material platforms for showcasing machine-learning-assisted topology optimization for optical metasurface 
designs with applications in thermophotovoltaics, reflective optics, and lightsail technology. We demonstrate the 
effectiveness of autoencoders for compressing the vast design space of metasurfaces into a smaller search space. By 
employing global optimization via adjoint methods or quantum annealing, one can find the optimal metasurface designs 
within the smaller space constructed by the autoencoder. The quantum-assisted machine learning framework, named 
bVAE-QUBO, presented in this work is the first demonstration of a generic machine learning framework that compresses an 
arbitrary continuous optimization problem into an Ising-model formalism for quantum sampling. When compared to other 
global optimization techniques, bVAE-QUBO has the potential for quantum speedups and achieving higher quality designs 
than traditional adjoint optimization methods. The techniques employed in this work extend well beyond the metasurface 
optimization space and into many inverse design problems for engineering and physics.   
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Abstract: In this talk, I will present noticeable advances in the device technology for information and vision 
applications based on meta-photonics. The development in the field of integrated electronics devices has been 
incredibly fast, and this rapid development has been driven and accelerated by pioneering semiconductor 
manufacturing technologies that allow extreme scale-downs and creation of 3 dimensional structures. 
Meta-photonics can provide innovative platforms to produce unprecedented synergetic effect with electronics 
due to its distinguished capability of manipulating the control of light at the deep subwavelength scale. I will 
address how device technologies based on meta-photonics can contribute to making a better life and share 
remarkable achievements and future goals we are working on. 
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Abstract: Arrays of metal nanoparticles host collective plasmonic-optical modes. We have observed lasing and 
Bose-Einstein condensation when such plasmonic lattices are combined with organic molecules, showing unique 
sub-picosecond dynamics, coherence properties and polarization textures. Recently, we have observed lasing in 
bound-state-in-continuum modes with a topological charge. We have also shown that magnetic field opens a gap between 
degenerate modes and can be used for on-off switching of lasing, which opens new prospects for studies of topological 
photonics.   
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Abstract: Optical imaging and metrology of nanostructures exhibiting Brownian motion is possible with resolution 
beyond thermal fluctuations and speed to resolve their dynamics. This opens the case for picophotonics (atomic scale 
photonics), the science of interactions of picometer-scale objects and events with light. 
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Since the development of diffractive optical elements in the 1970s, major research efforts 
have focused on replacing bulky optical components by thinner, planar counterparts. The 
more recent advent of metasurfaces, i.e. nanostructured optical coatings, has further 
accelerated the development of flat optics through the realization that nanoscale antenna 
elements can be utilized to facilitate local and nonlocal control over the light scattering 
amplitude and phase.  
 
In this presentation, I will highlight recent efforts in our group to realize electrically-
tunable metasurfaces employing nanomechanics, tunable transparent oxides, 
microfluidics, phase change materials, and atomically-thin semiconductors. Such 
elements are capable of dynamic wavefront manipulation for optical beam steering and 
holography. The proposed optical elements can be fabricated by scalable fabrication 
technologies, opening the door to a wide range of commercial applications. 
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Abstract: In this talk, I will report a class of flat (or quasi-flat) acoustic lenses with sub-wavelength thicknesses, 
engineered from soft porous silicone rubbers, for broadband underwater 3D wavefront shaping of ultrasound. 
The functionalities of these soft gradient-index (or high-index) metasurfaces will be illustrated through various 
ultrasonic experiments in a large water tank, thus demonstrating acoustic focusing and vortex beam generation. 
 

Wavefront shaping of ultrasound is a major issue in many applications such as medical diagnosis, 
underwater acoustics, non-destructive testing, and many other fields. As an example, the focusing of ultrasonic 
waves can be achieved with traditional methods using acoustic lenses or transducer arrays and time-reversal 
mirrors. For two decades, many artificial structures, such as phononic crystals and acoustic metamaterials have 
been proposed to fabricate various new-concept focusing lenses. Recently, the concept of acoustic metasurfaces 
has also introduced new opportunities for wavefront shaping with effective and compact devices [1]. 

 

 
Figure 1. Flat gradient-index acoustic lens (left) and quasi-flat high-index acoustic lens (right) made of soft porous silicone rubbers. 

  
Here, I will present various sub-wavelength acoustic lenses made of soft porous silicone rubber (Figure 1). 

This soft porous polymer material is very interesting to achieve acoustic metasurfaces for underwater 
applications because its acoustic index, depending on its porosity, can reach very high values relatively to water. 
For example, one can fabricate flat and soft gradient-index acoustic lenses for wavefront shaping in free space [2] 
once one masters emulsion templating methods and supercritical drying techniques [3]. I will also show that 3D 
underwater ultrasound focusing is achievable thanks to a quasi-flat and ultra-thin ultrasonic lens with high 
acoustic index and very low curvature [4]. 
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Advances in  High-performance Flat optics:  from Metalsurfaces to High-volume Manufacturing 
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Since the  demonstration of the generalized laws of refraction  for metasurfaces1 and the first high 
performance metalenses2, metaoptics has rapidly progressed from the laboratory to manufacturing, 
propelled by the vision that the foundries that manufacture ICs will manufacture  CMOS compatible flat 
optics using the same semiconductor technology based on deep-UV lithography.3,4This will impact the 
consumer electronics market in areas such as smart phones and wearable displays for AR/VR. 
Metasurfaces are now on the market through its partnership with STMicroelectronics, marking the 
introduction of this revolutionary optical technology in real-world devices.5 I will present recent major 
advances in cm scale achromatic  RGB metalenses for VR by inverse design6 and 10 cm metalenses for 
space optics consisting of 20  billion metatoms.7  A compact and highly integrated metasurface-based 
inverse designed mode multiplexer that takes three single-mode fiber inputs and converts them into the 
first three linearly polarized spatial modes of a few-mode fiber with high fidelity the C-band (1530−1565 
nm) of fiber optics will be presented.8 I will conclude with the report of  hybrid silicon-organic 
electrooptic metasurface modulators that use  Mie resonances for efficient electro-optic modulation at 
GHz speeds for free-space communications. 9 
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Abstract: Robust transport of edge modes is an important signature of topological materials. The bulk-edge 
correspondence states that the number of topological edge modes is determined by the bulk topological 
invariants and such edge modes decay exponentially into the bulk. Here, we discuss some examples in which 
one-way going modes can be realized with and without magnetic materials, but they are not “edge” modes in the 
sense that the wave is not exponentially localized on the edge. 

 
In one example [1], we showed that large-area one-way transport can be achieved by constructing 

heterostructures consisting of a domain of an ordinary photonic crystal sandwiched between two magnetic 
photonic crystals. The non-magnetic domain carries one-way waveguide states which have amplitude uniformly 
distributed over a large area. Such one-way waveguide states are not edge states in the usual sense of the word as 
the wave amplitude is distributed evenly in the non-magnetic domain, which can in principle be as large as we 
please. Such modes have application such as concentrating energy into a narrow channel, and they provide 
transport that is robust against different kinds of defects and imperfections and they are immune to the 
Anderson-type localization when large randomness is introduced. 

 
We also showed that we do not really need magnetic material if we are satisfied with the transport 

robustness provides by valley-hall type phenomena. Specifically, we show that a topologically trivial 2D 
hexagonal photonic crystal waveguide bounded by some specific boundary conditions carries bulk modes with 
chiral anomaly inside a pseudogap due to finite size effect [2]. We experimentally observed robust 
valley-selected transport, complete valley state conversion, and valley focusing of the chiral anomaly bulk states 
in such crystal waveguides. These states are again not edge modes, in the sense that they do not decay 
exponentially into the bulk. As no magnetic material is required, the same idea applies to photonics and 
phononics as we demonstrate experimentally. This approach differs from the usual topological material design 
paradigm in which robust transport on the edge of a topological material is achieved via bulk topological 
characteristics, meaning that we need to make volumetric changes to many bulk atoms to control the properties 
of a few edge atoms in a lower dimension. We suggest that we can do the reverse in some cases; namely that the 
properties of the edge can induce phenomena in some bulk modes that are essentially the same as those observed 
in topological valley-Hall systems.  

 
If time permits, we will also discuss how synthetic dimension can be used to create Chern numbers without 

an external magnetic field [3] and thereby realizing some interesting topological photonic devices and how 
one-way modes can be used to achieve optical pulling [4]. 
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Abstract: We will discuss the opportunities opened by atomic-scale materials for the control of light at unprecedentedly 
small length scales, and in particular their application in optical sensing and nonlinear nanophotonics. Recent advances in 
fabrication and conceptual design of materials benefiting from quantum hybridization with the environment will be also 
presented. 
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Abstract  –  New degrees of freedom in the design of optical components are attained by considering the 
response of topological nanostructures. Relying on symmetry-breaking arguments and topological 
properties of non-Hermitian metasurfaces, we provide new guidelines for achieving 2π phase coverage in 
transmission and reflection. Crossing of the branch cut is shown to provide a very intuitive design 
approach for achieving full resonant phase scattering. Our results highlight the role of topological defects 
for achieving realistic and insightful metasurface designs. 
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Abstract: Several aspects of the spectroscopy and dynamics of quantum dot/plasmonic nanoparticle systems are 
outlined, including joint experimental and theoretical work on photoluminescence from a hybrid system of 
CdSe/ZnS quantum dots layered on an array of silver nanoparticles. The array of nanoparticles exhibits a surface 
lattice resonance and with appropriate design this resonance can be strongly coupled to the quantum dot exciton. 
It is also shown how the photoluminescence can be observed at surprisingly long distances away from the 
excitation source.  
 

Hybrid systems composed of quantum dots and plasmonic structures have been of interest for many years now.  
For example, photoluminescence (PL), i.e., spontaneous emission after optical excitation, can be significantly 
altered by the presence of plasmonic structures, of both fundamental interest and of relevance to sensing and other 
applications [1]. The enhanced local electromagnetic fields near plasmon resonances can lead to enhanced Purcell 
factors and thus metal-enhanced fluorescence [2], although there are can be many subtle issues concerning the 
interplay of radiative and non-radiative processes [3]. Theoretical work has also shown how quantum dot emitters 
can excite dark plasmon modes [4] and how Fano interference effects and strong coupling can arise in 
spectroscopic responses [5, 6]. Recent experimental work has validated some of these latter predictions [7, 8].  

   
In a joint experimental/theoretical study by Yadav et al. [9], several layers of CdSe/ZnS quantum dots were 

placed over a square array of silver nanoparticles. The array of nanoparticles can support a plasmonic excitation 
termed a collective, surface lattice resonance, which can have superior optical properties compared to the isolated 
nanoparticles [10].  The system was carefully engineered such that the exciton emission energy and surface lattice 
plasmon resonance were resonant, and it was demonstrated that by increasing the concentration of quantum dots 
that evidence for strong coupling arose:  the frequency-resolved PL signal split into two peaks with separation 
scaling as the square root of the quantum dot density. These results were shown to be consistent with cavity 
quantum electrodynamics calculations.  In a series of other measurements, the excitation and PL collection 
regions were limited to just 10 microns in size, but PL was measured in regions ever more displaced from the 
excitation region. Quite remarkably, PL could be found hundreds of microns removed from the source, with the 
propagation length increasing with increasing quantum dot density (Figure 1). 

     



 
Figure 1. Maximum PL intensity measured at a distance X from the excitation source for three different 

quantum dot densities (top row), the latter being qualitatively depicted in the lower panel .   
 
 
Use of the Center for Nanoscale Materials, a DOE Office of Science User Facility, was supported by the U.S. 

Department of Energy, Office of Science, Office of Basic Energy Sciences, under Contract No. DE-AC02-
06CH11357. 
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Abstract: This work investigates the emergent phenomena in non-linear locally resonant elasto-acoustic 
metamaterials. The energy exchange between the propagative and subharmonic evanescent wave modes is 
studied, which has been shown to originate from the autoparametric resonance promoted by the non-linearity in 
the resonator. The phenomenon is analysed semi-analytically (using the multiple scales method), numerically, 
and experimentally.  
 

Aiming at the design of tunable acoustic/elastic metamaterials, in this work we explore emergent phenomena 
due to the harmonics energy exchange mechanism promoted by non-linearities. We analyse a metamaterial of 
the locally resonant type with a non-linear interaction between the resonator and the host medium. Direct 
numerical simulations have been performed on a 1D mass-spring chain with a neo-Hookean model 
(representative of e.g. rubber-like materials) for the resonator strings, Figure 1(a). The results reveal that this 
metamaterial exhibits not only the locally resonant transmission deep, but, for a sufficiently large excitation 
amplitude, also an additional attenuation region emerges at frequencies located outside the band gap range, see 
Figure 1(b).  

 
 

 
(a) (b) 

Figure 1: (a) Discrete locally resonant metamaterial model with non-linear resonator spring and (b) the 
numerically obtained transmissibility for different excitation amplitudes; the blue region indicates the locally 
resonant band gap; the red region is the new emergent attenuation region [1].  
 

To unravel the formation mechanism of this additional attenuation zone, the method of multiple scales has 
been utilized to analyse the dynamics of an approximate nonlinear model system involving only quadratic 
nonlinearity in the resonator interaction force. It has been found that for the harmonic excitation with frequency 
approximately twice the local resonance frequency, for a sufficiently high excitation amplitude, the 
autoparametric resonance mechanism take place, promoted by the quadratic non-linearity in combination with 
the local resonance. This autoparametric resonance induces the energy exchange between the primary wave 
mode excited by the applied harmonic displacement, and a subharmonic wave mode. Since the subharmonic 



wave mode has evanescent behavior due to the local resonance, the energy becomes localized in the local 
resonators and does not propagate further, thus giving rise to an new attenuation zone.  

Such 2:1 autoparametric resonance mechanism is well known in nonlinear dynamics, however, usually 
studied on a single resonator. To the best of our knowledge, this phenomenon has not yet been demonstrated 
within the wave propagation context, which requires the consideration of the convective forces which do not 
play a role in the case of a single resonator. Another novel feature is that in the considered metamaterial this 
phenomenon occurs between waves of different nature, i.e., propagating and evanescent waves, resulting in new 
subharmonic attenuation zones.  

Next, this emergent phenomenon, has been demonstrated experimentally [2]. A metastructure  designed 
consisting of unit cells of a central mass supported on camped arched beams and embedded in a host frame, 
Figure 2(a). In this design, the resonator non-linearity originates from the clamped-clamped arched beams. The 
metastructure has been manufactured from a monolithic plate of aluminum-magnesium alloy using electrical 
discharge machining. Transmission measurements show that for a sufficiently high excitation amplitude 
non-linearity is activated, which indeed leads to the appearance of the additional attenuation zone, Figure 2(b). 
Numerical analysis of this metastructure has indeed confirmed the energy exchange mechanism channeling the 
energy from the host structure propagative wave mode to the evanescent local resonance mode, Figure 2(c).  

This work paves the ways to a new generation of nonlinear locally resonant metamaterials and opens new 
possibilities for the design of passively tunable filtering devices for elasto-acoustic waves.  

   
(a)  (b) (c) 

Figure 2: (a) Metamaterial structure in the experimental transmission setup; (b) measured transmission for 
different excitation amplitudes (c) numerically computed energy in the whole metastructure (Etot), resonators 
(Eres) and the host frame (Ech) [2]. 
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Abstract: Cavity Magnonics strives to control the elementary excitations of magnetic materials (magnons) and 
to interface them coherently to other elementary excitations such as photons or phonons. This can allow us to 
explore magnetism in new ways and regimes, has the potential of unraveling quantum phenomena at 
unprecedented scales, and could lead to breakthroughs for quantum technologies. I will introduce the field and 
present theoretical results from our group aimed to push the boundaries of the current state of the art.  
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Abstract: Plasmonic nanostructures provide enhanced light-matter interaction offering exciting opportunities in 
the conversion and storage of solar energy in the form of chemical bonds. In this talk, I will overview our recent 
progress on the understanding of plasmonic effects such as near fields, non-thermal carriers, and local heating 
generated both in nanocrystals and metasurfaces and on their use in chemical reactions relevant for energy 
applications. 
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In this talk we discuss the reactive helicity of chiral electromagnetic fields and its 
alternating flow, as well as its conservation law: the reactive helicity optical 
theorem, which  governs the build-up of this quantity through its zero time-
average flow. Also, the reactive (i.e. imaginary Poynting) momentum, that 
accounts for the accretion of reactive power, is illustrated both in evanescent 
waves and in scattering from magnetodielectric small particles. In the former, new 
forces are uncovered; while in the latter we put forward  a discriminatory property 
by excitation of the external reactive power, that we call reactive dichroism1. 
 

------------------------------------------------ 
 

1. Manuel Nieto-Vesperinas and Xiaohao Xu, Reactive helicity and reactive 
power in nanoscale optics: Evanescent waves. Kerker conditions.Optical 
theorems and reactive dichroism, Phys. Rev. Research 3, 043080 
(2021). 
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Abstract: We have investigated various interplays of polarization singular points and exceptional points in the 
momentum space of non-Hermitian periodic nanophotonic systems, both theoretically and experimentally. We 
manipulate chiral singular points in the momentum space by varying the symmetry of non-Hermitian periodic 
systems, resulting interesting polarization properties that cannot be achieved in Hermitian systems.  

 
 

Singular points play an essential role in topological phenomena in nanophotonics. Magnetic monopoles and 
Dirac points, which are singular points in the real and reciprocal spaces, generate winding Berry phase, resulting 
non-trivial topology. Polarization singular points generates vectoral topology of light, which can be understood 
as winding characteristics of polarization axes. Non-Hermitian exceptional points also have a winding character 
in a complex frequency space, generating various chiral properties. We have investigated various singular points 
in nanophotonics and are interested in interplays among them. Several studies have suggested that it is 
essentially important to manipulate the symmetry to explore the properties of singular points [1,2,3]. For 
example, we recently reported a simple way of generation and annihilation of a variety of non-trivial topological 
polarization singular points, including topologically-protected bound states in the continuum (BICs) and 
circularly-polarized states (C-points) by breaking the symmetry of triangular-lattice photonic crystals [3]. 
Singular points are also important in non-Hermitian optical systems. Exceptional points are singular (defective) 
states where eigenvalues and eigenstates coalesce, resulting various interesting phenomena [4]. Recently, we 
succeeded in observing the light emission directly from exceptional points in non-Hermitian coupled 
nanocavities, which shows unusual properties of EPs [5].   

In this presentation, we report our recent studies about the interplay of the chiral nature of exceptional points 
and the intriguing polarization properties including topological singular points. Eigenvectors at exceptional 
points for two-state systems generally show either form of (1, i) or (1, -i), leading to various chiral properties 
which do not exist in Hermitian systems. Recently, we show that one can generates unidirectional radiation from 
non-Hermitian plasmonic resonators at exceptional points. These resonators consist of electric- and magnetic 
dipoles which are perpendicular to each other, and we reveal that these two dipoles form a Huygens dipole at 
exceptional points, exhibiting unidirectional radiation [6].               

We extend this feature to generate circular polarization which results from (1, i) or (1, -i) combination of 
linear polarized states. We investigate non-Hermitian two-dimensional photonic crystals consisting of a pair of 
orthogonal (X- and Y-) dipole modes in a unit cell. Non-Hermiticity is introduced by graphene 
asymmetrically-loaded on the top surface of photonic crystals. We intend to form circular polarized states by 
exploring the chiral properties of exceptional points. Our numerical and experimental studies have shown that it 
is indeed possible to form exceptional points showing circular polarization. These exceptional C-points can be 



moved in the momentum space by manipulating the symmetry of the structure, and various generation and 
annihilation of non-Hermitian singular points are observed. We have confirmed that exceptional Dirac points 
showing circular polarization occurs at the Γ point, originating from the chiral nature of non-Hermitian systems. 
We will show our theoretical and experimental results at the conference.         
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Abstract: Possibilities of producing novel photonic materials provided by the crystal growth will be discussed including 
examples of materials exhibiting various interesting optical and electromagnetic properties. 
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Abstract: We show that plasmonic enhancement and speedup opens up a means to outpace quantum decoherence1,2 and 
discuss new opportunities for SiN quantum photonic circuitry enabled by recently discovered single-photon sources3 in this 
technologically important platform  
 
 

 
References 

A. Senichev, Z. O. Martin, S. Peana, D. Sychev, X. Xu, A. S. Lagutchev, A. Boltasseva, V. M. Shalaev, 
Room-temperature single-photon emitters in silicon nitride, Science Advances, v. 7, Issue 50 (2021); DOI: 
10.1126/sciadv.abj0627 
S. I. Bogdanov, O. A. Makarova, X. Xu, Z. O. Martin, A. S. Lagutchev, M. Olinde, D. Shah, S. N. Chowdhury, A. R. 
Gabidullin, I. A. Ryzhikov, I. A. Rodionov, A. V. Kildishev, S. I. Bozhevolnyi, A. Boltasseva, V. M. Shalaev, and J. B. 
Khurgin, Ultrafast quantum photonics enabled by coupling plasmonic nanocavities to strongly radiative antennas 
(supplement), Optica v. 7, pp. 463-469 (2020) 
S.I. Bogdanov, A. Boltasseva, and V.M. Shalaev, Overcoming quantum decoherence with plasmonics, Science, v. 364, 
pp. 532-533 (2019); DOI: 10.1126/science.aax3766  
 



New trends in nanophotonics and
advanced materials



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Metasurfaces to Control Multiple Aspects of Visual Appearance 
 

A. Agreda1*, T. Wu1, A. Hereu2, M. Tréguer-Delapierre2, G. L. Drisko2, K. Vynck3, and P. 
Lalanne1 

1LP2N, CNRS, Institut d’Optique Graduate School, Univ. Bordeaux, F-33400 Talence, France  
2Institut de Chimie de la Matière Condensée de Bordeaux, CNRS, Pessac, France 

3Institut Lumière Matière, CNRS, Université Claude Bernard Lyon 1, Villeurbanne, France 
*corresponding author: adrian.agreda@institutoptique.fr 

 
Abstract: Metasurfaces have flourished over the last few years thanks to their extraordinary capabilities 
to manipulate light. In fact, the rich color tuning possibilities offered by metasurfaces have been largely 
confirmed. In this work, we go beyond purely chromatic properties of metasurfaces and focus on their 
complete visual appearance. We theoretically model and experimentally demonstrate unusual and novel 
visual effects by exploiting the large number of degrees of freedom available.  

 
Materials	with	highly	customizable	optical	properties	and	targeted	functionalities	is	a	well	stablished	

ambition	 in	 the	 optics	 community	 [1,2].	 Notably,	 light	 manipulation	 by	 means	 of	 micro-	 and	
nanostructured	metasurfaces	[3]	has	found	fertile	ground	in	the	control	and	generation	of	visual	features	
[4].	Main	control	knobs	include	plasmonic	[5],	Mie	[6]	and	Fabry-Pérot	resonances	[7].	Curiously,	most	of	
the	attention	has	gone	 to	overall	 chromatic	properties	 and	many	 important	 aspects	 that	determine	 the	
integral	visual	appearance	of	a	surface	have	been	mostly	ignored.	

	
Our	work	here	goes	a	step	further,	taking	the	metasurfaces	design	toolbox	to	the	next	level.	In	the	first	

part,	we	will	 explore	some	atypical	visual	appearances	exhibited	by	disordered	metasurfaces	and	show	
how	 the	 size,	 spatial	 arrangement,	 and	density	 of	 the	 scatterers	 and	 substrate	 configuration	define	 the	
scattering	 response	 of	 a	metasurface.	 Specifically,	we	 fabricated	 dielectric	 and	 plasmonic	metasurfaces	
composed	of	silicon	or	silver	nanoparticles	with	different	degrees	of	disorder	on	single-	and	multi-layered	
substrates	[8,9].	
	

We	experimentally	demonstrate	 the	 resulting	unusual	 visual	 effects	 and	provide	 important	hints	 to	
the	capabilities	of	metasurfaces	to	shape	reflected	light	spectrally	and	angularly.	Most	importantly,	we	will	
highlight	the	main	physical	mechanisms	involved	and	discuss	the	origin	of	 the	different	resonances	and	
their	impact	on	the	scattering	properties	of	individual	particles	and	metasurfaces.	The	study	is	completed	
by	a	powerful	modelling	platform	[8]	combining	resonant	and	multiple	 light	scattering	and	transport	at	
the	 nano-,	 meso-	 and	 macroscale,	 capable	 of	 revealing	 the	 visual	 appearances	 of	 macroscopic	 objects	
covered	by	disordered	metasurfaces	in	realistic	conditions.	
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Abstract: We will discuss recent results: (i) on the theory of the Casimir torque between two gratings rotated 
by an angle θ with respect to each other [1]; and (ii) on the theory and experiment on the Casimir force 
between interpenetrating gratings [2]. These findings pave the way to the design of contactless quantum 
vacuum torsional spring and sensors with possible relevance to micro and nanomechanical devices. 
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Abstract: Over the last years, all-dielectric metasurfaces have been designed to enhance the emission of quantum 
emitters located in the surrounding of the metasurface or inside the nanoparticles of which the metasurface is composed. 
Here, we analyze, through dual-tip scanning near-field optical microscopy, the near-field intensity distribution in an all-
dielectric metasurface excited by a dipole. This work finds applications in the development of single-photon sources for 
quantum communication purposes.  

 
 Different nanostructures have been proposed to enhance the emission of quantum emitters. In particular, high 

refractive index dielectric nanoparticles or all-dielectric metasurfaces have been vastly investigated with this aim 
[1]. The knowledge of the modes at which an emitter can be coupled is crucial during the design of metasurfaces. 
For that reason, the determination of the local density of optical states (LDOS) of a photonic system is relevant.  

LDOS is related to the imaginary part of the Green’s function [2]. The measurements of the Green’s function 
require a point-source excitation and simultaneous near-field detection below the diffraction limit. This supposes 
a challenge, which can be solved by means of dual-tip scanning near-field optical microscope (SNOM) [3]. In 
previous works, dual-tip SNOM was used to measure the near-field maps of metallic unstructured systems [4,5]. 
In this work, we measure the near-field intensity distribution and directional mode propagation in an all-dielectric 
silicon metasurface, which is excited by a dipole.  

In Fig. 1 the near-field intensity of an all-dielectric silicon metasurface, measured with a dual-tip SNOM, is 
represented for different displacements of the metasurface along the x-axis with respect to the exciting dipole 
position. To understand the obtained results, we compare the experimental results with FDTD simulations. From 
the results, we observe how the direction and extent of the excited modes depend on the position and orientation 
of the dipole relative to the metasurface.  

 Futhermore, we evidence that the integrated mapped near-field intensity is proportional to the partial LDOS 
at the excitation position.  In Fig. 2a we show the integrated near-field intensity for the displacements of the 
metasurface analyzed in Fig. 1. In Fig. 2b it is represented the normalized radiated power Prad/P0 and power loss 
Ploss/P0 for the metasurface displacements Δx (see Fig. 1). By means of the comparison of Fig 2a and 2b, it can be 
concluded that the integrated near-field intensity follows the same trend as the emitted power by the dipole.  

The results shown can be a step further toward mapping the dyadic Green’s function. This work may find 
applications in quantum communications and quantum information.  

 



 
                                                
                                                                                                                              
                                                                                                                          
 
 
 
 
 
Figure 1. Measured near-field intensity distributions by the dual-tip SNOM for displacements of the metasurface 
along the x-axis. White dots indicate the aperture position of the excitation tip in the measurements.  
 

              
Figure 2. (A) Normalized integrated intensities for the measurements in Fig. 1. (B) Normalized radiative power 
and the power loss of a magnetic dipole, which was used to simulate the emission of the excitation tip on the 
metasurface.  
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Abstract: In this talk we propose a new way to hybridize two organic materials and transfer energy through a 
surface plasmon over micrometric distances. For this purpose, two patterned interlocked dyes arrays, one donor 
and one acceptor, are deposited on a silver surface by successive micro contact printing, leading to a pattern of 5 
microns period. The mixing in these polaritonic metasurfaces enables an energy transfer mechanism in strong 
coupling, which is observed with luminescence experiments. 
 
The strong coupling regime between emitters (excitons) and the plasmon is reached when the energy exchange is 
faster than the damping of the system. One of the most characteristic features associated with this coherence is 
the generation of extended states over large distances, up to 10 µm1,2. This strong light matter coupling has found 
applications beyond the domain of optics, in chemistry3 or transport4. These advances make crucial the 
development of various structures in strong coupling, which can build on the extension of the polaritonic modes 
to hybridize and transfer energy between different materials. 
 

 

 
Fig. 1 a) Layout of the sample b) Dispersion diagram showing the hybridization of both dyes 

 
To reach this goal, a periodic structure formed by two spatially separated interlocking arrays of dyes was 
fabricated on a silver film. The hybridization of the two materials forming the arrays is analysed with 
reflectometry measurements, and compared with FDTD calculations and a coupled oscillator model. The 
intermediate polariton branch shows a quasi-equal mixture of the two materials and the plasmon (30 % for the 
excitons and 40 % for the plasmon), which is a requirement for efficient strong coupling energy transfer. 
Luminescence experiments demonstrate energy transfer between the donor and acceptor lattices even though 
they are spatially separated by micrometric distances.  
The transfer from one material to the other in strong coupling could find applications in the excitation of organic 



devices with an efficient transfer and an easy access to the in-plane separated structures. Multimaterial 
polaritonic metasurfaces can also be extended to the vibrational strong coupling where the control of the energy 
states could find applications in strong coupling chemistry. 
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Abstract: It is experimentally found that when a light beam carrying orbital angular momentum passes through 
a magnetic film a topological Faraday effect appears: polarization rotation acquires an additional term dependent 
on the topological charge, radial number and beam radius. 

 
 

We experimentally demonstrated a novel magneto-optical effect - the topological Faraday effect of the 
polarization rotation induced by the orbital angular momentum of light. It is found that the Faraday effect of the 
optical vortex beam (OVB) propagating through a bismuth substituted iron garnet film acquires an additional 
term dependent on the topological charge, radial number and beam radius. Besides, an additional polarization 
rotation as compared to the case of a plane wave appears even for the topologically-free (l= 0) optical Gaussian 
beams. The optical spin-orbit interaction (SOI) lies in roots of the observed effect. Moreover, we show that the 
SOI manifests in a spin - dependent scale transformation of the fundamental Gouy phase of the circularly 
polarized OVBs. Generally, it is promising to use OVBs for the studies of different magnetic states and 
excitations including spin waves and magnetic vortexes and the topological Faraday effect should expand 
capabilities of this approach. Moreover, the dependence of the Faraday effect on the topological charge of OVB 
hints on the existence of the inverse effect related to the influence of the orbital angular momentum on the spins 
in magnetically ordered materials. 
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Abstract: We investigate the use of an ultrafast infrared camera to map the electromagnetic losses induced by 
terahertz plasmonic resonators. We demonstrate its application to a periodic array of "dolmen" type resonators 
showing two near-field modes whose coupling gives rise to an electromagnetically induced transparency. The 
response of these resonators fabricated by inkjet printing is compared with electromagnetic simulations. This 
non-invasive mode-mapping method appears to be effective for studying the near-fields of sub-wavelength 
plasmonic térahertz resonators on macrometric scales. 
 

The terahertz (THz) domain has attracted a great deal of interest because of its unique applications in non-
destructive imaging, communications and spectroscopic detection. In recent years, significant progress has been 
made in the active or passive manipulation of terahertz waves through the use of metasurfaces leading to 
compact and high-performance components [1]. These artificial electromagnetic media consist of periodic sub-
wavelength microstructures and allow precise control of the amplitude, phase and polarisation of the wave at 
sub-wavelength resolutions. In order to directly characterise the resonance modes of plasmonic structures, near-
field microscopy methods must be used to map evanescent THz fields with a spatial resolution several orders of 
magnitude higher than the diffraction limit via local probes [2]. However, these techniques are often difficult to 
implement, especially on large measurement scales, as a scan of the probe along the sample is required. In this 
work, we propose another solution for indirect and quasi-instantaneous measurement of the electromagnetic loss 
map induced by a plasmonic resonator, thus allowing to trace the resonance modes involved in the optical 
response of any THz metasurface. 

Figure 1 - a) Photograph and diagram of the dolmen resonator. The sample is a periodic array of 7*6 structures fabricated 
by inkjet printing on a 3µm thick PET membrane. The geometrical parameters of the resonator are as follows: P= 3mm, L= 
1640 µm, w = 275 µm, eq = 1190 µm, ed-q = 115 µm. b) Transmission spectra of the metasurface: the EIT effect is clearly 
observable between 72 and 76 GHz. Experimentally, a terahertz source (Teraschottky - Lytid) is collimated on the sample 
and the transmitted signal is picked up by a pyrometer (TeraPyro - Lytid) synchronized to the source by a lock-in amplifier 
(SR830 DSP). The simulations were carried out using the finite element method (COMSOL). 

 
The plasmonic resonator studied in this article is a dolmen-type structure (fig. 1a). It was manufactured 



 

using a plotter printing technique in less than a few hours [3]. The first dipole antenna is aligned with the 
incident electric field and supports a so-called "bright" mode which can couple efficiently to the incident field. In 
addition, two rods are placed perpendicular to the electric field in the immediate vicinity of the first antenna. 
This quadrupole cannot couple in the far field with the incident plane wave and supports a "dark" mode. The 
interference between these two modes in the near field then gives rise to an electromagnetically induced 
transparency (EIT) well known in the literature [4] and visible in the spectra in fig. 1b.  
In order to experimentally visualise the resonance modes in this particular structure, it is necessary to access the 
local fields below the diffraction limit using here a wavelength conversion principle: the THz resonant structure 
will partially absorb the terahertz wave and its heating can be measured with an infrared camera. At very short 
times (a few ms) before the heat dissipates in the metal structure or substrate, it is then possible to obtain an 
approximate map of the electromagnetic losses illustrating the two resonance modes of the structure (fig. 2). 

Figure 2 - a) Magnetic field map of the structure at 67GHz, 72 and 80 GHz b) Infrared image of the structure at t = 10 ms 
after excitation at the three frequencies of interest. The measurements were carried out using a TELOPS M3K camera (band 
II) equipped with a macro lens x4.  
 

We have demonstrated experimental observation of the two resonance modes of a dolmen structure at 70 
GHz using an infrared camera and compared the results with electromagnetic simulations. This method of 
indirect and instantaneous near-field mapping is particularly suitable for surface resonators and paves the way 
for rapid analysis of any more complex palsmonic structure. 
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Abstract:  Noise  amplification  inherent  to  the  spectral  broadening  of  picosecond pulses  propagating  in  the

anomalous group-velocity  dispersion regime is  suppressed by exploiting silicon's  nonlinear-index dispersion

close to its two-photon absorption threshold. On this basis, supercontinuum generation from picosecond pulses is

numerically demonstrated in a foundry-compatible silicon waveguide.

Supercontinuum (SC) generation in the anomalous group-velocity dispersion (GVD)

regime,  , is often not stable against input pulse �uctuations, which are ampli!ed

owing to modulation instability (MI). This mechanism dominates the spectral broadening

of picosecond (ps) or longer pulses, and hence imposes a femtosecond (fs) pumping to

the generation of a coherent SC (CSC) [1]. This constraint represents a major issue if a

fully integrated CSC source is desired since on-chip mode-locked lasers typically deliver

ps  pulses.  Recently,  fs  pulses  have  been  experimentally  achieved  on  a  chip  via  a

nonlinear self-compression of ps pulses over a 40-cm-long waveguide [2]. In contrast,

here CSC is pursued directly from ps pulses by canceling MI through the strong dispersion

experienced by the silicon's Kerr nonlinear index,  n2, close to its two-photon absorption

onset at 2.2 µm [3].

Although it is widely considered that MI necessarily exists if  , Ref. [4] showed

theoretically  that  self-steepening,  here  referred  to  as  !rst-order  nonlinear-coe4cient

dispersion (FOND),  , could avoid MI, despite  , at su4ciently high pump powers.

Interestingly,  this  conclusion  assumed a  dispersionless  n2.  Under conditions where n2

depends on the wavelength notably, the FOND parameter could be enhanced and, as a

result, a negative GVD would not induce MI at lower powers. Notwithstanding, even if MI

could be suppressed at a certain power, it could still occur for evolving pulses since their

energy spreads over wider spectral ranges as they propagate along a waveguide. In spite

of this inconvenient, considering that the MI gain, , reaches a maximum at some value

of the pump power, coherent spectral broadening should be possible if  did not exceed

the linear loss coe4cient . According to the generalized nonlinear Schrödinger equation,

this condition leads to a threshold value for the FOND parameter given by [5]

(1)

where  is the waveguide nonlinear coe4cient evaluated at the pump frequency .
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Fig. 1(a) Nonlinear coe4cient and GVD curve of the silicon waveguide used in the simulations.

(b) Superimposed output spectra and their mean, and modulus of the degree of coherence of 5-ps

pulses propagated 2 cm. (c) As in (b) but with . (d) As in (b) but with 1-ps pulses.

Looking for a physical realization of Eq. (1) and using silicon's n2 measurements carried

out in Ref. [3], a silicon channel embedded in a silica cladding is engineered with a cross-

section 340 nm x 1600 nm so that its nonlinear coe4cient and GVD curves, plotted in

Fig. 1(a), ful!ll Eq. (1) at 2.3 µm with   = 2 dB cm–1. Simulations employing 5-ps pulses

with 50 W peak power propagated 2 cm over this waveguide, see Fig. 1(b),  con!rm a

coherent  spectral  broadening.  The  strong  coherence  degradation  observed  when  n2

dispersion is neglected, see Fig. 1(c), indicates that a large FOND value is instrumental to

preserve high coherence. Finally, CSC is numerically demonstrated in the same 2-cm-long

waveguide pumping with 1-ps-long, 50-W-peak-power pulses, as can be seen in Fig. 1(d).
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Abstract: The unprecedented capability of optical metasurfaces has provided an unusual approach for arbitrary 
manipulation of polarization profiles. Light beams with 3D polarization structures have recently attracted big 
attention due to their peculiar optical features and extra degrees of freedom for carrying information. Here we 
experimentally demonstrated a metasurface approach to generate 3D polarization structures. The efficacy of this 
approach was exemplified through the demonstration of 3D polarization knots. Our demonstration may find 
applications in beam engineering and integrated optics. 

 
Like amplitude, phase and frequency, polarization is one of fundamental properties of light, which has been 

a central concept to our understanding of optics. A laser beam usually has a homogeneous polarization after 
passing through a polarizer, while a vector beam has an inhomogeneous distribution of polarization in the 
transverse plane perpendicular to propagation. Vector beams have been recognized as a promising future 
technology in quantum memories, particle trapping, and high-resolution lithography. However, the real-life 
applications remain limited, mainly because of complexity of the experimental system and the inability to 
arbitrarily manipulate polarization state of light at subwavelength scale. It has found many applications ranging 
from quantum to classical optics (e.g., polarized sunglasses and 3D cinema). Polarization control has been used 
to record, process and store information. Light beams with spatially inhomogeneous polarization distributions 
have received great attention owing to their peculiar optical features and practical applications such as higher 
resolution lithography and patterning of lyotropic chromonic liquid crystals by photoalignment.  

 
Driven by device miniaturization and system integration, there is huge interest in developing ultrathin (light 

wavelength scale) and lightweight planar optical devices with novel functionalities that cannot be obtained with 
conventional optical elements. Optical metasurfaces are planar nanostructured interfaces and have recently 
attracted tremendous interests due to their unprecedented capability in the manipulation of the amplitude, phase 
and polarization at subwavelength scale. The emergent optical metasurface based flat optics has revolutionized 
design concepts in photonics, providing a new platform to develop unusual ultrathin optical devices (e.g., 
dual-polarity lenses, polarization sensitive holograms). Optical metasurfaces have shown much promise for 
polarization manipulation [1]. We have experimentally demonstrated 2D polarization profiles with uniform 
intensity to hide high-resolution images in a light beam based on optical metasufaces [3, 4]. The target images 
are encoded in the spatially variant polarization states in 2D space. Recently, we have designed and 
demonstrated metalenses that can achieve arbitrary 3D focal curves with customized polarization profiles 
without the aid of additional optical elements. A number of focal curves ranging from a simple ring to a more 
complicated 3D knot are observed in the focal region of metalenses. The proposed approach is very flexible and 
robust to generate various polarization profiles of the focal curves, including linear and nonlinear relations 
between polarization rotation angles and positions along the curves. The compact metalenses with small 
footprints and low weight can expand the range of applications of integrated optics in nanolithography and 
particle manipulation. Our research findings may be of interest to many practical applications such as virtual 
reality, volumetric displays, security and anti-counterfeiting.  



 
Metasurface enabled arbitrary polarization manipulation is a new research field. The precise control over the polarization 
state of light in 3D space can be faithfully mapped onto the intensity profile for each color. Polarization related ultrathin 
nanodevices, nanophotonic systems, and integration of multifunctional capability into ever smaller and more flexibly 
connected and deployable units will be an immensely important research topic in the years ahead. 
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Abstract: The growing demand on reconfigurability in neuromorphic computing, integrated photonics and 
microwave photonics is attracting increasing attention towards design of active photonic components. By changing a 
phase of the phase change material or a state of the hydrogel near a functional photonics building block, it is possible 
to realize (re)programmable components and materials. Here, we report on our recent developments of a multiphysics 
description of complex composite active photonic components incorporating phase change materials and hydrogels as 
their building blocks. 
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Abstract: We discuss GaN-based blue light emitters formed on various unconventional substrates and related transfer 
techniques. Next, we discuss core technologies for ultra-high density (UHD, > 5,000 ppi) micro-displays based on 
monolithic integration of LEDs, TFTs, and QDs. We anticipate these will pave the way for low-cost, large sized 
process for UHD micro-displays for augmented reality (AR) glasses. 

 
There have been significant recent developments in the growth of single crystal gallium nitride (GaN) on 

unconventional templates for large-area blue or green light-emitting diodes (LEDs) which, together with layer transfer 
onto foreign substrates, can enable flexible and stretchable lighting applications. Here, the heteroepitaxial growth of 
GaN on amorphous and single-crystal substrates employing various interlayers and nucleation layers is discussed, as 
well as the use of weak interfaces for layer-transfer onto foreign substrates. Layer-transfer techniques with various 
interlayers are also discussed1-4. Figure 1 shows various heteroepitaxial InGaN growth systems on different substrates.  
 

 

 

Figure 1. Atomic arrangement of various hetero-epitaxial interfaces for different multilayer structures: a) GaN/ZnO (NL)/graphite 

(IL/SB): (left) GaN/ZnO and (right) ZnO/graphene. b) GaN/AlN (NL)/BN (IL)/sapphire (SB): (left) GaN/AlN, (center) AlN/BN, and 

(right) BN/sapphire. c) GaN/Ti (IL)/glass (SB): GaN/Ti. d) GaN/AlN (IL)/Si (SB): AlN/Si. e) Interfaces connected by (left) dangling 

bonds (3D on 3D), (center) van der Waals gap (2D on 2D), and (right) quasi van der Waals gap (2D on dangling-bond passivated 3D).  

 

Furthermore, the concept of remote epitaxy could realize extremely reduced defect densities even at large lattice 
matched heteroepitaxy5. Recently, a use of AlN/graphene/AlN buffer layer would even result in single-crystalline 
GaN film even on amorphous substrates6. Therefore, very high quality GaN would be soon realized even on 



amorphous substrates. 
Owing to the planar geometry, TIIP pixelation is readily incorporated via monolithic or bonding integration into 

any high-resolution pixel-driving circuits in high-ppi μLED displays. For example, 2-transistor/1-capacitor (2T1C) 
pixel circuits based on LTPS are fabricated monolithically on the TIIP/charge-blocking layer (CBL) structure. Figure 
2a,b presents TIIP/CBL-pixelated LEDs operated by 300/600/2000 ppi LTPS-TFTs. The 2000 ppi (pentile) 
LTPS-TFTs have width/length (W/L) of 2 μm/2 μm. Furthermore, we verify the transfer characteristics of p-Si TFT 
even at W/L of 1 μm/1 μm, which corresponds to 4,000 ppi (pentile) pixel circuits. Finally, the TIIP/CBL LEDs are 
readily assembled with a QD color converter (C/C) pattern. For example, we applied QD C/C for 300-ppi RGB 
displays (Figs. 2c). Furthermore, we are under development of the backside-exposure technique for high-resolution 
patterning of QD C/C (Fig. 3), which is essential for full-color microdisplays in AR glasses. The backside-exposed 
QD layer begins crosslinking from the bottom side, which enables fine patterning with controlled PR thickness.  

 

Figure 2. Monolithic integration of TIIP-pixelated LEDs with TFTs and quantum dots. a, TFT-driven electroluminescence (EL) pixel 

images of the unflipped structure (Fig. S8b): 300 ppi (left) and 600 ppi (RGB) (right). b, TFT-driven EL images of the flipped 

architecture: (top left) fully-on image, (top right) moving image, (bottom left) 300 ppi (RGB) pixel image, and (bottom right) 2,000 ppi 

(pentile) pixel image. c, Quantum dot (QD) integration of barrier rib onto 300 ppi (RGB) LEDs (top left), QD color converter (top-center 

and right) and corresponding full-color images including separate R, G, B, and moving images (bottom). 
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Abstract: Modern photonic devices rely on nonlinear optical effects to carry out their functionalities. Yet, the 
realization of efficient nanoscale nonlinear optical components remains a chimera. In this talk, we explore three 
strategies based on the exploitation of plasmonic systems that might allow to overcome the main challenges and 
pave the way for all-optical integrated circuits. 

 
 

Plasmonic enhancement of nonlinear optical processes confronts severe limitations arising from the strong 
dispersion of metal susceptibilities and small interaction volumes that hamper desirable phase-matching-like 
conditions. Maximizing nonlinear interactions in nanoscale systems require simultaneous excitation of resonant 
modes that spatially and constructively overlap at all wavelengths involved in the process. Here, we present a 
hybrid rectangular patch antenna design [1] for optimal second harmonic generation (SHG) that is characterized 
by a non-centrosymmetric dielectric/ferroelectric material at the plasmonic hot spot. The optimization of the 
rectangular patch allows for the independent tuning of various modes of resonances that can be used to enhance 
the SHG process. Furthermore, we propose a novel configuration with a periodically poled ferroelectric layer for 
orders-of-magnitude enhanced SHG at normal incidence. 

 
Fig. 1 Left to right: i) achieving multi-resonance mode matching in nanopatch antennas, ii) exploiting 

resonances due to quantum effects, iii) shifting to mid-infrared frequencies to boost free-electron nonlinearities. 

Second-order nonlinear optical processes may occur in the angstroms-thick layer at surfaces. At such length-
scales, quantum mechanical effects come into play which could be crucial for an accurate description of plasmonic 
systems. Using a nonlinear quantum hydrodynamic description, we study free-electron nonlinear dynamics in 
plasmonic systems [2]. Our model predicts strong resonances induced by the spill-out of electron density at the 
metal surface. These resonances can boost SHG efficiency up to four orders of magnitude and can be arbitrarily 
tuned by controlling the electron spill-out at the metal surface with the aid of thin dielectric layers. 



Heavily doped semiconductors have emerged as tunable low-loss plasmonic materials at mid-infrared wavelengths (2-

20 \um). Because of small carrier densities in semiconductors compared to noble metals, hydrodynamic effects result 

strongly amplified. More precisely, a measure, !, of hydrodynamic effects can be linked to the ratio of Fermi velocity, 

"! =	 ℏ# (	3π
$n%)

!
", over the plasma frequency, *& =	+,$-% (./%)⁄ , with -% and . being the charge concentration 

and the effective charge mass respectively (e, ℏ, and /% represent the usual physical constants).  Leaving out all the 

constants, we ultimately obtain that !~ "' *&⁄ ∝ 1 5-%
!
#.

!
$67 . 

Because, both !! and " are much smaller in semiconductors than in noble metals, nonlocal and hence 
nonlinear effects are expected to be much larger. We show that contrarily to noble metals, in fact, free-electron 
nonlinearities in doped semiconductors can be several orders of magnitude larger than crystalline lattice 
nonlinearities [3]. 
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Abstract: Quantum technologies use different platforms for future quantum computers and processors such as 
using trapped-ions or superconducting qubits. These advanced platforms amongst others, are very much ahead 
for applications but having said that, they are very difficult to couple with so-called flying qubits which are 
photons. Defect/colour centres in diamond do have the great advantage of being coupled to photons as well as 
having the possibility to have electron spin and nuclear spin manipulation. We will show first how one can make 
use of nanodiamonds and integrated optics to go towards a potentially scalable platform [1,2] and we will then 
see how this versatile platform could be linked to other platforms for quantum technologies and in particular 
with superconducting circuits with superconducting qubits based on some recent proposals [3]. 
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Abstract: Detecting molecular chirality is crucial in biochemistry. It is, however, limited by low sensitivity at 
low concentrations. I will discuss our progress to push the limits of chiral sensing by exploiting semiconductor 
nanophotonics. 

 
Chirality plays a pivotal role in the functionality of biomolecules such as proteins, amino acids, and 

carbohydrates. Circular dichroism can distinguish enantiomers thanks to a small difference in the absorption of 
circularly polarized light. However, chiral sensing faces significant limitations due to inherently weak chiroptical 
signals. It is thus severely limited by low sensitivity and low spatial resolution. As a result, it is challenging to 
resolve the chirality of individual nanoscale objects using light for critical applications such as detecting protein 
aggregates linked to various diseases. 

In this presentation, I will discuss our progress to push the limits of optically resolvable chirality through 
new concepts in semiconductor nanophotonics. I will show several strategies to optimize chiral molecular 
sensors based on silicon metasurfaces to detect low molecular concentrations. Specifically, I will present our 
recent results on tailoring silicon nanostructures to enhance polarized fluorescence [1, 2] and Raman 
spectroscopies, increase optical chirality [3, 4], and maximize chirality transfer. Our results promise an increase 
of sensitivity towards the detection of single chiral molecules compatible with high resolution imaging. 

 
This work was financially supported by the European Research Council (ERC) under the European Union's 

Horizon 2020 research and innovation program (grant agreement 948804, CHANSON). 
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Abstract: We discuss in-depth distribution and time evolution of hot electrons generated upon the excitation of 
surface plasmon polaritons. Dielectric function of plasmonic systems was measured with ellipsometric methods 
to reveal the electron distribution. 

 
The strong localization of plasmon-assisted photon absorption facilitates the emergence of so-called hot 

electrons with energy levels that deviate significantly from Fermi-Dirac distribution. In recent years, much 
attention is focused on these hot carriers, due to their fundamental role in emerging applications 

Here, we demonstrate experimentally the in-depth distribution and the temporal evolution of the surface 
plasmon polariton (SPP) mediated hot electron population. For the ultrasensitive probing of hot electron 
occupancies, we employ spectroscopic ellipsometry, enabling the detection of the energy distribution of the 
generated hot electrons [1]. As a further benefit, with cw excitation, when the generated SPPs are always present 
in the system, we can gain information about the location of the generated hot electrons, while pump-probe 
approach enabled us to determine their time evolution. For the excitation of SPPs, we applied the 
Kretschmann-geometry involving a glass right angle prism coated with 45 nm gold by thermal evaporation. SPPs 
were excited from the backside of the film using either an 808 nm cw diode laser or the 35 fs pump pulses at 800 
nm of an amplified Ti:sapphire laser (Coherent Astrella) under resonance angle. Simultaneously, spectral 
fingerprints of SPP-related changes were monitored by spectroscopic ellipsometry, illuminating the sample from 
the top side with a broadband cw light source or white light continuum probe pulses generated from a part of the 
fundamental beam under 55° and 65° angles of incidence. 

From the measured data, the dielectric function of the plasmonic system can be determined. For the 
interpretation of the measured changes in the dielectric function, we exploited its proportionality with the joint 
density of electron states and electron occupancies [2]. 

 
 Figure 1: a) Measured and simulated differences between the dielectric function of the non-thermalized top layer (NT) 

and the thermalized part (T) of the gold film and the corresponding electron occupancies (inset). b) Simulated electron 

distributions belonging to different processes. c) Measured and calculated (inset) changes in the dielectric function of the 

plasmonic gold layer. 

 



It is important to note that in the cw excitation case, we can gain information about hot electrons due to 
their continuous generation. The plasmon-assisted electromagnetic field confinement predicts that hot electrons 
affect the dielectric function only in the portion of the gold film. In accordance, during our ellipsometric 
modeling, application of two layers within the gold film became necessary, i) a lower layer with increased 
temperature exhibiting thermal electron distribution (thermalized layer), and ii) an upper layer accounting for the 
appearance of SPPs and the associated hot electron generation (non-thermalized layer). As the main result of the 
ellipsometric analysis, the spatial extent of the non-thermalized layer (2-5 nm) and the dielectric function of the 
non-thermalized and thermalized layers became also available. To interpret the changes of dielectric function we 
modeled them by assuming different behavior of the electron distribution for the two sublayers. For the 
thermalized layer, we applied the Fermi-Dirac electron distribution function, while for the non-thermalized 
surface layer we assumed electrons having a broader energy distribution described by increased electron 
temperatures. For the largest applied powers, the distinct peak around 2.3 eV is slightly broadened indicating a 
more distorted electron distribution [3], which bears also the traces of an additional hot electron population up to 
~0.4 eV associated to electron-electron scattering assisted SPP absorption (Fig. 1 a)). These observations provide 
a clear indication of the existence of a hot-electron population with moderately increased energies close to the 
film surface where plasmon excitation takes place. 

For the pump-probe results, it is not expected that the direct effect of plasmons can be captured due to its 
very short lifetimes (~ 10fs) and the time-resolution of the instrument, so the application of the top sublayer was 
omitted. The determined dielectric functions were modeled by assuming different electron distributions 
describing the different mechanisms following the SPP excitation. During the first 100 fs, the photon absorption 
perturbs the Fermi-Dirac distribution at energies matching with the excitation energy. Later, a high temperature 
electron distribution develops. When the energetic electrons interact with the lattice, slight changes are expected 
near the Fermi energy level accounting for the phonon excitation, and finally the system reaches a thermalized 
state. By introducing these changes into the electron distribution function (Fig. 1 b)), we can compute the 
corresponding dielectric function using the equation above. Good agreement between the measured and 
simulated changes in the dielectric function supports the applicability of our method (Fig. 1 c)). 

In summary, we could detect the development of a hot electron population in a nanometric surface layer 
induced by the continuous excitation and absorption of SPPs. The signatures of these transient electronic states 
were revealed with the help of spectroscopic ellipsometry. With pump-probe ellipsometric approach, we could 
not only measure the dielectric function of gold at different excitation states, but more importantly, we identified 
the different stages of the SPP decay and the corresponding electron distributions. 
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Abstract: In this talk, we will present our recent research results on the nanostructured silicon optical 
nanoantennas with Mie resonance at visible regime, such as mix antenna array for fluorescence 
enhancement, imaging of the inaccessible bound-states-in-the-continuum (BIC) mode, quasi BIC resonance 
for the strong enhancements of cathodoluminescence emission and achieving the ultra-highly saturated red 
color pixels, as well as the interband plasmonic characteristics of silicon nanostructures at ultra-violet (UV) 
regime. 

 
Silicon (Si) is the most widely used material in the semiconductor industry, and Si-based technology 

platforms have been developed rapidly in the past few decades. Moreover, Si has a high refractive index 
and low Ohmic loss, where Si nanostructures are able to support localized Mie resonances and this optical 
antenna effect enables various nanophotonic applications. In this talk, we present our recent works on the 
dielectric and plasmonic characteristics of Si nanoantennas, such as the mix nanoantenna array for 
fluorescence enhancement,1 imaging of the inaccessible bound-states-in-the-continuum (BIC) mode,2 quasi 
BIC resonance for the strong enhancements of cathodoluminescence emission2 and achieving the ultra-
highly saturated red color pixels,3 as well as the plasmonic resonances of Si nanostructures in the ultra-
violet (UV) regime.4 

  

 
Fig. 1: Si nanostructures with the bound-states-in-the-continuum (BIC) mode. (a) Schematic illustration on 
the experimental setup to probe the inaccessible BIC mode by the high resolution electron beam via electron 
energy loss spectroscopy (EELS) and cathodoluminescence (CL) emission on a transmission electron 
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microscope (TEM) setup.2 (b) Spatial mapping of CL emission of showing the coherent interaction length 
of quasi BIC resonance and CL enhancement factor.2 (c) Schematic illustration on the Si nanostructures 
with quasi BIC resonance to achieve the highly saturated red color pixels.3 (d) CIE 1931 chromaticity 
diagram of showing the high color saturation as achieved by the quasi BIC resonance. (e) Optical 
microscope image of the printed letter “BIC” by using the Si nanostructures. (f) Scanning electron 
micrograph (SEM) image of the selected region in (e).3  
 

 
Fig. 2: Plasmonic resonances of Si nanostructures due to interband transitions. (a) Schematic illustrating Si 
plasmonics at the UV regime.4 (b) Scanning electron micrograph (SEM) image of Si dimer with ~5 nm 
gaps. (c) Simulated field distribution of the Si plasmonic dimer nanoantennas with 5 nm gap.4 The 
simulation result shows a ~100-fold intensity enhancement at the 5-nm gap region. 
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Abstract: We numerically demonstrate a significant light-trapping mechanism in a deeply subwavelength 
epsilon-near-zero (ENZ) system strongly coupled with the plasmonic modes of gold nanoantennae. The 
longitudinal and transverse field components of the impinging pulse are shown to dominate the temporal 
response at the higher and lower resonant frequencies, respectively. Moreover, the slow-light effect is 
particularly accentuated within the strongly coupled regime and thus such ENZ plasmonic systems can provide 
an alternative platform for control and manipulation of light. 
 
Deeply subwavelength ENZ films give rise to strong optical nonlinearities such as a giant Kerr effect [1] and 
enhanced harmonic generation [2]. The enhanced nonlinear response can be attributed to the large group index at 
the ENZ wavelength and small group velocity consequent of the flat dispersion of the ENZ mode [3]. However, 
this mode is inaccessible from free space due to the large impedance mismatch between air and the ENZ film. This 
issue can be addressed via hybridisation of the ENZ mode with plasmonic nanoantennae patterned on top of the 
ENZ film. The slow-light effect of the coupled system contributes to the nonlinear response but so far, a time-
resolved analysis of the light-matter interaction has not been presented. Here, we investigate the temporal 
dynamics driven by the excitation of the strongly coupled system, consisting of the ENZ layer and plasmonic 
nanoantennae. To date, most studies use transparent conducting oxides (TCO) in strongly coupled systems. 
However, polar dielectrics feature significantly lower losses which leads to stronger slow-light effects [4]. 
Therefore, we consider a polar dielectric (Silicon Carbide, SiC), with ENZ band in the mid-infrared, !!"#= 29.1 
THz . We show that the strong-coupling condition enables manipulation of the group delay and temporal profile 
of the injected pulse. The slow-light effect is particularly evident for the longitudinal and transverse component at 
the higher and lower frequency resonances, respectively.  
 
Strong-coupling (SC) arises from the hybridisation of two resonant excitations, which can be conceptualised as 
coupled harmonic oscillators with eigenmodes !$ and !%, as shown in Fig. 1(a). Here, we focus on the 
Au/SiC/Diamond metasurface depicted in Fig. 1(b) and study the coupling of the ENZ mode excitation with the 
nanoantenna cavity resonant excitations of the Au array patterned on top of the film. By varying the nanoantennae 
length, we can tune the nanoantennae cavity resonant excitation. Whilst SC typically manifests as two 
transmittance dips that anti-cross at a particular antenna length, in this study we depict the resonant frequencies in 
a time-resolved analysis of the radiation dynamics. These radiation dynamics are studied using the finite-difference 
time-domain (FDTD) method for distinct polarizations of incident ultrafast pulses with transverse polarization 
(field directed along the x-direction), carrier frequency varying from 26 THz to 35 THz. We analyze the temporal 



dynamics of the excitation frequencies by calculating the group delay computed from the difference of pulse 
energy density centres of mass (COM) "&' and "()* at the input and output, respectively. 

 
Figure 1. (a) Anticrossing and strong-coupling-induced dispersion resulting from two classical harmonic 

oscillators with resonant frequencies !+ and !,. (b) Sketch of an Au/ENZ/substrate metasurface undergoing 
hybridisation. Dependence of the group delay (in fs) of the transverse (c) and longitudinal component (d). 

 
The group delay is depicted for the transverse component in Fig. 1(c) and longitudinal component in Fig 1(d). For 
a 29 THz carrier frequency pulse impinging on a metasurface with 7	$m-long antennae, we observed a remarkable 
maximum delay of 860 fs of the z-field component COM (group index of %) ≃ 1700). Significant delays are also 
recorded at the system resonances !$ ≃ 30 THz and !% ≃ 16.6 THz for the SC system with antennae length )- ≃
3	$m. Here, we obtained *"%,/ ≃237 fs (%) ≃ 473); *"%,0 ≃ 195 fs (%) ≃ 389); *"$,0 ≃ 188 fs (%) ≃ 376).  
 
In summary, we have shown that ENZ-based metasurfaces enable the control of light-matter interaction, and 
specifically its temporal dynamics. Slow-light effects can be controlled by changing the coupling condition and 
are maximised in strongly coupled systems. SiC-based metasurfaces are a particularly promising technological 
platform owing to the significantly lower losses which play a major role in quenching the group delay. 
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Abstract: We study the formation of a near-field optical binding between two identical particles. The 
equilibrium binding distance is controlled by the angle between the polarization plane of the incoming field and 
the dimer axis. The stiffness of this stable attaching interaction is four orders of magnitude larger than the usual 
far-field optical binding and is formed orthogonally to the propagation direction of the incident beam (transverse 
binding). The binding distance can be further manipulated considering the magneto-optical effect.  
 
In this work we show analytically and numerically the formation of a near-field stable optical binding between 
two identical plasmonic particles, induced by an incident plane wave [1] 
The equilibrium binding distance is controlled by the angle between the polarization plane of the incoming field 
and the dimer axis, for which we have calculated an explicit formula. We have found that the condition to 
achieve stable binding depends on the particle's dielectric function and happens near the frequency of the dipole 
plasmonic resonance.  
The binding stiffness of this stable attaching interaction is four orders of magnitude larger than the usual far-field 
optical binding and is formed orthogonally to the propagation direction of the incident beam (transverse 
binding). 
The binding distance can be further manipulated considering the magneto-optical effect [2] and an equation 
relating the desired equilibrium distance with the required external magnetic field is obtained.  
Finally, the effect induced by the proposed binding method is tested using molecular dynamics simulations (see 
Figure 1). Our study paves the way to achieve complete control of near-field binding forces between plasmonic 
nanoparticles. 



 
Figure 1: X-Y Langevin molecular dynamics simulation of a 200 nm InSb nanoparticle inside a micro-channel 
with a diameter of 0.41 µm illuminated by a plane wave with wavelength 47.97 µm, polarization angle 
arctan(20.5) and intensity 25 µW/nm2. Temperature is set to 293K. The simulation shows the particles separation 
versus time for different values of the external magnetic field. Straight lines correspond to the following 
expected equilibrium distances, R=1136 nm (red), 906 nm (green) 800 nm(blue) 698 nm (cyan), obtained from 
the analytic expression. Inset shows a sketch of the particle’s configuration 
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Abstract: This presentation will discuss different strategies for light management in photovoltaic systems. 
Luminescent solar concentrators are building-integrated sunlight-harvesting systems that utilize down-shifting to 
concentrate sunlight. Performance of these structures is improved with photonic designs that optimally redirect 
light. In the second, structures are integrated into photovoltaic modules to enhance the energy yield by 
simultaneously acting as anti-reflection coatings and reflectors of near-infrared light, lowering the operating 
temperature. We will discuss the design of these structures and the limits to performance.  

 
 

The solar spectrum is a broad and diffuse light source, but solar panels operate most efficiently at 
wavelengths near the semiconductor bandgap and over a limited range of incident angles. This talk will discuss 
different strategies to use nanoscale optics to manage the solar spectrum and improve the performance of 
photovoltaic devices. 

The first part will discuss luminescent solar concentrators, which are semi-transparent light harvesting 
devices that can be integrated into windows and other architectural panels. An interesting, emerging application 
for these devices is in greenhouses, allowing for on-site power generation alongside crop production. I will 
discuss the design of multi-luminophore composites for these agrivoltaic applications.  

The second part will discuss strategies to cool the operating temperature and maximize energy yield of Si 
photovoltaic modules installed outdoors. We design “thermally-aware anti-reflection coatings” using a 
combiined optical-electrical-thermal model that both increase the energy yield by admitting more light into the 
cell and prevent the temperature rise that typically accompanies anti-reflection. These structures are designed to 
reflect light just past the band edge of Si, and are designed to be low complexity and cost-effective. We show the 
upper limits to such structures inside modules, and compare structures at the cover glass, cell surface, and cell 
rear contact in terms of temperature benefit and overall energy yield improvement.  

This material is partially based upon work supported by the U. S. Department of Energy Office of Energy 
Efficiency (EERE) under the Solar Energy Technologies Office Award DE-EE0008542. It is partially supported 
by the National Science Foundation under Award 1553234.  
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Abstract:  
 
Certain lattice wave systems in translationally invariant settings have one or more 
spectral bands that are strictly flat or independent of momentum in the tight binding 
approximation, arising from either internal symmetries or fine-tuned coupling [1]. 
These flat bands display remarkable strongly interacting phases of matter. Originally 
considered as a theoretical convenience useful for obtaining exact analytical solutions 
of ferromagnetism, flat bands have now been observed in a variety of settings, ranging 
from electronic systems to ultracold atomic gases and photonic devices [1],[2]. I will 
discuss recent advance in the finetuning properties of flat band models including All- 
Bands-Flat ones, and review recent results on weak perturbations which result in 
qualitatively different new phases. I will also discuss recent results on Anti-PT 
flatbands and on Wannier-Stark flatbands [3-5]. 
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Abstract: We show that Maxwell’s demon-like nonreciprocity can be supported in a class of non-Hermitian 
gyrotropic metasurfaces in the linear regime. The proposed metasurface functions like a transmission-only 
Maxwell’s demon operating at a pair of photon energies. Based on the multiple scattering theory, we construct a 
dual-dipole model to explain the underlying mechanism that leads to the anti-symmetric nonreciprocal 
transmission. The metasurface’s effective medium parameters are also obtained. 

 
 

Unconventional phenomena could emerge in metamaterials using the internal structural properties of the 
artificial unit cells. Recently, designs of complex structures made of Lorentz non-reciprocal materials have 
introduced many new directions to create unusual photonic devices such as isolators, one-way waveguides, and 
non-reciprocal antennas. Analytical modeling of these complex systems is not trivial and many designs such as 
topological photonic crystals are bulky. We aim at reducing the thicknesses and sizes of the non-reciprocal 
metasurfaces and devices while maintaining the simplicity of the structures. 

 
We use coupled dipole-monopole theory to design a “diatomic” metamolecules consisting of two cylinders 

with at least one of the cylinders made of gyromagnetic/gyroelectric materials. The functional performance of 
the metasurface design is also verified numerically using the commercial software COMSOL. Finally, we have 
used an effective medium theory to describe the metasurface design. 

 
The analytical results are based on coupled dipole-monopole theory, which expands the fields of each 

cylinders using multiple expansion up to dipoles.  The coupled dipole-monopole equations are written as a 2x2 
matrix equation in the form as shown below: 

                        [ ] ,                            (1) 

where a rotating magnetic dipole (m = -1) is coupled to a monopole (m = 0) through long-range dynamic 
coupling. 
 

The schematic of our design is shown in Figure 1(a). The associated numerical and analytical results for the 
difference in transmittance ('T = T1 – T2) between forward and backward incident waves are shown in Fig. 1(b). 
Simulated field patterns at one of the peak-dip pair is shown in Fig. 1(c). 

 



 

Figure 1: (a) Schematic of Lorentz non-reciprocal 
“diatomic” metasurface. (b) Transmission difference 
between forward and backward incident waves. (c) 
Simulation field patterns for the same case as in (b). 
 

In summary, we propose an ultra-thin metasurface that can produce an anomalous antisymmetric 
nonreciprocal transmission peak-and-depth pairs. The metasurface functions like an imperfect Maxwell’s demon 
for normal incident photons. It is found that the anti-symmetric (non-reciprocal) transmittance is induced directly 
by the asymmetrical absorption in lossy dielectric cylinders under the cooperative effect of the rotating magnetic 
dipole and linear electric dipole excited in the metasurface. Eigen-response theory using a simple 2 × 2 matrix 
truncated from the multiple scattering theory is employed to reveal the underlying mechanism.  

 
The authors would like to acknowledge the funding support from the Hong Kong Research Grant Council. 
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Abstract: We derive an analytic approximation to the effective refractive index of nanofluids based on the 
quasi-crystalline approximation and considering the dynamic dipolar response of the particles at the frequency of 
light. The new mixing formula embodies the well-known Maxwell Garnett formula but includes all the 
appropriate dynamic corrections to fully include scattering losses. We present numerical evaluations of the 
provided expressions illustrating “dependent-scattering” effects and compare with some experimental data 
available in the open literature. We discuss the physical origin of these latter effects.   
 

We start by establishing a self-consistent system of multiple-scattering equations for a random system of 
particles and assuming an incident plane wave. We approximate the field exciting to any one particle as the 
configurational average of the field scattered by all other particles, keeping the one particle fixed in space. We 
assume the exciting field to any given particle depend only on the particles’ properties and its position on space. 
(This is the so-called quasi-crystalline equation [1]). We obtain an integral equation and solve it analytically, 
relating the amplitude of the average field (Eavg) to that of the exciting or “local field” (Eloc) and the 
electric-polarization field (P):  

                 (1) 

where 

 
In the previous expression, k is the wavenumber in the medium surrounding the particles (called the matrix), keff 
is the effective propagation constant (in general a complex number) and C(R) is the pair-correlation function, 
which is a function of the particles’ radius, a. Note that the difference between Eq. (1) and that found in most 
textbooks is the function q(k, keff, a). In the limit of small particles, the function q(k, keff, a) takes the value of 1 
and Eq. (1) becomes identical to the corresponding equation in the quasistatic limit found in many text books 
(See for example [2]).  

Now we assume the polarization field is the volume density of induced dipole moments we have that P = 



()Eloc where () is the frequency dependent polarizability of an isolated particle and  is the electric 
permittivity of the matrix. Assuming spherical particles, all of radius a, the dynamic electric polarizability is, 

 

where  is the first Mie radial coefficient [3], and  is the size parameter of the particles. Using the 

latter equations in Eq. (1) yields the following equation for the effective propagation constant, 

                           (2) 

where f is the volume fraction occupied by the particles. Eq. (2) can be solved iteratively and gives a complex 
effective refractive index neff =keff /k0, where k0 is the wavenumber in vacuum. Its imaginary part is due to 
absorption and scattering. This, even if there is no absorption, neff has a non-zero imaginary part due to scattering 
losses. If we take q(k, keff, a) = 1 in Eq. (2) we obtain the Maxwell-Garnett-Mie approximation [3], and if we 
replace the dynamic polarizability for the quasistatic one, we obtain the well-known Maxwell Garnett 
approximation. For small particles Eq. (2) is close to the approximation proposed in Ref. [4] obtained as local-field 
corrections to Foldy-Lax’s approximation. However, here the expression for q(k, keff, a) is complete and allows us 
to handle denser systems. 

Considering weakly- or non-absorbing particles, a graph of Im(neff) versus the volume fraction for a system of 
very small particles produces a curve that bends away from a straight line as the volume density of particles 
increases, meaning that the extinction coefficient is not proportional to the density of particles. This non-linearity 
is commonly referred to as “dependent-scattering”. Eq. (2) reproduces well the strong dependent-scattering 
behavior for colloids of small dielectric particles of about 100 nm in diameter observed many years ago in 
experiments and numerical simulations [4]. If we put q(k, keff, a) = 1 in Eq. (2), the dependent-scattering behavior 
Im(neff) versus f curve of the disappears. This means that dependent scattering effects in very small particles are 
related to the function q(k, keff, a). We can show then that the origin dependent scattering in very small particles 
is the additional phase delay introduced between the polarization field, the average and the local field, due to the 
finite speed of electromagnetic waves.     

We acknowledge financial support from Dirección General de Asuntos del Personal Académico from 
Universidad Nacional Autónoma de México through grant IN101821.  
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Abstract: We developed a stereo waveguide display based on metagrating to provide unidirectional 
polarization-multiplexed in-coupling depending on the right or left circular polarization. In this way, two 
stereoscopic images encoded in opposite circular polarizations can be projected into two eyes separately to form 
stereo vision. For opticals design tasks, numerical optimization methods for optical coating are often 
time-consuming. Here we show that combining machine learning with optimization can improve efficiency and 
even lead to better designs. 

 
 

AR technology has attracted considerable attention through last decade. The research of AR display devices, 
namely near-to-eye see-through displays have become a hot topic and many different approaches such as 
freeform optical prisms, projection systems, retina scanning, reflective systems, hybrid reflective-refractive 
systems, and optical waveguides have been developed and some commercialized by major corporations. Among 
the various approaches, optical waveguide technology1 is considered the most promising means to realizing 
light weight and compact structure with high performance, thus has been rapidly developing. The transparent 
optical waveguide on wearable glass acts as an off-axis image system that projects images to human eye(s) 
without blocking the ambient scene.  

For AR display, 3-dimensional (3D) vision is highly desired because it can provide more immersive and 
realistic experience for the viewer. We propose a stereo waveguide display that uses specially designed 
metagratings to project stereoscopic images encoded in circularly polarized light to different eyes for 3D vision. 
The metagrating functions as the in-coupler for the waveguide, which is designed based on geometric phase and 
consists of gold elliptical nanobars. Two surface-relief gratings are imprinted on both sides of the waveguide as 
the out-couplers to project images to different eyes. The polarization-dependent phase gradient imposed by the 
metagrating leads to opposite deflection of the incident light with opposite spins, achieving 
polarization-multiplexed unidirectional in-coupling. We experimentally demonstrated monochromatic stereo 
display; and this design is compatible with stacking multiple layers of waveguides for multi-color display. Using 
this metagrating for polarization-multiplexed unidirectional in-coupling can simplify the configuration for stereo 
waveguide display by involving less optical elements, making the system more compact, lighter weight and 
easier for integration. 

In designing optical structures, numerical optimization methods have played a key role, e.g. in optical 
coating designs2. However, conventional optimization methods require a time-consuming iterative optimization 
process for each design target. Thus, when a large number of designs are required, optimization-based 
approaches could be impractical. In addition, the design performance of numerical optimizations is strongly 
affected by the initialization of the designs, which may lead to suboptimal optical coating designs. Recently, 



machine learning-based approaches have been successfully applied to optical designs3 due to their high design 
efficiency. However, machine learning-based approaches may underperform numerical optimization due to the 
inability to actively fine-tune the designs based on the feedback from optical simulations. 

We present two hybrid machine learning and optimization methods that bring the best of both worlds to 
efficiently design high-performance optical coatings. The first method called NEUral ParTicle SwaRm 
OptimizatioN (NEUTRON)4 is based on a combination of mixture density network (MDN)5 and particle swarm 
optimization (PSO)6. When applied to structural color designs based on thin-film stacks, we demonstrate that 
NETURON can design arrays of layered stacks for vivid reconstructions of images with more than 200,000 
pixels within a few hours. The second method Optical Multi-Layer Proximal Policy Optimization (OML-PPO) 
treats the thin film optical coating design task as a sequence generation process. OML-PPO applies deep 
reinforcement learning to train a deep sequence generation network for predicting the optical coating design.7 
The thickness of each layer in the predicted designs is fine-tuned with the quasi-Newton optimization method. A 
few examples of applying this reinforcement learning method for layered optical structures will be presented, 
including broadband absorb. 
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Abstract: Hyperuniform disordered gap plasmon metasurfaces are investigated for wideband light absorption in 
visible and near-infrared spectrum. Optical reflectance spectra from fabricated hyperuniform disordered, 
periodic, and randomly disordered gap plasmon metasurfaces reveal the physical origins of a localized gap 
plasmon resonance mode and a non-localized optical resonance mode.  
 

In metal-insulator-metal (MIM) gap plasmon metasurfaces, enhanced light absorption arises from coupling 
of incident light to localized and non-localized resonance modes that are dependent on patterned metal particle 
size and periodicity [1]. Periodic MIM structures support a localized plasmon resonance mode and a 
non-localized optical resonance mode. If periodicity is destroyed, both localized plasmon resonance mode and 
non-localized optical mode become non-uniformly distributed. The extreme case is random structure where all 
gap plasmon elements have a broad distribution of element positions. Different from random pattern, a 
hyperuniform disordered pattern is a limited disorder pattern that consists of an ensemble of seemingly randomly 
positioned elements, but the randomness of element positions is limited [2, 3]. The spatial density of elements 
has a smaller variation from one region to another region than the density in the random pattern. Therefore, a 
hyperuniform pattern results in drastically reduced fluctuation of performance over a large area. Hyperuniform 
patterns were originally found in nature [2]. In this work, we conducted the first experimental investigation on 
hyperuniform disordered metal-insulator-metal gap plasmon metasurfaces. 

The hyperuniform disordered gap plasmon metasurface structure consists of a patterned gold squares of 60 
nm thickness on top of a 90 nm thick aluminum nitride dielectric layer on an optically thick gold film of 300 nm 
thickness deposited on a silicon wafer substrate [4]. Figure 1(b) is a SEM picture of a fabricated periodic pattern 
gap plasmon metasurface with gold square element of 210 nm by 210 nm size. The gold square pattern is a 
periodic pattern of 0.5 micron period. Figure. 1(c) and (d) are SEM pictures of fabricated hyperuniform 
disordered patterns with maximal displacement of d=100 nm and 250 nm, respectively. Figure 1 (e) is a SEM 
picture of a random pattern device. The gold element pattern appears disordered in Figures. 1(c) and (d). When d 
increases to 250 nm, some gold particles become connected to each other. Hyperuniform disordered patterns 
have the same mean of particle density as that of the periodic pattern of 0.5 micron period. Figure 1(a) shows 
optical reflectance spectra from fabricated metasurfaces with periodic, hyperuniform disordered, and random 
distribution gap plasmon patterns. The element density is 4.4 particles/µm2. The blue curve is the reflectance of 
the periodic pattern. Black curve is the reflectance of the randomly disordered gap plasmon metasurface. 
Reflectance curves of hyperuniform devices with different ranges of displacement d, are plotted in green for d = 
100 nm, red for d = 150 nm, orange for d =200 nm, and purple for d= 250 nm.  

It can be seen in Figure 1(a) that hyperuniform disordered gap plasmon metasurfaces exhibit broad 
absorption band as the displacement range of disordered gap elements increases. As the range of displacement 
range increases to the boundary of the unit cell, the absorption band approaches to the absorption band of the 



random gap plasmon metasurface. Experimental results also reveal two optical resonance modes that contribute 
to enhanced light absorption. The optical resonance mode in short wavelength vanishes quickly as the periodicity 
of the gap elements vanishes, indicating its nature of the long-range coupled optical resonance. The resonance 
mode in the long wavelength is less sensitive to the destruction of the periodicity, indicating that the coupling 
between gap plasmon resonators is weak and its nature of strong mode localization.  

 
 
Figure 1. (a) Reflectance spectra of periodic, hyperuniform, and random gap plasmon metasurfaces. (b) 
SEM picture of periodic structure gap plasmon metasurface. (c) and (d) SEM pictures of hyperuniform 
disordered metasurface with displacement range of 100 nm and 250 nm respectively. (e) SEM picture of 
the random disordered gap plasmon metasurface [4]. 
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Abstract: Nano-optomechanical sensors enable precision sensing of displacement, force and mass. However, 
the complexity and limited efficiency of light coupling to the sensor hinders their practical application. Here, we 
present a solution by placing a nano-optomechanical structure on a cleaved fiber facet. The structure is designed 
to enable efficient coupling to the fiber mode without any optics. Our process is based on wafer-scale fabrication 
in combination with a simple wafer-to-fiber transfer method. The sensor displays displacement imprecisions 
around 20 fm/Hz1/2. 
 
  
 Nano-optomechanical sensors enable precision sensing of displacement, force and mass due to the strong 
co-localization of optical and mechanical fields [1]. Nevertheless, application of these structures in practical 
situations is hindered by the complexity and limited efficiency of light coupling to and from the sensor. 
Additionally, while the sensor is typically micron-scale, the packaging needed for the coupling optics 
significantly increases the total footprint. In this talk, we present a solution to this problem by combining 
nano-optomechanics with optical fiber sensing. This is done by placing a nano-optomechanical structure on the 
cleaved facet of a fiber, forming a nano-optomechanical fiber-tip sensor. The used nano-optomechanical 
structure is a double-membrane photonic crystal guided mode resonance with a rectangular unit cell. It is 
designed to enable efficient coupling to the fiber mode without any optics. The bottom membrane is fixed to the 
fiber and the top membrane is suspended and therefore free to move in the vertical direction. The resonant 
frequency of the optical mode is affected by the spacing between the two membranes. From simulations an 
optomechanical coupling rate of around 49 GHz/nm was found. 
 

Our process is based on the combination of standard wafer-scale lithography and etching with a simple 
wafer-to-fiber transfer method. The transfer method has been previously demonstrated in our group for single 
slab photonic crystals [2]. In order to facilitate the transfer, we surround a suspended micro- or nano-optical 
device with a structure that has breakable supports. Aligning and etching a window on the substrate side allows 
us to insert a single-mode fiber through the substrate. Upon mechanical contact with our pick-up structure the 
supports are broken and the optical device will stick on the fiber-facet without the use of adhesives. 

 
Optomechanical measurements are done by directly probing the nano-optomechanical fiber-tip sensor in 

reflection. Our sensors show an optical resonant wavelength around telecom wavelengths with relatively broad 
optical linewidths of 2 – 5 nm. The top membrane oscillates with a natural frequency in the 1 – 3 MHz range 
with mechanical quality factors over 1000 at low pressures. The thermomechanical noise peak was measured and 
the noise floor allows estimating displacement imprecisions of around 20 fm/Hz1/2. Our results open the way to 
practical application of nano-optomechanical sensing by enabling a simple and inexpensive coupling method and 
ultrasmall footprint of the complete sensing head. 



Figure 1. (a) Sketch of double membrane photonic crystal (in blue) aligned on top of a SMF  
with the incoming/reflected beam indicated in green. (b) Thermomechanical noise peak 
measured with an ESA. 
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Abstract: Transparent conductive oxides such as Indium Tin Oxide (ITO) have been found to have exceptionally 

strong optical nonlinearity, particularly at frequencies near where the permittivity changes sign (referred to as the 

epsilon near zero, ENZ, frequency). Here, we study the pump dependent properties of the plasmon resonance in the 

ENZ region in ITO. We demonstrate a free electron heating mechanism, which results in a shift in the plasmon 

resonance frequency of 20 THz for relatively small pump intensity ~70 GW cm−2. 

 

 
Figure: Schematic of pump–probe set-up with the ITO sample index matched to a prism in order to probe 

the ENZ plasmon beyond the critical angle (here, θ = θpr = 45°). In this geometry, the relative beam angles 

are fixed such that the pump angle is always given as θpm = θpr − 3.4°. b Optical permittivity of the ITO film 

used in this study, measured using ellipsometry, with an ENZ frequency of 243 THz (red dashed).  

c Plasmon dispersion branch of the 60-nm ITO thin film closest to the air light line (blue) 

 

With the rise of new computational demands such as artificial intelligence, all-optical signal processing is often 

seen as a breakthrough technology for the next generation of computation and communication devices.  However, 

such applications are limited by the interaction of light signals, with extremely weak optical nonlinearity exhibited 

by most materials.  

 

In this work we present an investigation into all-optical switching of ENZ plasmons in ITO. The switching is 

shown to be remarkably efficient, with approximately unity changes in refractive index for a peak pump intensity 

of just 70 GW cm−2 [1], while also giving rise to interesting physical phenomena such as spatio temporal refraction 

[2]. We identify two contributions to our nonlinear signal: a thermally driven switching process results in a shift in 

the plasmon resonance frequency of up to 20 THz, while additional two beam coupling is observed for degenerate 

pump and probe frequencies. In total, we observe switching of more than one order of magnitude, from R0 ~ 1% to 

Rpumped ~ 45%, resulting entirely from resonant conditions allowed by the geometry. For comparison, switching of 

ITO in air with 70 GW cm−2 has been shown to result in a change in transmission from 12 to 34% [3], for samples 

with five times the material thickness than those studied here. Considering the 16.5 dB extinction ratio achieved in 

this proof-of-principle study, switching from near-perfect absorption to high reflection is useful from a signal 



processing point of view, and could pave the way towards optical plasmon switching at telecom frequencies. 

Currently achievable switching rates are limited by further experimental requirement such as the need for 

high-pulse-energy femtosecond laser amplifiers. While the switching performance of the layer and the 

requirement for high intensities could be further improved by more elaborate layer designs and/or further material 

improvements such as in carrier mobility, achievable switching rates will be ultimately restricted by limitations in 

repetition rate of pulsed optical sources. Finally, the compatibility with complementary 

metal-oxide-semiconductor fabrication technique makes thin transparent conductive oxide layers and their ENZ 

plasmon feature a compelling route for nonlinear integrated-photonics applications without the need for 

nanostructure or building additional cavities, while better matching the spatial modes used in photonic circuit 

systems. 
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Abstract: Many materials have been investigated to conceptualize and introduce functionality and dynamic 
responses to photonic devices. Materials that react to an outside stimulus, for instance heat, an electric field or 
optical pulse, are highly sought after for tunable on-chip telecommunication and computing applications. 
Electrochromic oxides, conventionally employed as the active material in transmission and heat modulation 
smart windows, have just in recent times gained the attention and created a new field of active plasmonic and 
photonic applications. Here, we delve into the opportunities, electrochromic WO3 provides for integrated, 
functional photonics such as ion sensing and transmission modulation. 
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Abstract: Space-charge interactions in semiconductor nanoparticles (SNP) lead to surface plasmon resonance  
occurring in the terahertz frequency range, making them attractive building blocks for device and waveguide 
applications in that part of the electromagnetic spectrum. Collective response of mobile charges in SNPs and 
their derivatives can be accounted for by the total induced dipole moment, which has complex relation to the 
material parameters and the geometry of the nanostructure. In this presentation, simplifying procedures based on 
effective field formulation and equivalent circuits are employed to arrive at compact representations to 
characterize the collective response of SNP and their derivatives to excitations in the terahertz frequency range.   

 
 

Semiconductor nanoparticles (SNP) exhibit surface plasmon resonance (SPR) in the terahertz range, similar 
to metallic nanoparticles (MNP) in the optical region. Owing to the lower charge concentration in SNP, space 
charge effects are significant, which need to be treated with transport formulation to account for the carrier 
dynamics. The polarization in an isolated SNP can be represented by a point dipole situated at the center, when 
the polarizing field is moderate, typically below 104 V/cm. Hence the effect of a polarized SNP to the outside can 
be viewed as that of a point dipole, which offers a compact representation if the interest is in the exterior field. In 
addition, the polarization process within the SNP can be modeled by equivalent circuits constructed from 
matching the polarizability to the admittance of a generalized electric network. SNP with a core-shell structure 
can also be represented by a point dipole and an equivalent circuit augmented from the bare SNP [1].  

 
    For a cluster of SNPs, the total induced polarization can be estimated by employing an effective-field 
formulation [2] in which the total field exerted on each constituent particle is expressed as the sum of the 
primarily field and the secondary field arising from the induced polarization in the companion particles, which 
are approximated by dipole fields whose value is assumed to be uniform over the subject particle corresponding 
to the index i as depicted by Equation (1), in which pi is the dipole moment of particle i, α0(ω) is the 
polarizability of a standalone SNP, and ed(ri) is the field due to a unit dipole situated at ri. Based on this 
polarization relation, equivalent circuits for a cluster can be developed [3]. For the simple case of a particle pair 
(nanodimer), the network is shown in the Figure 1. In this manner, a compact representation of the polarization 
in a cluster of nanoparticles can be obtained with each constituent particle represented by a point dipole situated 
at the center of each particle.  
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                                          Figure 1. Equivalent circuit for a semicondutor nanodimer. 
                   

 
References 
1. Y. Li, Z. Hu, and T. Wong, “Polarization enhancement and resonance tuning inferred from theoretical consideration 

and numerical simulation for a semiconductor nanoparticle with a dielectric shell,” IEEE Trans. on Nanotech., 2018, v. 
17, pp. 1029-1035.   

2. Z. Hu, Z. Wang, Y. Li, T. Shen, and T. Wong, “A fast method for estimation of terahertz polarization in a 
semiconductor nanodimer”, Proc. IEEE APS-URSI International Symposium, Montreal, July 2020.  

3. Z. Hu, T. Shen, Y. Li, and T. Wong, “A network formulation for characterization of plasmonic interactions in a 
semiconductor nanodimer”, Proc. 40th IRMMW-THz Conf., Hong Kong, August, 2015. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Tailoring the emission and the photodynamics of quantum emitters with high index 

dielectric nanostructures 
 

Mélodie Humbert1,2, Peter R. Wiecha1,6, Clément Majorel1, R. Hernandez1,2, Nicolas Mallet6, 
Bruno Masenelli3, Gérard Colas des Francs4, Frank Fournel5, Vincent Larrey5, 

Aurélie Lecestre6, Guilhem Larrieu6, Arnaud Arbouet1, 
Christian Girard1, Laurence Ressier2, Vincent Paillard1, and Aurélien Cuche1,* 

 
1CEMES-CNRS, Université de Toulouse, CNRS, UPS, Toulouse, France 

2LPCNO, Université de Toulouse, CNRS, INSA, UPS, 135 Avenue de Rangueil, 31077 Toulouse, France  
3Université de Lyon, INSA-Lyon, ECL, UCBL, CPE, CNRS, INL-UMR5270, Villeurbanne, France 

4ICB, UMR 6303 CNRS, Université Bourgogne-Franche Comté, Dijon, France 
5Université Grenoble Alpes, CNRS, CEA-Leti Minatec, Grenoble, France 

6LAAS-CNRS, Université de Toulouse, CNRS, INP, Toulouse, France 
*corresponding author, E-mail: aurelien.cuche@cemes.fr 

 

Abstract 

We show both experimentally and theoretically that the photodynamics of several electric and/or magnetic 
quantum emitters (rare earth Eu3+ ions or NV colored centers in nanodiamonds)can be controlled by high index 
dielectric nanostructures made of Silicon. 

Introduction 

For a couple of decades, nanoscale optics has mainly been driven by plasmonics since noble metal 
nanostructures sustain strong localized resonances (LSPR) that can be used to manipulate, concentrate or redirect 
visible light. Such properties have led to numerous actual or potential applications in integrated optics, sensors, 
nonlinear optics, field-enhanced spectroscopies, or photovoltaics. Recently, an alternative emerged with high 
refractive index dielectric nanostructures, which offer the same range of applications as plasmonics by 

manipulating Mie optical resonances instead of LSPR [1]. 
 
Figure 1: a) Artistic view of the photoluminescence from a thin 
film of Gd2O3:Eu3+ clusters deposited on top of a silicon dimer. 

b) SEM images of silicon dimers and corresponding 
photoluminescence maps from electric and magnetic dipolar 

transitions in Europium [3].  
 
These resonances can be efficiently tuned by modifying 
the size, shape, and material of those nanostructures (e.g. 

silicon, n ~ 4) [2]. Furthermore, high index dielectric nanostructures offer several key advantages when 
compared to their metallic counterparts: absorption losses are far weaker for wavelengths longer than the direct 
band gap, access to semiconductor (CMOS) technology for nanostructure fabrication, and presence of intrinsic 



strong magnetic resonances, providing an unique opportunity to spatially separate and redistribute the energy of 
the magnetic and electric parts of the electromagnetic field in the near field, otherwise inextricably connected in 
the far field.  

 
Figure 2: a) Darkfield image of a matrix 
of Silicon dimers. b) Top: SEM image of 
a single dimer. Bottom: 
photoluminescence map from a single 
NV center in a nanodiamond positioned 
in the gap of the dimer. c) 
Autocorrelation function of the 
nanodiamond in (b) [5].  

 

Discussion 

We discuss here the effect of simple high index dielectric nanoantennas on the spontaneous emission of several 
quantum emitters (rare earth Eu3+ ions or NV colored centers in nanodiamonds). Since the emission rate of the 
emitters, and therefore the local density of photonic states (LDOS), are modified by the nanostructure, we show 
by the mean of time-resolved photoluminescence acquisitions that the photodynamics of electric and/or magnetic 
dipoles can be controlled (enhancement or quenching) by the coupling to the nanoantenna [3,4], down to the 
single photon emission regime [5]. Our experimental results are in good agreement with numerical simulations 
based on the Green Dyadic Method - GDM. 
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Abstract: In this work, we realize a Microwave Lip Language Recognition system that can accurately translate
microwave data of the speaker’s lip language into English text even when there exists interference caused by pose
variation and head movement. Combined with Programmable metasurface’s ability of scattering EM wave, the system
can recognize lip language when the speaker stands in different positions or faces different directions and be qualified
for the robust lip language recognition task.

Microwave lip language recognition is an effective way of detecting the lip movement of speakers in a noisy or
dark environment. Furthermore, the penetrability of microwave also enables it to be qualified for through wall
detecting tasks[1]. In order to improve the performance of lip language recognition in the complex environment, we
combine the system with indoor Programmable metasurface system. Utilizing Programmable metasurface’s ability of
regulating and scattering EM wave, the lip language recognition system can acquire the capability of focusing beam
on speaker’s lip in real time[2-4]. But the interference caused by pose variation and head movement of the speaker is
difficult to avoid[5]. For overcoming the problem, we propose a method based on Deep Neural Network and Attention
Mechanism[6] for processing the microwave data. Then we realize a system that is insensitive to the distance and
azimuth of the speaker’s lip from the metasurface.

To implement the system in a practical scenario, we choose the indoor environment for making the dataset and
testing the performance of our system. First, we preset a number of positions. The speakers will stand or sit at these
positions and speak. At the same time, our system collects the microwave data that reflects the speakers’ lip language.
These positions vary in azimuth and distance from the metasurface, but the microwave data collected from each
position contains the feature of the same text said by the speakers[7-8]. Next, the data is put into Transformer based on
Attention Mechanism to extract the features related to specific lip language. Finally, we verify that the system is able
to correctly recognize lip language with high accuracy and robustness even when the speakers change their position or
azimuth from the metasurface in the indoor environment.
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Abstract: We present flexible and stretchable terahertz imaging sheets utilizing broadband photo-absorption of 

carbon nanotubes. This technology has enabled multi-view terahertz imaging and its applications to non-destructive 

inspections without using bulky systems.  

 

Imaging technologies based on terahertz (THz) waves are promising for the use in non-invasive inspections 

due to their capabilities of relatively high penetration and fingerprint spectra of various materials. Although most 

real objects have various three-dimensional curvatures, conventional THz imaging systems are mainly restricted 

to flat samples, hampering accurate measurements of such curved structures. My talk will present our 

development of a wideband, flexible and wearable THz camera based on carbon nanotube (CNT) devices [1-5], 

which has led to multi-view THz visualization and inspection without using bulky systems. I will show several 

examples of omnidirectional THz imaging inspections in a non-destructive and non-contact manner. I will also 

introduce our recent developments of THz video camera patch sheets based on self-aligned, 2D, suspended 

sensor array patterning (Fig. 1) [6], source-camera-coupled multi-view imagers (Fig. 2) [7], and stretchable and 

deformable photo-sensor sheets for non-sampling and label-free chemical monitoring [8]. 
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Figure 1. Photograph of terahertz imaging 

patch sheets based on carbon nanotubes. 

Figure 2. Schematic of source-camera-coupled 

multi-view THz photo-imager and results of 

imaging experiments. 
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Abstract: The plasmon-induced hot carriers, the high-energy electrons and holes of metallic nanoparticles created by 
the non-radiative decay of plasmon oscillation, is known to induce highly exotic chemical reactions that no other 
heterogeneous (photo) catalysts can do. However, the underlying reaction mechanism is largely unverified thus far. In 
this talk, I will present my research group's recent endeavor to uncover the hot carrier and energy transfer mechanisms of 
hot-electron induced chemical reactions.  
 

The reactants on the surfaces of plasmon-excited metallic nanostructures show enhanced or altered chemical 
activities. Such plasmon-catalysis effect may offer new chemical reactivity and selectivity that thermally 
activated catalysts cannot, and thus extensive studies are being carried out to seek new examples of 
plasmon-induced reactions and to unveil the underlying mechanism.  

In this presentation, I will talk about my research group’s recent works on discovering new 
plasmon-catalysis reactions, and uncovering the reaction mechanisms. First, we have found that hot carriers of 
plasmon-excited Ag and Au nanoparticles can create organic radical precursors, the local concentration of which 
is high enough to induce seemingly impossible condensation reactions. This class of new reactions include C-C 
condensation of aliphatic alcohols and C-O condensation (esterification) of aliphatic and aryl compounds. 
Second, we have found that the hot electrons can induce vibrational activation of reactants on metal, creating 
highly non-equilibrium energy state of reactants. Such vibrational activation of metal adsorbates, which were 
previously regarded unfeasible with optical transitions, may provide a new way of controlling the chemical 
reactions on metal. 
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Abstract: A three-dimensional (3D) photonic topological insulator endowed with self-guided topological 
surface states at its external boundary is presented. By fully abolishing spin-orbit coupling, which has been 
considered indispensable for topological insulators, the unique quadratic surface dispersion of the topological 
crystalline insulating phase first proposed by Fu [1] is experimentally demonstrated. This work paves the way 
towards the 3D cladding-free photonic manipulation. 

 
A topological crystalline insulator is a special topological phase that arises from crystalline symmetries. 

Whereas the previously reported topological crystalline insulators rely on the spin-orbit coupling, the Fu model 
[1], whose topological phase is underpinned by time-reversal and four-fold rotational (C4) symmetries and does 
not require the spin-orbit coupling, has yet been experimentally realized. In this talk, we report the experimental 
realization of Fu model using a 3D photonic bandgap material [2].  

Our 3D photonic topological insulator has a unit cell of four metallic split-ring resonators (SRRs) connected 
to each other (Figure 1a). The connected SRRs are C4-invariant but have a broken mirror symmetry along the 
z-axis. This structure shares the same symmetries with Fu’s model [1] and is expected to host topological 
quadratic surface states at a symmetry-preserving surface, that is, (001) surface (Figure 1b). These surface states 
are self-guided, in contrast to the conventional topological surface states that are formed at the domain wall of 
topologically distinct 3D topological insulators. 

The 3D photonic topological insulator is constructed using printed circuit boards (Figure 1c). Because of the 
absence of spin-orbit coupling, the 3D photonic topological insulator hosts the topological quadratic surface 
states at its symmetry-preserving external boundaries. By scanning the top (001) surface of the fabricated sample, 
the surface states connecting the lower and upper bulk bands, which agree well with the numerical results, are 
observed (Figure 1d, e). The quadratic band touching centered at the C4-symmetric momentum is the hallmark of 
the 3D topological crystalline phase without spin-orbit coupling [1]. 
 



 
Figure 1. 3D spin-orbit coupling-free photonic topological insulator. a, Unit cell of the 3D PTI. b, The 3D BZ and 
its projection to the kx-kz plane. Inset: a quadratic band crossing at a C4-invariant momentum in the (001) surface BZ. c, 
Photograph of the sample. d-e, Measured (d) and simulated (e) surface dispersions. f, Spectral flow of the Zak phases. 
Inset shows the 3D BZ with a family of C4-invariant loops, along which the Zak phases are calculated. The Zak phase 
diagram proves the nontrivial ℤ2 topological invariant, v0 = 1. 
 

The nontrivial band topology of our 3D photonic topological insulator is confirmed by evaluating Zak phase 
along the C4-symmetric bent loop (Figure 1f). The spectral flow of the Zak phase demonstrates that the 3D 
photonic topological insulator has the strong topological phase [3]. This work demonstrates that a 3D photonic 
topological insulator can be constructed in the absence of the spin-orbit coupling and opens a new route towards 
topological manipulation of light at cladding-free systems. 
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Abstract: Using hot charge carriers far from a plasmonic nanoparticle surface is very attractive for many 
applications in catalysis and nanomedicine and will lead to a better understanding of plasmon-induced processes, 
such as hot-charge-carrier- or heat-driven chemical reactions. Herein we show that DNA can transfer hot 
electrons generated by a silver nanoparticle over several nanometers to drive a chemical reaction in a 
nonadsorbed molecule on the surface. 
 

Here we self-assembled 60 nm AgNPs ensembles to probe hot-electron-induced reaction in single 
brominated nucleotides inserted into the DNA chains far from the nanoparticle surface. The Nanoparticle 
ensemble design allowed us to provide electromagnetic enhancement enough to track the reduction of the 
brominated nucleotide by SERS in a single-point modification scale. Also, due to the addressability offered by 
DNA, it was possible to insert the modified base at precise positions, allowing us to check the possibility of 
transferring hot-electrons through DNA, Figure 1A. The design was used to create a distance of about 13 nm 
between particles. Due to the long C12 chains, it "insulates" one nanoparticle from the other, making it possible 
to check the distance-dependent reaction. The brominated adenosine (8BrdA) was inserted in 4 different 
positions between 1.5 to 5.5 nm far from the Np surface. The 8BrdA reaction is controlled mainly by the 
hot-electrons with some contribution of the enhanced temperature closer to the Np surface.1 
 The reaction was observed using SERS, where both the starting 8BrdA and the adenosine (dA) peaks can be 
observed while carrying the reaction. The 8BrdA peak is observed at ~770 cm-1, while the product dA appears at 
~730 cm-1. The decrease in intensity of the peak at ~770 cm-1 was used to fit the kinetics of the 
hydrodehalogenation reaction for all the 8BrdA insertion positions, Figure 1B. The comparison with the control 
condition without 8BrdA shows the apparent intensity decrease over time. It is also possible to observe that the 
reaction rate depends on the 8BrdA position. To check that the hot-electrons transfer is responsible for the 
reaction, we insulated the 8BrdA between the two C12 chains. A very low overall reaction rate constant was 
observed, indicating that the participation of hot-electrons is fundamental to carry the reaction.  
 One possible way to check thermal and electronic energy's role is to perform the plasmon-induced reaction 
with different incident light intensities.2 In this way, when the reaction rate increases with a linear coefficient 
much different from 1, a very high-temperature contribution are expected on the reaction mechanism. In contrast, 
a coefficient closer to 1 indicate that the hot carriers are the main reaction driver. In our results, Figure 1C, we 
observe that when the base is close to the AgNp surface (~1.5 nm), the rate increase by a factor of 2.28, while it 
is far this value approaches the unity. This indicates that the reaction closer to the surface is enhanced by the 
heated nanoparticle surface, while those far from it are affected only by the presence of the hot-electron.  
 To conclude, here we showcased the use of self-assembled nanoparticle ensembles for plasmon-induced 
reactions. We demonstrate that DNA can transfer hot electrons far from the nanoparticle surface. The results can 
bring many new exciting possibilities for plasmon-induced chemical reactions. So far, the reactions were 
confined to the nanoparticle's surface, which can be troublesome principally due to possible surface 



contamination and poisoning. Further understanding of the DNA-nanoparticle interaction at the interface and 
charge injection into DNA needs to be gained in future experiments. We expect that the study presented here 
serves to understand better plasmon-induced reactions that do not require direct contact with the nanoparticle 
surface. 

 
Figure 1. A) General scheme of the nanoparticle ensemble used in this work, two complementary DNA 
sequences self-assembly nanoparticles with a distance varying between 10 to 13 nm. The 8BrdA modification is 
inserted into one of the sequences that, upon light irradiation, can be decomposed by hot-electrons generated by 
the AgNp. B) Comparison of the reaction decomposition traces for samples containing 8BrdA in different 
positions. C) Experimental relationship between the reaction constant k and the laser irradiation power in the 
four different samples containing 8BrdA. 
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Abstract: Light manipulation in magnetic nanostructured materials attracts much attention in the context of data 
processing, spintronic and light modulation applications. In this work we demonstrate that light localization within the 
magnetic dielectric (bismuth-substituted iron garnet) leads not only to light intensity modulation and an efficient 
magnon excitation, but also can be utilized for the optical spin-wave logic operation. We perform the experimental 
coherent optical excitation of interfering magnetostatic spin waves and demonstrate the possibility for the 
magnon logical gates construction. 

 
 

Optical manipulation by magnetic field is used in various areas including non-reciprocal devices, isolators, 
sensors, etc. At the same time a non-thermal magnon excitation at ultrashort time scales by light pulses is of 
prime interest in context of the data processing and spintronic applications. Femtosecond laser excitation of 
bismuth-substituted iron garnet is implemented as an efficient and flexible way to excite spin waves in terms of 
spatial location of a spin wave source, types of spin waves [1,2,3], directional emission pattern, and wavelength 
[2]. All-dielectric films of bismuth-substituted iron garnet are optically transparent media with high 
magneto-optical response and are promising for many applications [4]. 

In this work we have performed the optical excitation of several coherent local magnon sources and studied 
the interaction of propagating spin waves. We have confirmed the constructive interference of the magnetostatic 
spin waves in a magnetic film when the spacing between local sources was equal to an integer number of 
wavelengths. Utilizing the numeric model, we designed an ultrafast magnon logical gate XNOR based on the 
spin-wave interference. The designed XNOR element demonstrates high contrast and is not effected by the 
Ohmic losses. The proposed concept of the XNOR gate can be further implemented as a building block leading 
to realization of more complex magnon logic operations. 

We acknowledge the support by RSF project No. 21-12-00316.  
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Abstract: Topological physics relies on singularities carrying topological charges, such as Dirac points and 
exceptional points (EPs). Here, we demonstrate experimentally that an increase of non-Hermiticity can lead to 
the annihilation of EPs from different Dirac points (valleys). We study a liquid crystal microcavity with 
birefringence and TE-TM spin-orbit-coupling. Non-Hermiticity is provided by polarization-dependent losses. 
Increasing the non-Hermiticity degree, we move the EPs from different valleys towards each other. After their 
annihilation, the system is free of any singularity. 

 
 

EPs are known in optics for more than a century. Recently, their studies have reported remarkable 
phenomena, such as specific lasing, unidirectional transport, enhanced sensing, or scattering control [1]. 

Their importance has been revealed thanks to their description in terms of a topological charge, 
characterizing a topological phase, which can be measured by encircling the EP. EPs always appear in pairs 
connected by a Fermi arc. So far, the reported non-Hermitian topological transitions were related to the creation 
of EPs with the increase of non-Hermiticity (see Fig. 1a). 

 
Figure 1. a) EP creation and annihilation in a single Dirac valley; b) Annihilation of EPs from different valleys; 
c) (top) Phase of the complex energy with and without exceptional points, (bottom) Fermi arc length. 



In this work [2], we demonstrate a different type of non-Hermitian topological transition in a continuous 
(non-periodic) 2D photonic system (see Fig. 1b). We study liquid crystal microcavities, where the bands form 
polarization doublets whose arrangement can be controlled by the birefringence [3]. The interaction of two 
particular bands (N+2,N in H/V polarizations) can be described by an effective 2x2 Hamiltonian written on the 
circular polarization basis, with real and imaginary contributions: 
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Here, EH and EV are the mode energies, mx and my are the masses, ’ is the polarization-dependent mass 
splitting,  is the TE-TM splitting,  is the detuning, 0 are the average losses, and  are the 
polarization-dependent losses controlling the non-Hermiticity. 

We show that, if the Hermitian Hamiltonian is topologically trivial, supporting opposite-sign DPs, an EP 
issued from a DP can be moved towards another EP issued from another DP with which it annihilates (Fig. 1b). 
This process takes place upon the increase of non-Hermiticity and there is no singularity of any type (neither EPs 
nor DPs) left after the annihilation. It relies not only on the existence of an isolated DP, but on the global band 
topology, which takes into account not just one, but all singularities present in the parameter space. 

The key results of our experiments are presented in Fig. 1c, showing the phase of the complex eigenenergies 
together with the windings of the exceptional points (before annihilation) and the absence of singularities after 
the annihilation. The bottom panel shows the increase of the length of the real Fermi arc connecting the 
exceptional points with non-Hermiticity. Above the critical value, the exceptional points annihilate, the Fermi 
arc closes and covers the full circle. 
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Abstract: We introduce a system for near-field thermal energy conversion using pyroelectric materials in which

temperature variations are achieved by controlling the heat fluxes with graphene transistors. We demonstrate that

our graphene-based pyroelectric system is a self-powered or autonomous conversion device in which the power

required to modulate the temperature is much smaller than the delivered power, opening so a new avenue for

high-frequency pyroelectric energy harvesting from stationary thermal sources.

In the close vicinity  of a hot solid,  at  distances smaller than the thermal wavelength,  a strong

electromagnetic energy density exists [1] because of the presence of evanescent field. By approaching a

PN junction to these sources this energy can be partly transferred to it by photon-tunneling [2,3]. This

is the basic operating mode of the so-called near-field thermophotovoltaic (NTPV) energy conversion

mechanism [4-8]. However, to date, due to several hurdles only a  generated power of about 1W/cm2

with heat sources at  T >  500 K has been reported, 10 W/cm2 being today the energy demand of a

household in the US. 

Here we introduce [9] an alternative mechanism to convert the near-field energy using micrometric

pyroelectric membranes encapsulated between two graphene field-effect transistors [10] which act as

the hot source and cold sink. By modulating the gate voltage in the graphene transistors, the radiative

coupling between the pyroelectric membrane and both the source and the sink can be modulated as

Figure  1.  Schematic  representation  of  the  system  (left)  and  power
output  as  a  function  of  the  driving  frequency  implementing  a
pyroelectric Ericsson cycle (right). Figure adapted from [9].



well. This dynamical modulation can induce controlled temperature variations in the active layer, so

useful energy can be obtained thanks to the pyroelectric properties of the layer.  We show that these

systems can generate a power density of 130 mW/cm2 using Ericsson cycles, a value which surpasses

the current production capacity of NTPV conversion devices [6-8] with low-grade heat sources (T <

500 K) and small  temperature  differences  (ΔT ~  100 K) as  well  as  the performances  of  classical

pyroelectric converters [11], thus paving the way for massive near-field energy harvesting.
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Abstract: We have demonstrated a spatial light modulator (SLM) based on individually-addressable channels 
formed on a metasurface. It deflects light onto the intended directions by modulating refractive indices of 
individual channels and thereby systematically varying the phase distribution of reflected light. Using this device, 
we have achieved higher directivity and efficiency than previously reported solid-state SLMs. The strong 
performance of the technology promises to advance 3D mapping applications such as light detection and ranging 
(LiDAR) necessary for autonomous driving. 
 

As autonomous driving advances, the LiDAR technology, an essential part of autonomous driving, has been 
getting more attention. LiDAR systems are expected to serve as environment-recognition sensors in some of the 
commercial Level-3 self-driving vehicles that are soon to be released. However, conventional LiDARs are based 
on mechanically moving parts and thus suffer from high price, large form-factor, and potential reliability issues. 
To resolve this problem and improve the performance of LiDAR, optical beam steering technologies have been 
intensively studied, and SLMs, which have been constantly expanding their applications to display, 
communications, and 3D sensing, have emerged as a potential candidate to resolve this issue [1-4].  
To overcome the weaknesses of existing mechanical LiDAR modules and also to improve the performance over 
previously reported SLMs, we have demonstrated a high-performance individually-addressable SLM fabricated 
on silicon using CMOS-compatible processes. As depicted in Fig. 1(a) and (b), high contrast gratings (HCGs) 
made of n-i-n Si diode are formed at the top of the device. As the dimensions of the HCGs are under half 
wavelength, the array of HCGs serve as metasurface which actively manipulates the optical properties of light 
that interacts with it. The period, the width, and the height of the HCGs are 560 nm, 348 nm and 450 nm, 
respectively, designed for the wavelength of 1550 nm. The 570-nm-thick SiO2 cavity is located below the HCGs, 
and this is followed by 3 pairs of Si and SiO2 layers whose thickness of which corresponds to a quarter of the 
wavelength to form a distributed Bragg reflector (DBR). The device steers transverse electric (TE) light incident 
normally on the metasurface in reflection mode as shown in Fig. 1(a). An individual channel is composed of 17 
HCGs, and air trenches are formed between two neighboring channels to prohibit any unnecessary crosstalk that 
could deteriorate the device performance. When the electrical current flows through the HCGs of the selected 
channels, the heat is generated in accordance with Joule’s first law, and it warms up the HCGs to change the 
refractive indices as shown in Fig. 1(c). 

 
During driving for binary phase grating where the current is applied to every other channel, the temperatures 

of the driving channels rise up to 345°C while the other channels stay near 180°C. This leads to varying 
refractive indices among the HCGs as shown in Fig. 2(a). Then the optical properties of the HCGs, including the 
resonant frequencies and reflectance, change. This allows us to obtain desired optical properties by modifying 
the current. With the proper value of the current applied to the SLM, we have achieved a high side mode 
suppression ratio (SMSR) of 8.51 dB over the field of view that measures at ± 4.44° as Fig. 2(b) and (c). 



 

Fig. 1. Schematics of the Si-based SLM. (a) SLM is an array of independent groups of HCG, (b) 
Cross-sectional SEM image of the SLM, (c) Thermal distribution during current driving. 
 

 
Fig. 2. The properties and the beam modulation of the SLM during binary driving. (a) Distribution of the 
temperature and the refractive index change in the HCGs, (b) Far-field pattern measured with the device. (c) 
Normalized intensity of the far-field pattern in (b). 
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Abstract: Hyperspectral imaging surpasses human vision and provides detailed information such as material 
composition or biochemical conditions of the test object, especially when empowered by artificial intelligence 
(AI). We have implemented a compact, AI-powered, camera-type 16-channel hyperspectral imaging system (HIS) 
which has periodically repeating arrays of 16 different metasurface spectral filters directly fabricated on top of its 
5M-pixel CMOS-image sensor. With this AI-powered meta-HIS, we have continuously monitored and 
successfully classified the edibility of the red meat over 20 days.  
 

A hyperspectral imaging system is optimized for obtaining 2 dimensional (2D) spectral image where each 
pixel contains the spectral information over the full spectral range of interest. It captures spectrally more precise 
and detailed images than conventional RGB image sensors and thereby provides more useful and frequently hidden 
information.  

Here we have built a high-performance HIS by directly fabricating metasurface spectral filters on top of a 
CMOS-image sensor. The metasurface structures are embedded inside a pair of distributed Bragg reflectors. This 
flash-type snap-shot HIS provides the VGA-class 16-channel-per-pixel hyperspectral resolution (640x480), 1-nm 
spectral resolution, over-80% transmission, and wide operating wavelength range (390-670 nm). This meta HIS is 
extremely compact and cost-effective. As a reference system, we have also built a miniature 2D line-scan 
spectrometer that involves a traditional grating and translational component. 

Using the two HIS’s, we have monitored the daily freshness of the red meat over 20 days. Using the reference 
HIS, we have observed that the fluorescence emission intensities, NADH at 490 nm and myoglobin at 610 nm 
when excited by 365-nm LEDs, are strongly correlated to the freshness of the meat, and the emission intensities 
are proportional to the associated bacterial densities. In many cases, the freshness of the meat could not be clearly 
distinguished by RGB-camera images only, especially in the early stage of decay.  

After performing extensive studies on the emission intensity vs. the bacterial densities in diverse situations 
mainly using the reference 2D line-scan system, we started to use the flash-type meta-HIS to monitor the meat 
freshness. For classification, we have employed specific machine-learning algorithms to efficiently use the 
computing power, which could be crucial in mobile and portable applications. We employed the linear 
discriminant analysis to reduce the dimensionality of the hyperspectral images and the quadratic component 
analysis to obtain the decision boundaries for classification of meat freshness. Combining the HIS with AI, we 
were able to generate a set of tangible parameters that clearly describe and reliably classify the freshness status of 
the meat, which could definitely become one of the useful applications in our daily life. With this encouraging 
results, the HIS promises further expansion of its use into other scientific, industrial, and consumer markets.  
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Abstract: We show a high performance THz emitter based on ferromagnetic/nonmagnetic heterostructures. By 
changing the nonmagnetic layer with a 2D material, topological insulator, and Weyl semimetal, the intriguing 
features of exotic materials, such as THz spin currents and spin-to-charge conversion time scales, can be 
revealed from emitted THz signals. By inserting an antiferromagnet between the ferromagnet and nonmagnet, 
magnon currents can be identified from THz emission, and the magnon currents are strong enough to manipulate 
the state of a magnetic memory. 

 
 

A breakthrough on THz spintronics is the generation of THz current via laser driven picosecond spin to 
charge conversion [1]. This opens up a route not only to novel THz emitters, but also potential spintronic devices 
manipulating the magnetization on a picosecond timescale. The emitted THz waves from magnetic 
heterostructures also help to characterize various materials beyond conventional ones, such as antiferromagnets, 
2D materials, topological insulators, and Weyl semimetal [2-4].  

Magnons, the quasiparticles of spin waves, are the elementary low-energy collective excitations in magnetic 
materials. Antiferromagnetic insulators (AFMIs) can host THz frequency magnons to carry angular momentums 
without moving charges, however not much is known for the propagation of magnons in antiferromagnetic 
materials so far. Using THz emission measurements sub-picosecond magnon currents can be identified through 
the antiferromagnetic NiO layer, which can even manipulate the magnetization, enabling high-speed and 
low-dissipation operation of spin devices [5]. In addition, compact AFMI devices at nanoscales are desirable due 
to the absence of stray fields. However, the magnon propagation speed, which is a key parameter to determine 
data operation time, remains elusive in AFMIs particularly at nanometer distances due to the lack of sufficiently 
fast probes. We report the direct time-domain measurement of the velocity of antiferromagnetic magnons in NiO 
with optical-driven THz emission as shown in Fig. 1 [6]. We find the magnons propagate in nonmagnetic 
Bi2Te3/antiferromagnetic insulator NiO/ferromagnetic Co trilayers at a superluminal velocity (up to 650 km/s) at 
nanoscales in NiO (< 50 nm), which exceeds far beyond the limiting magnon group velocity (~40 km/s) obtained 
by dispersion relation using inelastic neutron scattering. We attribute this finding to the fact that finite damping 
makes the dispersion anomalous at small wavenumbers and yields the superluminal magnon propagation. Our 
observation suggests the prospects of energy-efficient nanodevices using AFMIs considering finite dissipation in 
real materials. 
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Figure 1. Direct time-domain measurements the magnon velocity in NiO using optical-driven THz 
emission. 
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Abstract: Irradiation of ferromagnetic thin films and metal/ferromagnet bilayers with ultrashort (femtosecond or 
picosecond) laser pulses through an optically transparent substrate results in the formation of closed spallation or 
delamination cavities possibly enclosing ultrahigh vacuum. Physical properties of these structures are 
investigated by the optical interferometric, magneto-optical Kerr, atomic force and SEM microscopies and 
ultrafast optical pump-probe techniques. The topology of these cavities can be controlled through the laser pulse 
duration and/or the internal structure of irradiated films. Their remarkable acoustic and magneto-optical 
properties will be revealed as well.  
 
Destructive laser-matter interactions play an important role in the processing and structuring of materials. The 
direct optical excitation of solid surfaces and interfaces by single or multiple laser pulses can be utilized to 
fabricate a variety of nanostructures occurring as a consequence of laser-induced phase transitions through a 
sequence of highly non-equilibrium states of matter. Depending on laser and material parameters, the 
laser-induced material destruction/modification mechanisms in absorbing solids can be either of thermal nature 
(melting, ablation, resoldification, photo-chemistry at surfaces and interfaces) or mechanical disruption 
(spallation) of the material, assisted by large amplitude acoustic/shock pulses. 
 

 

 

Figure 1.(a) SEM image of a 100fs-laser-produced spallation cavity, (b) 30ps-laser produced delamination cavity, (c) 
The periodic arrangement of fs-laser-produced spallation cavities. All data for 300nm Ni thin films on glass.      



Here we introduce a new way to achieve a deterministic ultrashort pulse laser nanostructuring of nickel thin 
films and gold/cobalt bilayers which are partially melted by a single laser pulse focused through an optically 
transparent substrate. The concurrent fast resolidification of the melted material and the spallation/delamination 
dynamics lead to the formation of dome-like cavities entirely made of nickel or cobalt and probably enclosing 
ultrahigh vacuum. Two distinct types of structures have been created so far.  
The first one has been obtained by 100fs-laser pulses induced internal spallation in nickel (cobalt) thin films on 
glass (sapphire). An example of a dome-like structure in 300nm nickel thin film [1] is shown in Fig. 1a. The 
thermo-mechanical spallation inside nickel manifests itself in the deterministic, i.e. controllable, separation of an 
approximately 200nm layer of solid nickel (ceiling of the dome) from a sub-100nm layer of laser-melted 
resolidified nickel remaining on the glass substrate (floor of the dome). The deterministic formation of closed 
spallation cavities and their periodic arrangements with dimensions that can reach the sub-micron range are 
quantified by the optical interferometric microscopy and atomic force microscopy. Such periodic landscapes 
open the door for numerous technological applications of this novel and potentially disruptive fs-laser-based 
nanostructuring technology. Such magnetic nanocavities can support elementary excitations of different 
character (magnetic, optical, acoustic...), thereby providing fundamental conditions for studying and exploiting 
their coupling.  
The second one exploits an alternative mechanism to internal spallation that allows for the creation of closed 
cavities via the delamination of the entire film from the substrate. So far they have been fabricated in two 
different ways. First, the use of picosecond laser pulses on the very same 300nm Ni thin films on glass (Fig. 1b). 
Presumably the smaller amplitudes of longer acoustic pulses prevent the internal spallation inside the nickel and 
result in the separation/delamination of the entire film from the glass substrate. An alternative mechanism to 
avoid internal spallation is to load the ferromagnetic thin film with an overlayer. Experiments with fs-laser 
pulses in hybrid 250nm Co/100nm Au gold bilayers on sapphire also demonstrate the delamination of the entire 
film from the substrate. This behavior contrasts the spallation mechanism observed in fs-laser-excited 250nm 
Co/sapphire thin films. Whereas it is difficult to unambiguously quantify the role of the gold layer in these 
experiments, here we speculate that it results in time-delayed acoustic transients with smaller amplitude that 
again suppress the spallation mechanism inside the cobalt layer.  

Among numerous applications we would like to mention that (i) periodic arrangements of fs-laser-produced 
spallation cavities (Fig. 1c) can act as deformable diffraction gratings or metasurfaces and (ii) ps-and/or fs-laser 
pulses in more complex geometries can be used to fabricate samples of suspended (single or multilayer) 
magnetic membranes for future applications in magneto-photonics and ultrafast magneto-acoustics [2-4].  
 
This work has been supported through the ANR-21-CE15-0048-01 MRSEI "IRON-MAG". 
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Abstract: we demonstrate that deep learning can be used to predict the colors and spectra that can emerge in 
different observation conditions from the laser processing of metasurfaces including random metallic 
nanostructures. Our approach offers an accuracy on the color prediction that is better than the minimum color 
difference that a human eye can perceive. We then use the predicted color charts to greatly improve the 
performance of the printed image multiplexing method in terms of image contrast. 

 
 

Plasmonic color generation may have a strong impact in industry thanks to the high color contrast, 
manufacturability, and long lifetime of metal nanostructures protected by a dielectric cover. Today, laser 
processing appears to be a powerful technology for precisely controlling the optical properties of plasmonic 
materials at the micrometer scale with a flexibility that enables creating original images at each new 
implementation. It also unveiled applications of random plasmonic metasurfaces that had not previously been 
brought to light by other means, such as, the first demonstration of three-printed image multiplexing for white 
light observation1. The main limit of this technology is presently the absence of physical models to predict the 
optical properties that can emerge from the laser processing of metasurfaces including random metallic 
nanostructures.  

In this article, deep neural networks are used to predict the spectra, and colors, of laser-induced random 
plasmonic metasurfaces in different observation modes from the knowledge of laser processing parameters. The 
neural networks are trained from 9440 experimental data and special attention is paid to the loss function to get 
high accuracy in the prediction. The high accuracy of the predicted colors enables their use for finding all the 
possible solutions to image multiplexing offered by the technology and to select the ones leading to high contrast 
images (Figure 1). The performance of the approach is demonstrated by implementing image multiplexing on a 
physical sample. The simplicity of the observation conditions, with the naked eye and under non-polarized white 
light, the absence of crosstalk between images, and the simplicity of fabrication with direct nanosecond laser 
writing, make the technology very promising for industrial applications. 

Our results open the way to the rapid optimization of laser processes for high-end applications of plasmonic 
metamaterials, especially when metallic nanoparticles are characterized by spatial disorder and size 
heterogeneity. 

 
 



 
Figure 1. Illustration of color interpolation using deep learning and selection of optimized random 

plasmonic metasurfaces (RPM) that enable laser printing of high contrast multiplexed images. The left-side 
charts show the colors of laser printed squares observed in back side reflection (top) and transmission (bottom). 
The middle charts show the colors predicted by neural networks in the two modes. Colors on the right 
correspond to the colors in back side reflection (left) and transmission (right) of four RPM, identified from the 
predicted color charts, which can be used for multiplexing with a good contrast in the two modes. 
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Abstract: We demonstrate the enhanced fluorescence of fluorene-based p-conjugated copolymer utilizing 
hyperbolic metamaterials (HMMs). The HMMs were fabricated by alternately sputtering subwavelength thin 
layers of Au and Al2O3. As an active material, poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT), was spin-

coated on the substrate with a thin layer of SiO2 inserted in between as a spacer. We have achieved a 3-fold enhancement 

of photoluminescence in the optimum device. Our findings may open the way for the development of a novel type of 

efficient organic light-emitting device. 
 
 

The hyperbolic metamaterials (HMMs), in which the principal dielectric permittivity tensor components take 
opposite signs, are recognized to be promising for developing highly efficient light-emitting devices [1-3]. One of 
the ways of fabricating the HMM is alternately sputtering subwavelength thin layers of metal and dielectric. Due 
to an extreme anisotropy of the effective dielectric permittivity in the HMMs, the dispersion bands in the 
wavevector space (k-space) take the shape of a hyperboloid. There is no upper limit in k-value in the HMMs, 
therefore, a lot of unique optical effects, such as super- and hyper-lensing effect, and the enhanced fluorescence 
due to a high value of Purcell factor, etc., can be realized. Many studies on the enhanced fluorescence based on 
HMMs have been reported so far utilizing fluorescent dyes, semiconductor quantum dots, hybrid perovskites, etc. 
as emissive materials [3]. However, not many studies have been carried out on the enhanced fluorescence of 

emissive polymeric materials. In this study, we investigated the enhanced fluorescence of fluorene-based p-
conjugated copolymer, poly(9,9-dioctylfluorene-alt-benzothiadiazole) (F8BT) [4-7] using HMMs as substrates. 
The F8BT is well known to show a relatively high electron field-effect mobility and high photoluminescence (PL) 
quantum efficiency. Therefore, many studies have been carried out to develop organic light-emitting diodes 
(OLEDs) and organic light-emitting transistors (OLETs) using F8BT as an active layer. Enhanced fluorescence of 
F8BT may lead to the development of highly efficient organic light-emitting devices. 

Figure 1 shows the schematic of the sample under 
investigation. Ten bilayers of Au and Al2O3 were 
alternately sputtered on a glass substrate as HMMs. We 
fabricated eight sets of samples with different volume 
ratios of Au and Al2O3 to find the optimum parameters for 
the enhanced fluorescence. We also sputtered SiO2 on the 
HMMs as a spacer. A thin layer of F8BT was formed on 
them by spin-coating. Then we annealed samples at 220°C 
or 70°C. We measured PL spectra using a continuous wave 
laser diode (wavelength: 455.7 nm) as a light source for  

Fig. 1: Schematic of the sample under investigation 



the excitation. We also performed time-resolved PL 
measurements by the time-correlated single-photon 
counting (TCSPC) technique using a ps pulsed laser diode 
(wavelength: 405 nm, repetition rate: 20 MHz) as a light 
source and the single-photon avalanche diode (SPAD) as a 
detector. 

Figure 2 shows PL spectra of F8BT on HMM or bare 
glass substrate. The integrated PL intensity of F8BT with 
HMMs (Al2O3: 6 nm / Au: 10 nm) and with spacer (SiO2: 
150 nm) inserted showed 3-fold enhancement compared 
with that on bare glass without HMMs. It was confirmed 
that the PL lifetime was reduced in F8BT on HMM. On the 
contrary, several samples with a thicker SiO2 spacer layer 
showed even higher PL enhancement and showed no 
reduction in the PL lifetime, which might be attributed to the microcavity effect in the composite layer of the F8BT 
and the SiO2 spacer. The HMMs with planer configuration can be easily incorporated into organic light-emitting 
devices such as OLEDs and OLETs. Our results may be utilized for the development of a novel type of efficient 
organic light-emitting device. 
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Abstract: Template-assisted self-assembly is a scalable nanofabrication technique in which elastomeric 
pre-patterned stamps are used to induce long range order from a colloidal dispersion used as ink. Metal colloids 
or perovskite nanocrystals are used herein to fabricate high quality and large area 2D photonic crystals 
supporting narrow lattice resonances and chiral metasurfaces in which circularly polarized luminescence is 
observed. 

 

 

Metal colloids sustain localized surface plasmons resonances (LSPRs) whose minimum bandwidth is 
limited by the intrinsic optical losses of the metal, ultimately hindering the exploitation of surface plasmons in 
fields such as photoluminescence enhancement and lasing. These losses can be overcome by disposing the metal 
nanoparticles in an ordered array (a plasmonic supercrystal), where the diffracted light by the grating couples to 
the localized plasmons resulting in a collective sharp resonance: the surface lattice resonance (SLR). 
Traditionally plasmonic photonic crystals are fabricated through complex lithographies, limiting their 
implementation in real life applications. Here we present 2D plasmonic lattices fabricated with the scalable 
technique of template induced self assembly, where pre-patterned elastomeric molds are used to organize 
colloids within the mold features. The combination of elastomeric molds and chemically synthesized colloids 
offers a great opportunity to exploit surface lattice resonances over centimeter areas and within minutes. The 
hierarchical order present in the supercrystals enables the coupling of the different plasmonic resonances 
sustained by the architecture and enables us to produce films tailored optical response to specific wavelengths.1,2  

The combination of templated induced assembly and metal colloids, we have been able to create 2D 
plasmonic crystals exhibiting high quality factors (> 60) for lattice plasmon resonances located in the visible 
spectral range, which can be applied to enable lasing from an organic dye. If we use elastomeric patterns with 
arrays of chiral motifs, then we can create chiral metasurfaces over large areas and within minutes. 

Finally, we will illustrate how the template induced assembly can be used also with other nanocrystals such 
as cesium lead halide perovskite nanocrystals (CsPbBr3 NCs) in which the photonic structure enables a reduced 
threshold for ASE (amplified spontaneous emission) 3 or produce direct circularly polarized luminescence (CPL).  

 



 
Figure 1. Soft nanoimprinting lithography provides an exciting opportunity for the fabrication of photonic 
nanostructures in a scalable, fast and inexpensive way. Near-field and SEM image of plasmonic supercrystals (A) 
made with 50nm and 10 nm size Au colloids and their corresponding extinction spectra (B). Photograph of the 
plasmonic lattices fabricated herein. 
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Abstract: Integrated photonic circuits offer great potential for high-performance optical and microwave signal 
processing in a compact footprint. Inducing stimulated Brillouin scattering on chip provides a highly frequency 
selective, agile, and reconfigurable way to control and manipulate the phase and amplitude of optical signals. I 
will give an overview of on-chip platforms that support Brillouin scattering and highlight different signal 
processing functionalities. 
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Abstract: The visible-light driven hydrogen evolution reaction is one of the important reactions for the 
sustainable society. Recently, various photocatalytic systems, such as molecular catalysts, semiconductors, or 
plasmonic systems, have been established. In this study, we have established the visible light driven efficient 
hydrogen evolution under plasmon excitation. Through the examination of isotopic effects, we have successfully 
clarified the unique and interesting molecular processes which were quite different from the commonly proposed 
ones. 

 
The efficient visible light energy conversion to the electrochemical reaction system is an important challenge 

in the field of photoelectrochemical region. The visible light driven hydrogen evolution reaction can be 
recognized as one of the promising challenges. In order to achieve it, the wide-band semiconductor electrodes 
are often applied to the system. However, the photoenergy conversion on semiconductor electrodes often have 
the limitation in the ultraviolet region because of their wide band gap energy. Recently, as the breakthrough for it, 
the introduction of the plasmonic metal nanostructures into the semiconductor electrodes has been received 
much attention because the system which is recognized as the plasmonic photoconversion electrode realizes the 
visible light response characters. Although various systems have been achieved both the cathodic and anodic 
reactions through the selection of the materials, the molecular process or charge transfer process have not been 
fully understood yet. In our previous study, we have found that the unique pH dependence of the reaction 
characteristic could be observed at the plasmonic anode electrode which was the combination of plasmonic 
structures with n-type semiconductor. From this fact, it can be said that the investigation of the reaction property 
on the plasmonic photoconversion system is quite important for the appropriate design of the system. In this 
study, we have proposed the plasmonic cathode system by combining the p-type semiconductor electrode with 
the plasmonic nanostructures and examined the both the charge transfer process and the reaction characteristics 
[1]. In this system, the holes excited under the visible light illumination are injected into the valence band of the 
p-type semiconductor and the remained electron are consumed in the hydrogen evolution reaction. Through the 
photoelectrochemical measurements, it was found that, the photocurrent generations under the neutral condition 
were comparable to the acidic condition. This interesting phenomenon could derive from the unique molecular 
process triggered by the plasmon excitation. In addition, we have also examined the kinetic isotope effect on the 
plasmonic cathode system for the clarification of the molecular process. As the results, we have confirmed the 
unique isotope effects which cannot be observed the conventional cathode system. Our current research would 
provide the novel insight for the accurate design of the high efficient light conversion device. 
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Abstract: The introduction of structural defects in otherwise periodic media is well known to grant exceptional 
space control and localization of waves in various physical fields, including elasticity. We theoretically predict 
and experimentally demonstrate the spectral flow of a localized mode across a bulk frequency gap by 
modulating a single structural parameter at any chosen location in the structure. 
 

Wave localization has been extensively studied for over a century in various physical domains, including 
electromagnetism, elasticity, and acoustics. In particular, the fundamental interplay between local properties 
(material composition and geometrical architecture) and structural defects has been proven to lead to the 
emergence of localized modes offering intriguing possibilities for spatial wave control. 

However, despite the variety of designs proposed so far, most of the approaches derive from contextual 
modifications that do not translate into a design paradigm. Few exceptions include designs endowed with 
topological dispersion bands, which, however, require changes over substantial portions of the structure. 

 
Figure 1: (A) In the top panel a schematic representation of a mono-dimensional mass-spring chain (the unit cell is highlighted in yellow) 

comprising two masses (green dots) and two springs of stiffness k (in black) and δ (in grey), respectively is reported. A defect spring (in 

red) located in the chain is characterized by a stiffness modulated through the parameter λ. In the bottom panel a 3D rendering of the 

experimental samples is reported. (B), (C) Numerical frequency response functions (colormap) in the 0 – 11 kHz frequency range for two 

classes of elastic chains (k > δ and k < δ) for different values of λ. In the first case, a spectral flow of the 8-th mode is observed. Contrary, 

in the latter case, no crossing is observed. Overlaid square white dots indicate numerically calculated eigenmodes. 

 
To overcome these limitations, here we introduce a new rationale to achieve localized modes in continuous 

elastic media [1]. We theoretically predict and experimentally demonstrate the spectral flow of a localized mode 
across a bulk frequency gap by modulating a single structural parameter at any chosen location in a 
mono-dimensional mass-spring chain with a defect spring arbitrarily located in the chain (see Fig. 1). 

The simplicity and generality of this approach opens new avenues in designing wave-based devices for 
energy localization and control. 
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Abstract: Recently, topological photonics, which exploits the topological properties of systems and band 
structures, has become active. In this presentation, I introduce experimental observations of photonic topological 
edge states in plasmonic systems. The edge states in 1D plasmonic zigzag chains and 2D valley plasmonic crystals 
were visualized by far-field imaging and cathode luminescence, respectively. The topological plasmonic systems 
are expected to be developed into a new platform to increase the light-matter interaction with two-dimensional 
materials, which also have topological properties. 

 
 

In recent years, topological photonics, which exploits photonic phenomena derived from the topological nature 
of photonic systems and band structures, has become an active research field. Optical analogue of topological 
insulators based on photonic crystals and metamaterials [1,2] have been proposed and have attracted considerable 
attention due to novel photonic functionalities including their non-dissipative propagation with locked chirality 
and propagation direction, and robustness against structural fluctuations [3]. Although topological photonic 
systems composed of metals have been reported in the relatively long wavelength region such as microwaves, 
most of the reports in the optical region (visible to near infrared) have used dielectric systems composed of 
semiconductors such as silicon. Especially, visualization of the topological edge states in plasmonic system is 
relatively hard because the electromagnetic fields concentrate in the sub-wavelength region. Therefore, scanning 
near field microscope was utilized to visualize the edge state in the optical region [4]. In this paper, we proposed 
the other techniques to visualize the plasmonic edge states in the optical region. The first one is far-field imaging 
of long connected zigzag chains [5], and the second one is angle resolved cathode luminescence (CL) of valley 
plasmonic crystals (VPlCs) [6].  

The first is a zigzag chain composed of gold nanodiscs (Figure 1(a)). The chain of induced dipoles at the discs 
can be described by the SSH model, which is a basic topological system. A unique feature of the system is 
polarization dependent switching of the position of the topological edge states (Figure 1(a)). Since the edge states 
of zigzag chains are localized in subwavelength-sized disks, it is difficult to observe them in the far-field. However, 
by using long chains and separating the two edges spatially, we have succeeded in observing strong light scattering 
from the edge of the chains, which originates from edge state excitation [5]. As shown in Fig. 1(b) and (c), 
polarization-dependent switching of edge states was clearly observed.  

The second is a Valley plasmonic crystal (VPlC) (Figure 2(a)). Valley photonic crystals are realized by a 
honeycomb lattice with inversion symmetry breaking from the analogy of valleytronics in electronic systems. 
There are two patterns of inversion symmetry breaking, and edge states are formed at their interfaces (Figure 2(b)). 
To visualize the edge states, CL imaging was used, which enable to resolve the electromagnetic mode in nanometer 
scale resolution. In experiments, we successfully observed the propagating edge states in the designed VPlCs. 

The imaging techniques demonstrated in this paper are applicable to other topological plasmonic systems 



including 2D-SSH lattice, Kagome lattice and so on. Moreover, because 2D materials with topological properties, 
such as transition metal dichalcogenide, have band gaps in the optical region, the method proposed in this study 
can be used to study coupling systems between 2D materials and topological plasmonic systems. 

 
Figure 1 (a) Metal zigzag chain structures. (b), (c) Far-field images of polarization dependent switching of the 
edge state positions. 

 
Figure 2 (a) Valley plasmonic crystal composed of aluminum discs. (b) Visualization of plasmonic topological 
edge mode by CL. 
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Abstract: We demonstrate spectrally narrowband mid-infrared radiation absorbance and thermal emittance with 
the strong surface enhancement of molecular infrared absorption (SEIRA) using mid-midinfrared metasurfaces. 
This was achieved by harnessing mode coupling between a plasmonic metal-insulator-metal (MIM) metasurface 
and molecular vibrational mode resonances. We found that the weak/strong coupling has a high potential for the 
future application of thermal emitters for mid-infrared light sources and thermal radiation analytical method. We 
will present recent advances in the coupling of molecular vibration and metasurfaces. 

 
Summary 
Controlling radiative thermal energy continues to be a pressing scientific and technological challenge. For 
example, spectrally confining thermal radiation by tailored broadband absorbers to a specific atmospheric 
transmission window has the potential for facilitating the Earth's cooling, similar to how thermo-photovoltaic 
devices can benefit from a greater conversion efficiency when selective emitters are employed. In contrast to 
such relatively broadband cooling-directed applications, chemical sensors require narrowband radiation tuned to 
a particular molecular vibrational mode to enable high selectivity and sensitivity detection. Especially, in the 
field of volatile organic compounds (VOC) detection for environmental measurement and health care, the world 
trends shift from electric detection like conductance change of metal oxide semiconductor to the mid-infrared 
photonic sensors using non-dispersive infrared (NDIR) sensors. We also developed midinfrared SEIRA towards 
efficient VOC sensors [1-5].  Development of a thermal radiation emitter with spectral behavior controlled 
more rigorously than lamp sources, exhibiting rapid rates of response while being more affordable and ambient 
temperature compatible than quantum cascade lasers and light-emitting diodes, is in considerable demand. In this 
presentation, we will show the experimental and numerical analysis of metasurface thermal radiation with 
various molecular (polymer) insulator layers. 
Also, the formation of a plasmon-metasurface light-matter coupling has achieved high sensitivity by 
enhancement of the weak coupling regime. The peak formed by the strong coupling generates a new absorption 
signal specific to the molecule (or molecular vibration). In the UV-visible, not only absorption but also 
fluorescence realized an ultimate spectroscopic analysis at the single-molecule level. In the infrared, 
fluorescence from molecules cannot be observed due to the energy gap law. On the other hand, the infrared 
absorption signal coupled with a metasurface has a high potential for realizing efficient thermal radiation. 

In the second, an infrared light source using molecular vibration can be a but when organic molecules are used, 
heat resistance arises. For example, even polyimide, a well-known heat-resistant polymer material, starts to 



decompose at temperatures above 350°C, reducing the optical properties of the meta-surface. Currently used 
infrared thermal radiation sources can be heated up to nearly 600°C. Therefore, it is desirable to realize a light 
source stably even at such high temperatures. Therefore, the use of inorganic materials is an excellent way to 
improve heat resistance. For example, SiO2 has good transmission characteristics in the UV-visible region, but in 
infrared they have strong absorption bands. This absorption has also generated light-matter coupling with 
metasurfaces. We also will present the optical behavior of SiO2 assembled metasurfaces. 
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Abstract: We study theoretically the phonon-plasmon interaction in a multilayered structure supporting metallic 
nano-pillars or ridges. The acoustic vibrations of the pillars, excited by means of an incident surface acoustic wave 
(Sezawa wave), interact with localized plasmons of metal-insulator-metal type. The strongest couplings are 
obtained for the compressional resonance of the pillars as well as for a symmetric flexural mode resulting from 
the interaction between two adjacent ridges. Some Sezawa modes well-confined near the surface can also exhibit 
high optomechanic couplings. 

 
 

Phonon-plasmon interaction in metallic nanoparticles (NPs) deposited on a substrate is a topic of current 
interest, in particular as a means to investigate the mechanical properties of the NPs. In parallel, the resonant 
features in the scattering spectra of the localized plasmons will be modulated by the acoustic excitations. In our 
work, we have investigated these modulations in the case of Au nanopillars or ridges of submicron size, deposited 
on a multilayer structure. The acoustic vibrations of the pillars are generated by means of an incident surface 
acoustic wave (SAW), the so-called Sezawa waves. The multilayer structure (Fig. 1(a)) is typically constituted by 
a semi-infinite substrate (Si or SiO2) covered by a thin layer of Au and a spacer consisting of a dielectric polymer 
layer. In this scheme, the localized plasmons in the dielectric between Au pillar and film are analogous to a cavity 
type metal-insulator-metal (MIM) plasmon. The plasmonic properties, including the eigenmodes and the scattering 
spectra, are calculated at each instant of an acoustic period, assuming that the deformed structure is frozen with 
respect to the propagation of the electromagnetic wave. This hypothesis is justified in view of a large difference 
between the velocities of light and sound. From these calculations, one can deduce the modulations of the 
plasmonic features and hence the strength of the phonon-plasmon interaction. All the numerical simulations are 
performed by using Finite Element (FEM) modeling based on Comsol Multiphysics.  

     
A first part of the work is dedicated1 to the geometry shown in Fig. 1(a) where we study the modulation of the 

MIM-like plasmon localized below the pillars (Fig. 1(b)). This mode is highly sensitive to the deformations of the 
polymer layer by acoustic vibrations. The strongest phonon-plasmon interactions are obtained1 for the localized 
compressional resonance of the pillars (Fig. (1(c)) and for some extended Sezawa modes (Fig. 1(d)) which have a 
high confinement in the polymer layer and contribute to its deformation. Figures 1(e) and (f) respectively illustrate 
the modulations of the plasmonic mode by the compressional mode and by one Sezawa mode during half a period 
of the acoustic vibrations. Let us note that in these calculations, the acoustic field is normalized in such a way that 
the maximum of its amplitude in the structure is 3 nm. The latter choice is made based on the numerical constraint 
of a reasonable mesh size but does not affect the conclusions owing to the linear dependence of the modulations 
as a function of the acoustic strain. In contrast to the previous modes, the flexural resonance of the pillars does not 
provide an efficient coupling because during this motion the volume of the polymer layer remains almost 



unchanged. The above conclusions have been confirmed by generating an incident SAW in front of the phononic 
crystal by applying a set of normal forces. This approach is very close to the experimental situation where the 
SAWs are generated by inter-digital transducers.     

   
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. (a) Schematic representation of a periodic row of Au pillars deposited on a multilayer (polymer/Au/Si) structure. 

The geometrical parameters are: height and diameter of the pillars 300 and 330 nm; thickness of Au film and polymer spacer 
300 and 50 nm; period of the pillars along the row a=1000 nm. (b) Electric field of the MIM-like plasmonic mode localized 
below the pillar. (c) and (d) Acoustic displacement fields of the compressional mode of the pillar at 0.5 GHz and of a Sezawa 
mode at about 0.9 GHz. (e) and (f) Modulation of the plasmon resonance wavelength as a function of the temporal phase 
(phi=:t) during half a period of the acoustic wave, for the compressional and Sezawa modes respectively.  

 
In a second step, we propose to take advantage of the interaction between two close pillars in enhancing their 

plasmonic or phononic couplings. For this purpose, we considered a 2D model constituted by two close ridges2. 
In this geometry, the structure supports localized MIM-like plasmons both horizontally, under the ridges, and 
vertically, in the vacuum space between them. The coupling between the ridges make the resonant features in the 
plasmonic scattering spectra narrower and with higher intensities. As concerns the optomechanic interaction, a 
stronger coupling rate is obtained for the in-phase compressional mode of both ridges, but also for a symmetric 
flexural motion of the coupled ridges. The latter mode becomes particularly interesting when the origin of the 
acoustic mode relies on a SAW because such a wave generates more strongly the symmetric flexural mode than 
the compressional mode.  
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Abstract. Subwavelength metamaterial nanounits can efficiently harvest electromagnetic (EM) waves, resulting in near unity light 
absorption in the narrow or broad frequency range. Thus, in last decades, many applications are interested for these metamaterial-
based perfect light absorbers. Although advancements in nanofabrication have allowed for the realization of strong light–matter 
interaction in a variety of optical nanostructures, the reproducibility and upscaling of these nanounits for large scale applications 
has remained as a challenge. The most widely employed tool for fabrication of nanounits is electron beam lithography (EBL), a 
high-cost and large-scale incompatible route. Although nanoimprint lithography (NIL) can be used to pattern nanounits in large 
areas but this tool is also high-cost, complex and fabrication of packed, high aspect ratio nanodesigns is generally challenging. 
Bottom-up approaches can be also adopted to obtain these 3D designs, however, these techniques have also material limitation. Due 
to their ease of manufacture and excellent functionality, the concept of lithography-free planar light perfect absorbers has gotten a 
lot of interest in recent years in many parts of the EM spectrum. To address this issue, my group has pioneered numerous fabrication 
techniques over the previous five years.The i) strong interference in planar ultrathin designs1–3, ii) dewetting induced surface 
texturing4, nanohole5 and nanoparticle formation6, and iii) oblique angle deposition of nanorods with deep sub-wavelength gaps7–

10, and iv) utilization of densely packed chemical synthesized trapping scaffolds11–13 are examples of these studies. Later, this 
disorder tightly packed nanounits have been brought into novel applications. 
For this purpuse, first, we explored the material and architecture requirements for the realization of light perfect absorption using 
these metamaterial designs from ultraviolet (UV) to far-infrared (FIR) wavelength regimes. We show that, by the use of proper 
material and design configuration, it is possible to realize these lithography-free light perfect absorbers in every portion of the EM 
spectrum14. This, in turn, opens up the opportunity of the practical application of these perfect absorbers in large scale dimensions. 
In last couple of years, we adopted these lithography-free techniques in many applications including photoelectrochemical water 
splitting, photodetection, light emission, sensing, filtering and thermal camouflage2,7–9,11,13,15,16. This presentation will summarize 
our recent accomplishments in scaleble photonic and photoelectronic designs for various applications. 
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Abstract: We have demonstrated a broadband optical metalens of near-ideal diffractive performance using 
IC-compatible processes. To achieve full modulation of the phase and balanced dispersion, we first optimized 
the high-aspect-ratio, pitch, and diameter of the metastructures. Then, the metalens was fabricated on a silicon 
wafer using ArF-immersion photolithography and transferred onto a fused-silica wafer for testing. The 
broadband diffraction efficiency over the wavelength range of 400-700 nm was measured 87.4%, bringing it 
closer to realizing commercial-grade metalens-enabled devices. 
 

Metasurface is a versatile platform that allows the manipulation of light in a way that fundamentally differs 
from conventional refractive optics. It consists of sub-wavelength metastructures densely packed to form a 2D 
surface scatters and deal with light impinging from all directions while controlling the phase, amplitude, and 
polarization of the scattered light. Metalenses, which refer to metasurfaces that collectively refract and focus 
light rays, can potentially provide a much wider range of functionality than conventional lenses and diffractive 
components. Consequently, numerous efforts have been devoted to exploit the degree of freedom in 
metastructure engineering to come up with commercially viable metalenses [1, 2]. However, the scattering 
behaviors of the metastructures were easily distorted by various fabrication errors and the neighbor-coupling 
effect. As results, while previously reported metalenses achieved the diffraction-limited focusing, many of them 
showed efficiencies far from their design values [3-6]. Moreover, imaging devices such as DSLRs and 
smartphone cameras require excellent imaging quality including fully saturated colors and free of chromatic 
aberrations. Therefore, to properly exploit metalenses in compact form-factors while obtaining excellent 
performance in imaging, the scattering loss should be minimized to ensure that the unwanted effects, such as 
ghost and flare, remain negligible. 
Here, we have demonstrated a broadband, polarization-insensitive, single-layer aspheric metalens in the visible 
range. We arranged over 1.5-um-tall TiSiOx circular nano-posts in concentric circles and embedded into a SiO2 
layer (Fig. 1(a)). Metastructures in a concentric circle have the same diameter and pitch, and both diameter and 
pitch are piecewise continuous function of distance from the center of metalens, so that 2π phase modulation 
while equalizing the dispersion (Fig. 1(b)). To realize the high aspect ratio that reaches nearly 15:1 of TiSiOx 
nano-posts, we fabricated the metalens on a silicon wafer using the state-of-the-art IC processes (Fig. 1(c)-(e)). 
The fabricated metalens was then transferred onto a fused-silica wafer. We used an off-axis interferometry and 
measured the lens’ phase profile. The difference between the measured phase and the target phase was used to 
calculate the diffraction efficiency of the metalens. We experimentally estimated that the averaged diffraction 
efficiency in the visible range (400-700 nm) is 87.4% (NA=0.06) which fell slightly below 89.5% predicted 
using a rigorous coupled-wave analysis (RCWA) method (Fig. 2). The major source of the performance 
degradation came from pattern skews mainly caused by the macro loading effects during the deep etch process, 
and this can be further minimized by fine-tuning the photomask. Another source of performance degradation was 
obliquely incident light that coupled onto the guided mode, which could be mitigated further by improving the 



metastructure-array design. 

 
Figure 1: (a) Schematic view of nano-posts, (b) the optimized pitch and width corresponding to target phase, (c) 

top view SEM image of nano-posts at a Fresnel edge, (d), (e) TEM images of minimum and maximum size of 
nano-posts. 

Phase measurementMeta lens

1 mm

a b c
 

Figure 2: (a) Optical microscope image of a metalens, and (b) its phase measured by interferometry. (c) plot of 
the measured diffraction efficiency at five different wavelengths, and the calculated diffraction efficiency over 

wavelength range 400-700 nm. 
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Abstract: We have experimentally demonstrated a polarization-independent, high-quality metalens over the 
entire visible range by vertically stacking two metasurface layers. The two layers are engineered to exhibit 
dispersive responses that are distinct from each other, and this leads to the metalens with a broadband, 
nondispersive phase-modulation capability. The average wavefront error and the focusing efficiency of the 
metalens over the wavelength range from 400 nm to 700 nm were measured to be 0.04λ and 83 %, respectively. 

 
Recent progress in metasurfaces has shown great promise in providing a means to precisely manipulate the 

wavefront of light1. However, the efficiency degradation of metasurfaces over a broad range of wavelengths has 
been inevitable as a result of the constituent structures’ resonant nature. A further challenge exists in realizing 
polarization-independent properties for broadband metasurfaces, and this hampers their practical use in the 
significant application, photographic imaging. The major difficulty in achieving the polarization-independent, 
broadband metasurface arises from the fact that the independent modulation of the phase and dispersion should 
be implemented2 within the several constraints imposed on the constituent nanostructures, such as rotational 
symmetry, feasible aspect ratio, and suitable lattice constant. 

 

 
Figure 1: (a) Schematic illustration of bi-layered, dispersion engineered metasurface. The following structural dimensions 



were used: a = 265 nm, H1 = 2350 nm, H2 = 380 nm. (b) Numerically calculated effective refractive indices and dispersion 
of Si3N4 nano-holes (blue) and TiO2 nano-posts (red). (c) Optimized dimensions of nano-holes and nano-posts for the 
nondispersive wavefront modulation. (d) Numerically calculated phase retardation of transmitted wave with different 
wavelengths. 

 
We have achieved the independent modulation of the wavefront phase and dispersion by utilizing the 

distinctive dispersion properties of both nano-holes and nano-posts as the constituent structures of the 
metasurface (Fig. 1 (a)). Nano-holes and nano-posts exhibit distinct, contrasting dispersive properties as shown 
in Fig. 1 (b). The dispersion of the circular-shaped Si3N4 nano-holes decreases with their increasing effective 
refractive indices, while the dispersion of TiO2 nano-posts increases. For experimental validation of the 
broadband capability of the proposed bi-layer metasurface, the nondispersive wavefront manipulation over the 
whole visible wavelength range is demonstrated in the form of 2-mm-diameter metalens. Figure 1 (c) and (d) 
show the optimized dimensions of each layer and the numerically-calculated phase retardation of transmitted 
waves, respectively. The metalens is fabricated on a transparent substrate (Fig. 2(a)), and its outstanding optical 
properties allow artefact-free, full-colour imaging (Fig. 2 (b)), suggesting its potential utilization as an ultra-thin 
aberration corrector for diverse camera systems. The average wavefront error and focusing efficiency in the 
wavelength range from 400 nm to 700 nm are measured to be 0.04λ and 83 %, respectively (Fig. 2 (c) and (d)). 

 

 
Figure 2: (a) A fabricated metalens on quartz wafer with diameter of 2 mm and focal length of 52 mm at λ = 520 nm. (b) 
Photographic image taken with the bi-layer metalens and an image sensor, where the field of view was 20°. (c) Numerically 
calculated (red), and measured (blue) RMS wavefront error of the bi-layer metalens. (d) Numerically calculated (red), and 
measured (blue) focusing efficiency of the bi-layer metalens. 
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Abstract: Nanoporous gold is a sponge-like material obtained by dealloying process with ligaments dimensions 
down to 10 nm range. The large surface to volume ration of this metamaterial gives possibility to strongly alter 
its optical properties by surface functionalization, so called chemical interface damping. We show that reversible 
surface oxidation of nanoporous gold can be used to switch its color. 
 
 
Nanoporous gold is obtained by electrochemical dealloying of a silver-gold alloy leading to a connected 
sponge-like structure of residual gold [1-5]. The ligament diameter can be tuned by electrochemical parameters 
and typically results in the minimal size in the range of 10 nm. This material behaves as a metamaterial with 
some effective medium descriptions available [3,4,5]. Previously we have shown that transmission through 
nanoporous gold can be tuned by applied voltage and attributed this effect to change of the effective electron 
density [2]. At the same time there is another effect on free electrons possible, which is the change of the 
electron collision frequency. Recently it was shown that chemical modification of the surface of gold 
nanostructures can lead to significant change of the effective electron collision frequency in the metal, which can 
be attributed to collision with adsorbates. For example, thiol adsorption on the surface of gold nanoparticles was 
used [6]. Our theoretical estimation also shows that adsorbates can provide additional light absorption 
mechanism that can lead to double digit percent increase of electron collision frequency [7]. 
 
Previously it was shown that -OH adsorption at nanoporous gold surface can be used for visible light driven 
water splitting [1]. Now we show that the process of electrochemical gold surface oxidation can be also used to 
significantly change optical properties of nanoporous gold. The effect depends on the surface to volume ratio. 
With minimal ligament size below 10 nm nanoporous gold can be switched from brown to black appearance by 
application of positive potential of 1.4 V versus reversible hydrogen electrode. The effect of chemical interface 
damping was also investigated on flat gold surface to compare it to that in the nanoporous gold. 
 
The presented effect shows a promising application of nanoporous metals as active plamonic metamaterials. 
Further reduction of the ligament size and identification of adsorbates with stronger damping effect can lead to 
development of plasmonic coating with strongly switchable transmission. 
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Abstract: The possibility of inducing polarization changes in all-dielectric metasurfaces by using quasi bound 
states in the continuum (quasi-BICs) is explored. A simple square array of dielectric disks is analyzed as a proof 
of concept. The results reveal that a π/2 phase shift is induced in the reflected radiation within the narrow bandwidth 
of a transverse-electric (TE) quasi-BIC state, enabling the conversion of linear to circularly polarized light and 
vice-versa. 

 
 

In the last years, dielectric high-refractive-index (HRI) nanophotonic structures attracted a great amount of 
attention, mostly due to the strong magnetic dipole resonances found in the visible and telecommunications 
spectral ranges1. Their nearly lossless behaviour makes them especially interesting to control light at the 
nanoscale as an alternative to lossy plasmonic nanostructures. HRI dielectric nanostructures are thus emerging as 
a new field in nanophotonics because of their unique combination of magnetic and electric resonances, which 
yield a wealth of attractive phenomenologies such as enhanced nonlinear effects or novel applications in 
optoelectronic devices2.  

A truly interesting phenomenon that might arise in all-dielectric metasurfaces is the occurrence of bound 
states in the continuum (BICs). Photonic BICs can be implemented in a variety of systems, ranging from highly 
disordered media to photonic band-gap materials or metasurfaces3. Perfect BICs present a theoretically infinite 
quality factor Q, which results in their complete isolation from the surrounding radiation states. There are several 
practical approaches to enable the transition between both kinds of states4-6; nevertheless, all the techniques 
present a common factor which is the pursuit of a state with finite but high value of the Q-factor that allows its 
interaction with the radiative continuum. Such states are denoted as quasi-BICs. 

In the present work, we explore the possibility of inducing polarization changes in the incident light by 
selecting the parameters that give rise to quasi-BICs in all-dielectric HRI metasurfaces. A simple system is 
studied as a proof of concept for light polarization control. The system consists of a square arrangement of disks 
used as meta-atoms. The polarizabilities of the disks are calculated numerically and incorporated into the 
coupled electric magnetic dipole (CEMD) formalism developed by the group7. Figure 1a shows the reflectance 
spectra of TE light. It can be seen how the diverging BIC state at 0º becomes broader as the angle departs from 
normal incidence. This results in a finite value of Q, i.e., the quasi-BIC state. Figure 1b shows the Stokes 
parameters of light reflected by the metasurface when the incident light is diagonally polarized at 45º and the 
angle of incidence is fixed to 25º with respect to the normal. Both I and Q parameters show the typical Fano 
shape associated with the TE quasi-BIC, with the TE component of the light being almost fully reflected. The U 
parameter changes sign at both sides of the quasi-BIC, in agreement with the expected π phase shift, and tends to 
the background value far from the quasi-BIC. 



 
Figure 1. a) Color map of the reflectance for TE polarization for a square array of dielectric cylinders of 

constant dielectric permittivity ε = 2.1 (Polycrystalline silicon) showing the occurrence of BIC/quasi-BIC states. 
The lattice constant is a = b = 340 nm, the cylinders height is h = 80 nm and its diameter d = 220 nm. b) Stokes 

parameters of the reflected light as a function of the normalized value of the wavevector k when the incident 
light polarization is diagonal at 45º. The angle of incidence is fixed at 25º. 

Finally, the V parameter presents a definite negative peak at the quasi-BIC location, which corresponds to a 
significant component of left-hand circularly polarized light (L), proving the utility of these structures for light 
polarization control. An equivalent behaviour is observed when the incident light is right-hand (R) circularly 
polarized light, obtaining TE and 45º diagonal polarization by reflection. The study of this simple system 
illustrates the possibility of engineering polarization changes in an extremely narrow bandwidth with 
metasurfaces by the use of quasi-BICs.  
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Abstract: We report on investigation of the interaction between localized and hybridized plasmons in 
gold nanostars and excitons in J-aggregates with a complex mechanism of hybridization of states. Our 
findings demonstrate the quality performance of the formed plexitonic system with multiple 
hybridization channels in terms of the parameters of strong-coupling such as Rabi splitting (230 meV), 
coupling-strength-to-transition energy ratio (0.07) and cooperativity (2.03). The results of time-
resolved experiments elucidate the observed enhanced spontaneous emission rate with regard to the 
Purcell effect.  

The effect of a strong exciton-plasmon coupling, which is associated with the resonance interaction 
between a quantum emitter and a confined electromagnetic field is being intensively studied both for a 
deeper understanding of the fundamental quantum-electrodynamical aspects of this phenomenon and 
for the development of many applications. [1]  
To maximise the interaction between light and matter, two-particle plexitonic systems consisting of 
plasmonic nanostructures of different sizes, shapes and materials and excitonic systems are usually 
fabricated. In these structures, the hybridization of electronic states occurs solely between singular 
excitonic and plasmonic constituents, and the oscillator strength of the emitter largely determines the 
strength of the coupling.[2] This imposes particularly demanding requirements on the oscillator strength 
of the exciton transition. It has recently been suggested and demonstrated that the oscillator strength 
can be strongly enhanced in more complex hierarchical architectures comprising, for example, a 
plexitonic nanoparticles embedded in a microcavity.[3] Although, this arrangement introduces 
additional channels of hybridization, the system size and mode volume of shared coherent polaritonic 
modes are relatively large in this cases. 
In our work we explore another concept of engineering a strongly coupled plexcitonic system using 
nanoparticles with “build-in” multilevel plasmonic hybridization, which are gold nanostars (NSs). In 
these nanoparticles the plasmon resonances arise from the hybridization of plasmons related to the core 
and the individual tips. The plasmons in the core interfere with the tip plasmons generating bonding 
and anti-bonding states, which translates into appearing two spectral bands, one of which (associated 
with the bonding state) is tunable in a wide spectral region depending on the morphology of the tips. 
Although the method for the synthesis of NSs with adjustable geometry is well established,[4] 
plexitonic effects in the strong coupling regime are scarcely studied in these nanostructures.  
In this work, to study exciton-plasmon coupling as a function of detuning with respect to the exciton 
band position various NSs with different longitudinal mode positions were synthesized. Pronounced 
anti-crossing of hybridized plexciton modes was observed in the extinction spectrum, thus allowing the 
coupling strength g and cooperativity C to be evaluated. Three different sets of results will be reported 
and discussed here, obtained, using absorption, steady-state and time-resolved photoluminescence 
spectroscopies. (Figure 1)  
We also attempted to examine how the Purcell factor estimated from the cooperativity parameter relates 
to the radiative recombination rate enhancement observed in our hybrid samples and found some 
consistency. 
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Figure 1: a) The extinction spectra of the J-aggregate@NSs hybrids and the spectrum of pure J-
aggregates; b) Results of the analysis of the peak positions in the experimental extinction spectra (solid 
triangles) in comparison with the energies of the modes predicted from theoretical modelling (solid 
curves); c) The Hopfield coefficients of the hybrid branches. The grey area marks the range of detunings 
measured experimentally; d) Surface enhanced Raman scattering (SERS)/PL spectrum of hybrid system 
(red) and PL spectrum of free J-aggregates (blue); e) PL lifetime histograms obtained for free J-
aggregates and f) hybrid NSs@J-aggregates complexes (b). Insets show the corresponding PL lifetime 
maps.  

Summarizing, the light-matter interaction in hybrid nanostructures investigated here results in strong 
plasmon-exciton coupling, which we attribute to the concerted action of multiple hybridizations in the 
structures developed: an extended delocalization of the Frenkel excitons over tens of the interacting 
hybridized monomer units forming J-aggregates, hybridization of the plasmons of the core and tips of 
the nanostars, and efficient CQED interaction in the plexitonic system. 
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Abstract: About 60 years ago, Franken first demonstrated the second harmonic generation (SHG) from quartz, 
which initiated the field of nonlinear optics. Such frequency conversion process has always been at a central 
position in expanding the spectral range of coherent light sources. In the past decades, the phase matching has 
been regarded as a golden rule for the second order nonlinear process, in which both the energy and momentum 
are expected to be conserved. As a result, the generated nonlinear waves at different positions inside a nonlinear 
crystal would accumulate constructively leading to high nonlinear conversion efficiency. In this talk, we will 
discuss the nonlinear response from nanometer thin lithium niobate films where the phase matching condition is 
deliberately broken, and new phenomena and functionalities including comprehensive measurement of the 
second order nonlinear susceptibility and the polarization imaging will be presented.  
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Abstract: Flat energy bands of lattice Hamiltonians provide a key ingredient in designing dispersionless wave excitations. 
We show that flat bands can be generated from a hidden symmetry of the lattice unit cell. This allows us to construct them 
by using a latently symmetric unit cell and multiplet interconnections. We demonstrate that the resulting flat bands are 
tunable and preserve the latent symmetry. The developed framework may offer fruitful perspectives to analyze and design 
flat band structures. 
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Abstract: We demonstrate a versatile micro-fabrication technique based on ultrafast direct laser writing, towards 
the reliable, large-scale and low-cost fabrication of high-performance extraordinary transmission metasurfaces. 
Contrary to well-established lithographic-based fabrication methodologies, our technique enables the single-step 
realization of the EOT devices of several mm2 in a few minutes. Our fabrication methodology can be carried out 
in cleanroom-free environments and without generating chemical residues: conditions which reduce fabrication 
costs and are therefore affordable for a vast majority of industrial entities.  
 

Plasmonic metasurfaces based on the extraordinary optical transmission effect (EOT) can be deliberately 
engineered to efficiently transmit specific spectral bands from the visible to the long-infrared regimes, while 
providing high electric field confinement (hot spots) in regions much smaller than the operation wavelength [1]. 
Such nano/microphotonic devices (which consist of subwavelength periodically or randomly arranged apertures 
in ultrathin metallic films) could therefore find many likely applications in key technological fields such as 
compact multispectral imaging, biosensing, transmissive and reflective color displays, non-linear optics or 
Raman signal enhancement. Nevertheless, due to their subwavelength nature, fabrication of EOT metasurfaces 
operating in the visible and infrared spectral regimes requires the use of expensive, micro- and nanofabrication 
techniques consisting in various steps, generating contaminants, and carried out in strict cleanroom environments 
[2], as shown in Figure 1(a). Therefore, patterning of large areas required for applications increase both the 
operation cost and energy consumption to a non-acceptable level for most industrial entities.  

 
Figure 1 (a) Example of a typical lithographic process (5 steps after layer deposition), employed for the 

fabrication of EOT metasurfaces. (b) Implemented fabrication methodology based on direct laser writing 
(single-step after layer deposition). (c) Macro- and microscopic views of some of the fabricated devices. Taken 

from [3] 



As schematically represented in Figure 1(b), in this work we demonstrate a novel, single-step process for 
large scale fabrication of high-performance mid- and long-wave infrared EOT metasurfaces employing ultrafast 
direct laser writing. EOT meta-devices were fabricated over areas of 4 mm2 within units of minutes (Figure 1(c)), 
employing single pulse ablation per aperture of 40 nm thick Au films on dielectric substrates mounted on a 
high-precision motorized stage. Since laser-matter interaction is a highly deterministic process, we show how by 
controlling only three experimental parameters (namely, laser pulse energy, scan velocity, and beam shaping slit), 
we can obtain full and repeatable control of the processed aperture size and ellipticity, and therefore of the 
optical characteristics of the extraordinary transmission effect in terms of transmission wavelength, quality factor, 
and polarization sensitivity of the resonances. As a proof of concept, a range of EOT metasurfaces having 
different functionalities and operating in different spectral regimes have been designed, fabricated, and tested. 
As revealed by Figures 2(a-c), comparison between experimental and numerically obtained transmittance spectra 
demonstrate that fabricated devices behave as expected, proving the high performance, flexibility, and reliability 
of the proposed fabrication methodology.  

 
We believe that our findings provide the pillars for mass production of EOT metasurfaces with on-demand 

optical properties, and could inspire new research trends toward single-step laser fabrication of metasurfaces 
with alternative geometries and/or functionalities. 

 
Figure 2 (a) SEM images of 3 of the fabricated structures comprising microhole arrays having different periods 

Λ (scalebar is 10 um). (b) Experimentally-obtained transmittance spectra for the fabricated devices shown in (a), 
where the presence of extraordinary transmission peaks at different wavelengths can be clearly observed. (c) 

Numerically-obtained transmittance spectra, confirming that pre-designed devices behave as-expected.  
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Abstract: Mechanisms of photoluminescence enhancement such as excitation efficiency, Purcell effect and 
outcoupling efficiency are studied both theoretically and experimentally in a system comprising quantum 
dots embedded in silicon Mie-resonators.  
 
 
CMOS-compatible light emitters are intensely investigated for integrated active silicon photonic circuits. One of 
the approaches to achieve on-chip light emitters is the epitaxial growth of Ge(Si) quantum dots on silicon. 
Contrary to die molecules and colloidal quantum dots, Ge(Si) QDs are embedded in a Si layer, which allows for 
internal light emission. Their broad emission in 1.3-1.5 um range is attractive for the telecom applications. We 
investigate optical properties of Ge(Si) QD multilayers, that are grown in a thin Si slab on a SOI wafer, by 
steady-state and time-resolved micro-photoluminescence. We discuss the mechanisms of photoluminescence 
enhancement considering embedding QDs in resonant Si nanodisks. This includes excitation rate of the quantum 
emitters, Purcell enhancement of spontaneous emission, and out-coupling efficiency of the radiation. 
 
We show that the Mie resonances of the disks govern the enhancement of the photoluminescent signal from the 
embedded QDs due to a good spatial overlap of the emitter position with the electric field of Mie modes. Using 
time-resolved measurements we show that the minima of the radiative lifetime coincide with the positions of the 
Mie resonances for a large variation of disk sizes confirming the impact of the Purcell effect on QD emission 
rate. Purcell factors at the different Mie-resonances are determined.  
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Abstract: Planar periodic structures such as metasurfaces and photonic crystal slabs strongly coupled to an 
exciton resonance attract particular attention since they provide vast opportunities for on-demand engineering of 
the dispersion of guided and leaky polariton resonances. In this regard, experimental characterization and control 
of the over modes' dispersion is of great importance. In this talk, I will show both what new physical phenomena 
appear in such systems and how these effects can be directly observed in the experiment. 
 

 
In the first part of the talk, I will show an experimental approach allowing to retrieve the real [1, 2] or even 

full complex [3] dispersion of both leaky and evanescent waves in arbitrary planar structures. The method is 
based on back focal plane microspectroscopy combined with a solid immersion lens (SIL) separated from the 
sample by a precisely controlled nanoscale air gap (Otto geometry). Varying the gap allows for extracting both 
real and imaginary parts of the wavenumber of surface waves propagating in an arbitrary in-plane direction. 

 
In the second part of the talk, I will switch gears to another implication of dispersion engineering in planar 

structures – the possibility of realization of strong light-matter coupling regime with excitons in transition metal 
dichalcogenides [4, 5] and perovskites [6]. I will highlight the nonlinear [4, 6] and topological [5] properties of 
exciton polaritons in such systems enabled by finely tuned custom designs of the photonic band structure.  

 
Finally, we will discuss how to directly observe and analyze guided exciton-polaritons in planar waveguides 

either made of a perovskite or based on high-index dielectric slab integrated with transition metal dichalcogenide 
monolayer. I will show how direct variation of radiative losses via changing the SIL-sample distance in such 
systems allows for the control of Rabi splitting, and extraction of exciton-photon coupling strength along with 
the intrinsic properties of excitons in the sample under study.  
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Abstract: We study the role of non-Markovian effects in the emission spectrum of a quantum emitter resonantly 
coupled to a surface plasmon as the system transitions to strong coupling regime. We use a quantum approach to 
interacting plasmons that incorporates the effects of host material's optical dispersion and losses in the coupling 
parameters to show that the non-Markovian effects strongly affect the emission spectra in the strong coupling 
regime by shifting the spectral weight towards the lower frequency polaritonic band. 

 
The shape of emission spectra of quantum emitters (QE) resonantly coupled to surface plasmons in metal-

dielectric structures as the system transitions to the strong coupling regime remains an actively debated issue as 
the relative spectral weight of polaritonic bands is determined by several competing processes. In general, the 
emission spectrum of a hybrid system characterized by a broad spectral band is enhanced at higher frequency side 
due to higher radiation rate of upper-energy states, implying that, in the strong coupling regime, the spectral band 
associated with upper-energy polaritonic state should be relatively enhanced. Such a spectral profile is consistent 
with the classical model of two coupled oscillators (CO), in which only one oscillator (plasmon) couples to the 
electromagnetic (EM) field while the second (exciton) is treated as dark due to its much smaller optical dipole 
moment [1]. However, recent experiments for excitons resonantly coupled to surface plasmons in metal-dielectric 
structures [2] reveal the opposite asymmetry pattern characterized by enhanced lower polaritonic band. In this 
paper, we demonstrate that non-Markovian effects originating from the material optical dispersion and losses 
strongly affect the optical spectra of hybrid plasmonic systems and, in the strong coupling regime, can lead to 
spectral weight shift towards the lower polaritonic band, consistent with the experiment. Our main point is that the 
non-Markovian effects in plasmonic systems are distinct from those emerging from the interactions of (QEs) with 
the reservoir of photon or phonon states since the surface plasmons at metal-dielectric interfaces interact directly 
with the EM field via their own frequency-dependent optical dipole moment that is much larger than the QE dipole 
moment. We show that the dispersion-induced non-Markovian effects can show up prominently in the optical 
spectra of plasmonic systems due to an interplay between the real and imaginary part of the metal dielectric 
function which define, respectively, the plasmon coupling to the EM field and the broad plasmon optical band. 
Specifically, it is the strong frequency dispersion of its real part, which originates from free-electron absorption is 
metals, that leads to spectral weight shift towards the lower frequency part of the broad emission spectra. In the 
strong coupling regime characterized by well-separated polaritonic bands, such non-Markovian effects result, in 
fact, in an inversion of spectral asymmetry as compared to the Markovian calculations. 

To incorporate the optical dispersion and losses within quantum approach to interacting plasmons, we start 
with general macroscopic electrodynamics quantization scheme in dispersive media [Welsch], and then project 
the system's reservoir states upon localized plasmon modes residing at metal-dielectric interfaces, thereby reducing 
the full Hilbert space to a suitable subspace spanned by a discrete set of bosonic operators with linear dispersion 
[3]. Interactions of these projected reservoir modes with QEs and the EM field are mediated by classical plasmons, 
while the corresponding coupling parameters are defined explicitly by the plasmon local fields, system geometry 
and frequency-dependent dielectric function of the host material. Using this approach, calculate the emission 



spectrum of a single QE resonantly coupled to a localized surface plasmon in a metal-dielectric structure of 
arbitrary shape but with the characteristic size below the diffraction limit. 

 

 
Figure 1. Normalized emission spectra for Au nanorod size calculated (a) in the Markov approximation and 

(b) with non-Markovian effects included. Inset: Schematics of a QE near the Au nanorod tip. 
 
In Fig. 1(a) we show the emission spectra for a QE near the Au nanorod calculated in the Markov 

approximation. As the QE approaches hot spot near the tip, the system undergoes transition to strong coupling 
regime signaled by the emergence of Rabi splitting between polaritonic bands. Here, the emission spectrum shows 
a distinct asymmetry pattern as the upper polaritonic band is enhanced relative to the lower one. In Fig. 1(b) we 
show the results of full calculations for the same system that incorporates dispersion-induced non-Markovian 
effects. The prominent difference between the emission spectra is the inversion of asymmetry pattern as the main 
spectral weight now rests with the lower polaritonic band. This shift can be traced to the effect of metal dispersion 
on plasmon's optical dipole moment which results in the suppression of plasmon radiation efficiency for higher 
frequencies. 
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Abstract: Here, we discuss a novel inverse design method to design multifunctional metasurfaces using a 
gradient-descent optimization. Using the inverse design method, we present simple and single-celled 
metasurfaces for high numerical aperture metalens and full-color holograms in multi-plane projections. Finally, 
we experimentally demonstrate the designed metasurfaces, and up to nine distinct metasurface-generated 
hologram images are achieved with high fidelity.  
 
1. Introduction 
Metasurfaces with unique optical properties have ushered in a new era of meta-optics with ultra-compact optical 
devices [1]; however, designing complex multifunctional metasurfaces [2] still faces difficulties due to the 
limited information capacity of a single metasurface. To circumvent the limitation, many design strategies 
exploiting spatial [3] or light properties multiplexing [4] have been proposed so far, but they pose problems such 
as difficulties in fabrication due to the complex structures and low efficiency. In this talk, we present a novel 
inverse design method to encode multiple information into a single device by pushing the limit of information 
capacity [5]. We propose an inverse design method to optimize the phase profile of metasurface for given 
multiple concurrent tasks by alleviating the difficulties in calculations of the light diffraction and gradients with 
respect to arbitrary many input variables. As a proof of concept, we demonstrate the inverse design of simple and 
single-celled metasurfaces for high numerical aperture metalens and dynamic 3D full-color holograms.  
 
2. Results 
2.1 High numerical aperture metalens  
Metalens that focus light with flat devices of metasurfaces has been typically designed based on physical 
intuition derived from the conventional spherical lenses. Accordingly, designing metalenses that operate at 
multiple wavelengths has been challenging due to a chromatic abbreviation, especially for high numerical 
aperture (NA). By using the developed inverse design method, we present RGB-achromatic metalens with high 
NA. For a metalens with high-NA of 0.92, a metasurface with an aperture diameter of 315 μm is designed to 
focus light at a focal distance of 70 μm. The designed metalens are then fabricated using a facile low-cost, and 
high-throughput fabrication method of nanoimprint lithography for the experimental demonstration. The 
numerically calculated and experimentally measured intensity profile at the target plane agrees well, and the 
calculated Strehl ratio is 0.93 showing a good agreement with the ideal Airy patterns. The results verify the 
unique design capability of the proposed inverse design method to develop high numerical aperture metalenses 
without the need for complex physics to consider chromatic abbreviation. 



2.2 Full-color hologram in multiplane projections 
Full-color holograms are one of the most sought-after practical applications of multifunctional metasurfaces, but 
their information capacity makes it difficult to realize. Here, we present full-color holograms in multiplane 
projections with the aim of pushing the limit of information capacity. To this end, a phase profile of a single 
metasurface is optimized to reconstruct three distinct full-color holograms in different focal planes. By 
employing the proposed inverse design method, a metasurface with an aperture diameter of 405 μm is designed, 
and the designed metasurface is fabricated for experimental demonstration. The experimental results show the 
distinctive multiplane projection capability of the developed metasurface encompassing overall nine images with 
highly suppressed crosstalk. It is noteworthy that the inverse design allows information to be encoded into a 
single metasurface with a high density without the need for complex design strategies. Therefore, the results can 
be applied to fields requiring much information, such as high-density information storage, optical security, and 
multi-channel images. 
  
3. Conclusion 
In this talk, we present a novel inverse design method of simple, single-celled metasurfaces for 
multifunctionalities. On the basis of the developed gradient-descent optimization method, high-NA metalens and 
full-color holograms in multiplane projections have been demonstrated by simply exploiting geometric phases. 
The simple design allows broadband high-efficiency and facilitates facile, low-cost, and high-throughput 
fabrication, paving the way for practical multifunctional metasurfaces. The proposed design method can be 
generally applied to fields requiring much information, such as high-density information storage, optical security, 
and multi-channel images. 
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Abstract: Tamm structures are very promising for the development of confined lasers, polarized lasers or 
plasmon sources. The quality factor is a key issue to realize such devices. We propose here an optimized design 
of these structures, enabling an increased quality factor. In particular, we will show that these optimized 
structures enable room temperature lasing operation. This first demonstration is an important step toward future 
applicative developments of Tamm lasers. 

 
Tamm modes [1] appear at the interface between a dielectric Distributed Bragg Reflector (DBR) and a metallic 
layer. One of their striking features is that a very easy mode confinement can be achieved by a simple patterning 
of the metallic layer. This is not only a simplified technological process, but really adds new degrees of freedom 
and versatility in the devices which can be fabricated. Tamm structures have been proposed for various 
applications such as control of spontaneous emission [2, 3], polaritonic emission [4,5,6], lasing [7, 8] with 
controlled polarization [9], or plasmon generation [10]. One of their axes of improvement is their quality factor, 
of the order of 1000, which limits their potential applications. In particular, all the above results were obtained at 
low temperature.  
Here, we propose a new Tamm structure design which enables an increased quality factor up to 5000. Our 
approach is based on the insertion of a low refractive index layer between the DBR and the metallic film, to form 
an equivalent quarter-wavelength layer with a reduced effective refractive index. After describing the properties 
of these improved structures, we will show that room temperature operation of a Tamm laser has been obtained 
for the first time [11], which is a necessary step toward future applications. 
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Abstract: High refractive index subwavelength structures can provide very attractive optical characteristics due 
to its unique light propagation. The highly polarized emitter and near-unity absorber have been demonstrated 
around deep to near UV wavelength by the effect of interference in high contrast grating and multilayers. 
 
 

High refractive index (RI) subwavelength structures can realize optical response resulting from its unique 
light propagation. This has provided a new ultra-thin platform for light controlling and promoted many attractive 
applications in the visible to infrared wavelength region, such as perfect absorber [1,2], broadband high 
reflective mirror [3,4], highly sensitive biosensors [5], tunable vertical cavity surface emitting lasers (VCSELs) 
[6]. We have tried to apply the high RI structure in the ultraviolet (UV) wavelength region. Here, we introduce 
ultra-thin applications operating at deep to near UV regions, such as polarized emitter and near-unity optical 
absorber [7-9]. 

Polarized characteristics of UV-LED (wavelength of 350 nm to 380 nm) provide for many applications, 
such as inducing optical anisotropy of polymers. For the development of the applications, high-efficiency 
polarizing elements plays an important role because the emission from conventional GaN-based UV-LED on 
c-plane sapphire is unpolarized. However, the realization of both polarization selectivity and low loss still be 
challenging in UV region because the typical materials have a large extinction coefficient. We demonstrated the 
highly polarized 370 nm emission from GaN-based UV-LED with the high contrast grating (HCG) [7,8]. The 
optical eigenmodes are confirmed to originate from the RI periodicity of the HCG, then the mode's interference 
is caused by the boundaries between the grating and outside mediums. Utilizing the constructive and destructive 
interferences of the modes of orthogonal polarizations (such as p- and s-polarization), we demonstrated the 
highly polarized emission by increasing its emission intensity at the UV wavelength region. Moreover, we 
proposed and demonstrated polarized UV emission using electrode subwavelength grating on the GaN-based 
LED [9]. Utilizing the electrode SWG, the polarized emission intensity from the LED significantly improved 
because the light absorption in the electrode was highly suppressed. 

We have also recently demonstrated theoretically and experimentally a near-unity deep UV (DUV) 
absorber using multiple reflections in three layers, consisting of a high-RI/highly-lossy/reflective layer. The 
DUV light with wavelengths below 280 nm is very suitable for optical sensing with high signal-to-noise ratios 
because it is light that does not exist on the surface of the earth. At this point, the perfect absorber operating at 
the wavelength of UV light is highly desirable. The absorptivity (A) is determined by 1 – transmittance (T) – 
reflectivity (R). Thus, the perfect absorber is achieved when T and R are simultaneously zero. However, the total 
absorption condition is considerably difficult for the DUV region because the Fresnel coefficient becomes a 
large complex value owing to the large RI and extinction coefficient of the typical metals and dielectrics. To 
overcome the issue and develop the DUV perfect absorber, we employed the interference effect in the high RI 



/highly-lossy (n >k and n~k)/metal reflective layers. The multi-reflection inside the triple-layer minimized the 
transmission and reflection Fresnel coefficients in the complex plane. This provided near-unity DUV absorption 
with ultra-thin at the 250 nm to 280 nm wavelength. 
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Abstract: The presence of fabrication errors often degrades the performance of nanophotonic devices. Fabrication 
errors in the photonic crystal waveguide often appear as the Anderson localization of light. We show that the 
random localization of light can enhance the resolution of a photonic crystal spectrometer by utilizing this 
localization information in advance of the measurement. 

 
Photonic crystal (PhC) allows us to control light propagation and enhance light-matter interactions. However, 

the presence of the fabrication error, which is unavoidable in nanophotonics devices, usually limits the device 
performance. The fabrication error in PhC waveguide causes the Anderson localization of light, which has been 
extensively studied previously [1]. We may think that the best way to reduce the effect of randomness caused by 
fabrication error is to improve the fabrication accuracy, which is not an easy task. On the other hand, research on 
random lasers [2], spectroscopic devices [3] using random structures, and an electro-optic modulator based on 
random localization [4] have appeared. These devices take a different approach; namely, they use the effects 
caused by randomness. 

Localization in the PhC waveguide is wavelength-dependent. We employ this phenomenon to fabricate a high-
resolution spectrometer. In this work, we take advantage of inherent fabrication errors. 

We used a simple structure called a chirped photonic crystal waveguide (c-PCW). Figure 1(a) shows a 
schematic diagram of the structure. The waveguide width of c-PCW varies stepwise, and the mode gap changes in 
each section. Structural randomness also results in localized light confinement [Figure 1(b)]. Figure 1(c) shows 
the localization when a 2 nm perturbation is applied to the hole diameter in simulation. Figure 1(d) shows the 
image data obtained experimentally. From these images, it is confirmed that the localization pattern is dependent 
on the input wavelength. After the fabrication, we calibrate the device using single-wavelength input and then use 
this calibration data to reconstruct the input spectrum from the unknown patterns. 

Although the wavelength resolution of a c-PCW is 1.5 nm, which is determined by the accuracy of the 
lithography, we improve the resolution by utilizing information obtained from the light localization patterns. 

 
Fig. 1. (a) A chirped PCW. (b) Mechanism of localization. (c) Simulated image using FDTD. The waveguide 

width varies stepwise from 764 nm, 759 nm, and 754 nm. (d) Experimental image. The image was acquired from 
the top of the slab with an IR camera. 

 
First, we investigated the spectral resolution of our device. We used the spectral correlation function (SCF) to 



obtain the resolution. SCF is given by  

𝐶𝐶(Δ𝜆𝜆) =
〈𝐼𝐼(𝜆𝜆, 𝑥𝑥)𝐼𝐼(𝜆𝜆 + Δ𝜆𝜆, 𝑥𝑥)〉
〈𝐼𝐼(𝜆𝜆, 𝑥𝑥)〉〈𝐼𝐼(𝜆𝜆 + Δ𝜆𝜆, 𝑥𝑥)〉

− 1. 

𝐼𝐼(𝜆𝜆, 𝑥𝑥) is the acquired intensity at 𝑥𝑥th pixel at input wavelength λ. 〈⋯ 〉 denotes averaging over 𝜆𝜆. Figure 2(a) 
shows the SCF. The FWHM gives the spectral resolution, which was 0.08 nm in our device. The intensity 
distribution 𝐼𝐼multi of input having multiple wavelengths is given as, 

𝐼𝐼multi =� 𝑠𝑠𝑖𝑖𝐼𝐼𝜆𝜆𝑖𝑖
𝑛𝑛

𝑖𝑖=1
= 𝑻𝑻𝑆𝑆. 

𝐼𝐼𝜆𝜆𝑖𝑖(𝑖𝑖 = 0 ∼ 𝑛𝑛) is the intensity distribution at the single-wavelength input, 𝑆𝑆 = [𝑠𝑠1, 𝑠𝑠2,⋯ , 𝑠𝑠𝑛𝑛] corresponds to the 
spectrum shape. The wavelength range is from 1535 nm to 1555 nm, and the data of pixel values on the waveguide 
are stored in the transition matrix T. Figure 2(b) shows the transition matrix T. The results of the reconstruction of 
the multi-wavelength spectrum are shown in Figures 2(c,d). Figure 2(c) shows the reconstruction results for a two-
wavelength input separated only by 0.16 nm, and Figure 2(d) shows that of a continuous spectrum. The red line is 
the reference spectrum measured with an optical spectrometer analyzer for reference. These results show that the 
spectra could be reconstructed with a resolution of 0.08 nm with 20 nm bandwidth. 

 

Fig. 2. (a) Spectral correlation function of the intensity distribution averaged over all pixels. (b) Transition 
matrix of a chirped PCW with randomness. (c) The result of reconstruction with two input spectrums. (d) The 
reconstructed spectrum of an input with a broad spectrum has 0.75 nm FWHM. 
 

In conclusion, the wavelength resolution of photonic crystal waveguide spectrometers is usually limited by 
the precision of the fabrication process, which is approximately 1.5 nm when the fabrication resolution is 1 nm. 
We have demonstrated that we can improve the resolution down to 0.08 nm by utilizing fabrication errors. 
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Recently, the circular-polarized radiation lasers based on a semi-conductor Bragg microcavity with a 
chiral-modulated upper mirror and optical [1,2] as well as electric pumping [3] has been demonstrated. 
Moreover, at lower temperatures the transition to lasing occurs in the regime of a strong exciton-photon (exciton 
polariton) coupling, thus being an example of the so-called polariton laser [4]. Compared with the previously 
demonstrated polariton lasers, employing of chiral modulated upper mirror allows to obtain circularly polarized 
lasing without applying of an external magnetic field.  
 
In this talk the exciton-polariton multistabitity [5] in chiral microcavity under resonant pump will be 
demonstrated. It appears that even at linearly polarized pump one can expect sharp transitions from linear to 
circular-polarized photoluminescence in such chiral modulated microcavities.  
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Abstract: Lateral confinement of the two-dimensional plasmons deeply affects the graphene dielectric function 
in the mid-to-far-infrared region of the electromagnetic spectrum. Beyond causing appreciable effects in the optical 
response of polycrystalline samples, which can be controlled by the application of strain, confined 2D plasmons 
can offer a viable approach to the development of deeply subwavelength cavities, where strong light-matter 
interaction can be established with intersubband transitions in a semiconductor heterostructure in the few-electron 
regime.   

 
 

Graphene has emerged as an outstanding plasmonic material because it provides a strong field confinement 
with relatively low losses that cannot be reached by noble metal plasmons. In the far-IR to THz region, the 
conductivity spectra of poly-crystalline graphene, however, deviate from a simple Drude model of the plasma 
dielectric constant. In fact, the latter does not account for complex transport phenomena that arise due to disorder, 
like backscattering of electrons at grain boundaries and charge localization at defects across the substrate. An 
extension of this model is the phenomenological Drude-Smith formula, able to describe the motion of charges in 
systems in which disorder strongly impacts the carrier transport. Although THz measurements can be reproduced 
fairly well with such a model, its physical meaning remains unclear [1].  

To unveil the microscopic origin of the THz conductivity behavior in graphene, we study here how this is 
affected by an applied strain. In this scenario, defects and grain boundaries modifications have a predominant role 
on the carrier transport. In particular, the contribution of geometrical defects was studied by comparing 
experimental results with data obtained by a classical, atomistic model called !FQ [2]: its atomistic nature allows 
to describe disorder and grain separation during the application of strain, being able to treat the peculiar carrier 
transport phenomena mentioned above. Also, it returns physical parameters that can be compared with their 
experimental counterparts, leading to an in-depth understanding of the THz electronic response. It is found that a 
main role is played by confinement of the plasmons within individual crystal grains, with their separation and size 
controlling the actual THz response of the graphene layer. 

Lateral confinement of the 2D plasmons can also be obtained through the use of artificial nanostructures, 
usually metallic, placed directly on top of the graphene layer. In this context, for instance, light was recently 
confined in extremely small volumes between graphene and metallic nanocubes separated by a few-nanometres-
thick dielectric [3]. The confinement was achieved exploiting a graphene plasmon magnetic resonance (GPMR), 
allowing an unprecedented confinement ratio of 5 × 1010.  

Such deeply sub-wavelength resonators are particularly appealing to investigate strong light-matter coupling 
regimes with the intersubband transitions of a semiconductor quantum well (QW) [4]. Thanks to the tight radiation 
confinement, both in-plane and out-of-plane, Rabi split polariton states are expected to form with very few 
electrons present in the cavity. Quantum nonlinear effects, such as single-photon nonlinearities, photon-photon 
interactions, polariton blockade, should then become observable.   



The structure we investigate here features a single InAs QW of width "!" = 10 nm, corresponding to an 
intersubband resonance frequency !0 = 28 THz, capped by a special dielectric layer only 6 nm thick. An array of 
nanocubes with side # = 30 nm is then placed on top of a dielectric/graphene heterostructure (Fig. 1). Each 
nanocube works as an antenna for the excitation of acoustic graphene plasmons (AGP). Hexagonal boron nitride 
(hBN) is chosen as a dielectric spacer, as in [3]. Fig. 1 shows the simulated electric field distribution, which gives 
a mode area of approximately 10-11 cm-2. 

 

           
 

Figure 1 (a) Schematic drawing of the presented structure, featuring InAs quantum well, graphene, dielectric 
spacer and metallic nanocubes. (b) Profile of the $ component of the electric field %$ for a frequency ! = 31 THz 
and a graphene Fermi energy %# = 0.5 eV. 

 
With a relatively standard charge carrier sheet density in the QW of about 1012 cm-2, our simulations predict 

nicely defined polariton states, with a Rabi energy of more than 4 THz, resulting in a ratio to photon energy g ~ 
0.15. This is achieved with a number of electrons coupled to the cavity mode of only approximately 10, low enough 
to clearly observe the non-linear response of the Tavis-Cummings Hamiltonian describing few-body strongly 
coupled systems. 

In conclusion, we presented a combined experimental and theoretical study of the plasma response of 
polycrystalline graphene, and propose an ultra-confinement of GPMR system where strong-coupling is reached 
even in the few-electrons regime. We are currently fabricating the presented structure to confirm these theoretical 
findings, which could lead to ne exotic regimes of light-matter interaction at the single photon level. 

This research was sponsored in part by the NATO Science for Peace and Security Programme under grant 
G5721 THESEUs and by the PRIN project MONSTRE-2D of the Italian MUR. 
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Few-electrons strong coupling between graphene plasmons and 
intersubband transitions in a shallow single quantum well 
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Abstract. Light-matter interactions in the few-electrons regime lead to strong quantum nonlinear effects, such as 
single-photon nonlinearities and photon-photon interactions, but reaching ultra-strong coupling is challenging 
because of the required small interaction volumes. To this end, we conceived and investigated by finite element 
simulations two possible structures to couple graphene plasmons with intersubband transitions in a shallow 
semiconductor single quantum well which can be fabricated with standard methods. We proved that, thanks to the 
strong confinement factor of light in graphene, a large Rabi splitting arises between the new polaritonic modes, 
showing features of strong and ultra-strong coupling. By exploiting recently demonstrated ultra-compression of 
light at the nanometre scale, we designed a system where strong coupling can be achieved even in the few-electrons 
regime. We are currently fabricating the proposed systems to confirm our theoretical findings.

1 Introduction  
Polaritons are quasiparticles resulting from the strong 
interaction of a photonic and a matter excitation at 
frequency ߱  [1]. The interaction lifts this energy 
degeneracy, splitting the two uncoupled modes into 
hybrid light-matter excitations. The splitting width is 
proportional to the Rabi frequency ߗோ , which is the 
frequency of the energy exchange between the modes. 
The strength of light-matter interaction is quantified by 
the ratio ݃ ൌ ோȀ߱ߗ . In the last decades, different 
systems were studied to maximize ݃ , reaching strong 
coupling (SC) and ultra-strong coupling (USC) regimes, 
where ߗோ is a significant fraction of�߱ [2]. 

In this work, we present the theoretical study of two 
platforms for the investigation of the SC between 
graphene plasmons (GPs) launched by metallic arrays and 
intersubband (ISB) transitions in a shallow Single 
Quantum Well (SQW). GPs provide an excellent 
confinement of light to a volume  ͳͲ  times smaller 
than free photons at the same energy [3]. Thanks to this 
optical confinement, GPs are promising for the realization 
of extremely small nanocavities with high energy density, 
which allow for strong light-matter interactions. 
Furthermore, the dispersion relation of GPs can be 
modified by electrically tuning the density of charge 
carriers inside graphene [4]. This allows to tune the 
interaction strength of the system, thus exploring different 
interaction regimes within a single device. 

Recently, light was confined in extremely small 
volumes between graphene and metallic nanocubes 
separated by a few-nanometres-thick dielectric [5]. The 
confinement was reached by means of graphene plasmon 
magnetic resonances (GPMRs), thus allowing an 
unprecedented confinement factor of ͷ ൈ ͳͲଵ . By 

combining this system with the SQW, we are able to reach 
few-electron strong coupling (FE-SC) regime [6], where 
only  ͳͲ electrons participate to the coupling. 

2 Results 

Both the structures we present feature a single InAs QW 
of width ܮொௐ ൌ ͳͲ��� , corresponding to a resonance 
frequency ߱ ൌ ʹͺ����, capped by a dielectric layer only 
6 nm thick (Fig. 1). A graphene sheet is put on top of the 
SQW. Such a cap layer is required to allow for the QW to 
spatially overlap with GP electric field and it is feasible 
with standard MBE techniques. 

In the first structure (GP structure, Fig. 1(a)), GPs are 
excited by an array of gold ridges. The energy of the 
resonance depends on the pitch   and on the filling 
fraction ݂݂  of the array. Fig. 2(a) shows the simulated 
reflectance of a GP structure with  ൌ ͷͲͲ���  and 
݂݂ ൌ ͲΨ as a function of graphene Fermi energy ܧி  

ݔ

ݖ /Ŷ�Ɛ��ĐƟǀĞ�>ĂǇĞƌ

�D�

/Ŷ�Ɛ��ĐƟǀĞ�>ĂǇĞƌ

�E�

Fig. 1. Schematics of the presented structures. Both the 
structures feature a single SQW composed by a substrate of 
undoped InAs, ͷ��� AlSb barrier, InAs active layer of width  
ொௐܮ ൌ ͳͲ��� and ��� dielectric cap layer. (a) GP structure 
with graphene and an array of gold ridges. (b) GPMR structure, 
which shares the same substrate as GP structure but has 
graphene, a dielectric spacer and metallic nanocubes on top. 

 

when the QW is depleted from electrons. The dependency 
of plasmonic resonances on ܧி  is clearly visible. The 

doping of the QW is then set to ݊ொௐ ൌ ͳͲଵଶ���ିଶ  to 

allow the ISB transition. Fig. 2(b) shows the reflectance 
of the system with interaction between the modes. The 
minimum distance between the polaritonic modes is ߗோ ൌ
ͺ���� , resulting in ݃ ൎ ͲǤʹͺ . A resonance is visible 
corresponding to the uncoupled mode at frequency ߱ . 
We attribute this to the excitation of the ISB transition by 
modes supported by the ridges. 
A Rabi splitting so intense is possible since ISB polaritons 
rely on the collective enhancement of the interaction due 
to the large number of electrons populating the quantum 
well. When this number is reduced towards unity, thus 
reaching the FE regime, new phenomena can occur since 
the system can no longer be described by collective 
excitations but rather as a collection of two-level systems 
coupled through interparticle interactions [6,7].  

In GP structure, the plasmonic mode spreads between 
the ridges (Fig. 3(a)). The wavelength of the considered 
mode is equal to the distance between the ridges, which 
for the system studied in Fig. 2 is ݀ ൌ ͳͷͲ��� . This 

yields a mode area of ܣ  ݀ଶ ൌ ʹǤʹͷ ൈ ͳͲଵ���ଶ . 
Taking a value of the sheet doping inside the SQW of 

݊ொௐ ൌ ͳͲଵଶ���ିଶ, the number of electrons participating 

to the coupling is ܰ ൌ ݊௪ ൈ ܣ ൎ ͳͲଶ. 

To further reduce the number of involved electrons, 
we designed the GPMR structure (Fig. 1(b)), which 
exploits an array of nanocubes with side ݈ ൌ ͵Ͳ��� 
placed on top of a dielectric/graphene heterostructure. 
Each nanocube works as an antenna for the excitation of 
acoustic graphene plasmons (AGP) [5]. Hexagonal boron 
nitride (hBN) of thickness ݄ௗ ൌ �ʹ��� is chosen as a 

dielectric spacer, as in [5].  

Thanks to the extreme confinement of the AGP under 
the nanocube, the mode area is greatly reduced with 
respect to the mode inside the GP structure. Considering 

a mode area of  ͳͲିଵଵ���ିଶ (Fig. 3(b)), the number of 
electrons effectively coupled to the AGP is ܰ ൎ ͳͲ.  

In coupled system, the strength of the interaction 

scales with the number of oscillators as ݃ ן ξܰ  [7]. 
Despite this, in GPMR structure we achieve ݃ ൎ �ͲǤͳͷ, 
proving the possibility of reaching FE-SC in our system. 

In conclusion, we presented the theoretical study of 
two systems where GPs are coupled with ISB transitions 
in a shallow SQW. We proved the possibility of reaching 
USC between the excitations by using an array of metallic 
ridges which can be fabricated through standard 
lithography processes. We exploited the recently achieved 
ultra-confinement of GPMR mode [5] to design a system 
where SC is reached even in the few-electrons regime. We 
are currently fabricating the presented structures to 
perform far-field experiments to confirm our theoretical 
findings. We believe that our systems could be a simple 
structure to explore exotic regimes of light-matter 
interaction at the single photon level, with appealing 
applications in quantum information technologies. 

We acknowledge European Union H2020 Future and Emerging 
Technologies (FET) (OpenGrant MIR-BOSE 737017) 
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Fig. 2. (a) Reflectance of the GP structure with pitch  ൌ ͷͲͲ��� and filling fraction ݂݂ ൌ ͲΨ as a function ofܧ�ி in graphene 

when the doping of the QW is ݊ொௐ �ൌ �Ͳ���ିଶ. The dispersion of the plasmonic mode is visible as a peak in reflectance. Higher 

order modes are also visible. (b) Reflectance of the same GP structure when ݊ொௐ �ൌ �ͳͲଵଶ���ିଶ. The plasmonic mode strongly 

interacts with the QW resonance at frequency ߱ ൌ ʹͺ����. The splitting between the two polaritonic branches is ȳோ ൌ ͺ����. 
The uncoupled resonance at frequency ߱ is still visible due to the interaction of the ridges with the QW. 

Fig. 3. Profile of the ݖ component of the electric field ܧ௭  for 

frequency ߱ ൌ ͵ͳ���� and ܧி ൌ ͲǤͷ���. The QW active layer 
is highlighted. (a) GP structure: the plasmonic modes are 
confined between the ridges. (b) GPMR structure: the field is 
confined below the nanocube. 

(a) 
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Abstract: We demonstrate Zak phase carrying quantized screw-type dislocations winding around degeneracies in 
parameter space of trimer lattices. Closed adiabatic path in parameter space is characterized by a Chern number 
equal the negative total winding number of Zak phase dislocations enclosed by the loop. 

 
In condensed matter [1] and photonics [2] topological properties of wave transport in periodic media are 

defined by geometric Berry phase [3], associated with adiabatic evolution in the Brillouin zone, as discussed by 
Zak [4]. Quantized Zak phase, 𝑍𝑍 = 0 and 𝑍𝑍 = 𝜋𝜋, distinguishes topologically trivial and non-trivial lattices with 
inversion symmetry, while in other cases of lattices without inversion symmetry Zak phase is not quantized [4]. 
Here we consider trimer lattices and show that the degeneracy with gaps closing generate screw-type dislocation 
[5] in geometric Zak phase. We discuss the effects of this geometric phase on the appearance of paired edge-states 
in the spectral gaps [1] and adiabatic Thouless pumping [6]. 

The off-diagonal trimer lattices is characterized by three coupling constants (hopping parameters): 𝐽𝐽1,2 inside 
a unit cell and 𝐽𝐽3 between the cells. We derive the Bloch eigensystem, 𝜔𝜔𝜔𝜔 = 𝐻𝐻𝜔𝜔, for the Bloch waves 𝜔𝜔(𝑞𝑞 +
𝜋𝜋) = 𝜔𝜔(𝑞𝑞) with crystal momentum 𝑞𝑞 ∈ [−𝜋𝜋,𝜋𝜋]: 

𝜔𝜔𝜇𝜇�𝜔𝜔𝜇𝜇2 − 𝐽𝐽2� = −2𝑝𝑝 cos𝑞𝑞,   𝜔𝜔𝜇𝜇(𝑞𝑞) = 1

��3𝜔𝜔𝜇𝜇
2−𝐽𝐽2��𝜔𝜔𝜇𝜇 

2 −𝐽𝐽32�
�
−𝜔𝜔𝜇𝜇𝐽𝐽1 + 𝐽𝐽2𝐽𝐽3𝑒𝑒−𝑖𝑖𝑖𝑖 

𝜔𝜔𝜇𝜇2 − 𝐽𝐽32

−𝜔𝜔𝜇𝜇𝐽𝐽2 + 𝐽𝐽1𝐽𝐽3𝑒𝑒𝑖𝑖𝑖𝑖
�             (1) 

here the index 𝜇𝜇 = 1,2,3 distinguishes spectral bands, 𝜔𝜔1 ≤ 𝜔𝜔2 ≤ 𝜔𝜔3, 𝐽𝐽2 = 𝐽𝐽12 + 𝐽𝐽22 + 𝐽𝐽32 and 𝑝𝑝 = 𝐽𝐽1 𝐽𝐽2 𝐽𝐽3. 
Parameter 𝐽𝐽 can be used as a scaling factor, effectively reducing parameter space to a two-dimensional sphere, 

as shown in Fig. 1(a).  
 

 
 

Fig. 1. (a) Parameter domain 𝐽𝐽𝑚𝑚 ≥ 0 on the sphere 𝐽𝐽 = 1. Different sectors shaded in accordance with the number 
of edge states, see Fig. 2(a). The contour lines correspond to different values of 𝑝𝑝, in particular 𝑝𝑝 = 0.1 on the 
dashed contour. Zak phase Eq. (2) is plotted in (a) for the first and the third bands 𝑍𝑍1,3 and in (b) for the second 
band 𝑍𝑍2; the cyclic hue colormap is used to remove branch cuts.  



The dispersion relation 𝜔𝜔𝜇𝜇(𝑞𝑞) allows to separate two degrees of freedom, the spectral parameter 𝑝𝑝 and an 
orthogonal dimension along the contours in Fig. 1(a). While the second cyclic parameter does not influence 𝜔𝜔𝜇𝜇(𝑞𝑞), 
it modifies the eigenvectors in Eq. (1) and generates a family of states. 

The family of eigenstates is characterized by Zak phase [4], 

𝑍𝑍𝜇𝜇 = 𝑖𝑖 ∫ 〈𝜔𝜔𝜇𝜇�𝜕𝜕𝑖𝑖𝜔𝜔𝜇𝜇〉𝑑𝑑𝑞𝑞
𝜋𝜋
−𝜋𝜋 = ∫ �𝐽𝐽22−𝐽𝐽12�𝐽𝐽32

�3𝜔𝜔𝜇𝜇
2−𝐽𝐽2��𝜔𝜔𝜇𝜇 

2 −𝐽𝐽32�
𝑑𝑑𝑞𝑞𝜋𝜋

−𝜋𝜋                           (2) 

which was previously shown to possess discontinuities [7], resembling branch cuts around quantized phase 
singularities [3, 8]. Indeed, Fig. 1 shows Zak phases in the full parameter domain revealing screw-type dislocations. 

The appearance of edge states in the spectral gaps of insulators is associated with non-trivial topological 
properties, determined by the Berry phase [1, 2]. The spectra for the family of states in a finite trimer lattice with 
open boundaries numerically calculated (not shown) along the curves 𝑝𝑝 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 are parameterized by azimuthal 
angle 𝜙𝜙 ∈ [0.2𝜋𝜋] around the degeneracy axis 𝐽𝐽0 = {1,1,1} in Fig. 1(a), describing monatomic lattice with gaps 
closed. Edge modes bifurcate from bands at specific values of 𝜙𝜙 and demonstrate chiral symmetry. 

When the waveguide lattice is slowly and periodically modulated along propagation direction it follows an 
evolution which may lead to adiabatic Thouless pumping [6, 9], characterized by the integer Chern numbers [1]. 
We consider adiabatic trajectory 𝜏𝜏 parameterized by its length, 𝜏𝜏 = |𝜏𝜏|, i.e. described by the hopping parameters 
𝐽𝐽𝑚𝑚(𝜏𝜏). Analytic derivations for our system Eq. (1) show that Chern number for each band, 

𝐶𝐶𝜇𝜇 = − 1
2𝜋𝜋 ∮

𝜕𝜕𝑍𝑍𝜇𝜇
𝜕𝜕𝜕𝜕

𝑑𝑑𝜏𝜏                                        (3) 

is determined as the negative winding number of the Zak phase 𝑍𝑍𝜇𝜇 on the trajectory  𝜏𝜏. In particular, the contours 
in Fig. 1 correspond to the Chern numbers 𝐶𝐶𝜇𝜇 = {−1,2,−1}, in agreement with earlier numerical results [10]. 

Chern numbers define quantized currents in adiabatically driven system [6] and determine the number of edge-
states via bulk-boundary correspondence [1, 2]. By plotting the total density of edge-states we explore different 
trajectories in the parameter space and correspondence between Chern number and the sequence of edge-state 
pairs, revealing their topological nature. We further expand the analysis to include negative coupling parameters 
and explain topological transitions [10] in our system as the crossing of dislocations by adiabatic loop, changing 
the winding numbers. 

This work is supported by Nazarbayev University grant SST2017027. 
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Abstract: Nonlinear designs are notorious for their difficulty in getting rigorously treated. In this talk, the full 
electromagnetic interactions with nonlinear metasurfaces will be analytically described in several setups incorporating planar 
or cylindrical geometries, coupled or not, being excited normally or obliquely. The reported results are expected to assist the 
modeling of nonlinear metasurfaces and open unexplored opportunities towards the efficient design of photonic memory 
elements. 

 
In this talk, the three nonlinear electromagnetic configurations of Fig. 1 will be considered. In Fig. 1(a), we regard 
a Kerr nonlinear metasurface with surface admittance 𝜎 that is excited by an obliquely incident wave of wavelength 
𝜆, under angle 𝜃. The respective problem is solved in [1]. In Fig. 1(b), we regard two coupled Kerr-nonlinear 
metasurfaces (𝜎1, 𝜎2) excited by a normally incident wave. The respective problem is solved in [2]. In Fig. 1(c), 
we regard a cylindrical Kerr-nonlinear nanotube of surface admittance 𝜎, excited centrally by a dipolar antenna. 
The respective problem is solved in [3]. 
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Figure 1. (a) Problem analyzed in [1]. Oblique incidence of Kerr nonlinear metasurface. (b) Problem analyzed in [2]. 
Normal incidence to coupled nonlinear metasurface. (c) Problem analyzed in [3]. Nonlinear nanotube excited centrally by 
a dipolar antenna.  

 
In Fig. 2(a), we demonstrate controllability of the hysteresis loop by changing the Kerr nonlinearity coefficient 
|𝜅 < 0| of the setup shown in Fig. 1(a). We note that, for the specific choice of complex-linear conductance 𝛾, the 
more nonlinear the structure gets, the less 𝜃-extensive is the bistability circle possessing weaker upper-branch 
transmissivity. It is also remarked that 𝜏 vanishes at grazing angles 𝜃 → ±90𝑜 and the graphs are symmetric from 
both sides of 𝜃 = 0, as anticipated. 
 
In Fig. 2(b), we refer to the coupled setup of Fig. 1(b) and examine the influence of the asymmetry of the 
configuration on the multistability potential of the device. The parameters of the first metasurface, namely, the one 
that is met first by the advancing wave, are kept constant; we represent the number of the acceptable 0 < 𝜏 < 1 
with respect to the asymmetry ratio of the linear admittance 𝛾2/𝛾1 and the ratio of the Kerr coefficients 𝜅2/𝜅1. 
Given the fact that we choose 𝛾1𝜅1 < 0 (otherwise, the nonlinear response is much poorer), we have appearance 
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of several solutions (five or seven, brown or yellow, respectively) when the second metasurface has similar (upper 
right quarter) or totally different (lower left quarter) characteristics. On the contrary, when it does not possess the 
ability of phase change, namely, if 𝛾2𝜅2 > 0, we just obtain simple bistability (three roots, light blue). Note that 
the number of potential steady-state solutions is always odd since the cases of even number of roots correspond to 
degeneracies occurring across the boundaries of two adjacent solution domains. 
 
The multistability dynamics of the setup depicted in Fig. 1(c) are demonstrated by Fig. 2(c) where a thin structure 
is considered (𝑎 = 0.015𝜆). One directly observes two solution branches: one S-shaped similar to that of Fig. 2(a) 
along which 𝜏+ = 𝜏− and another that gives asymmetric radiation patterns (𝜏+ ≠ 𝜏−). Note that the two branches 
cross each other in several points, and thus, multistability effects, hysteresis loops, and memory properties can be 
also pursued in this setup. However, the most ordinary way for the system to change the solution branch is to be 
forced to do it, that is, to perform jumps as those shown in Fig. 2(c). Indeed, when one keeps increasing 𝐸0

2 and 
the system cannot continue across the same solution branch due to root degeneracy, it has no other option but to 
discontinuously modify its transmissivity. In the depicted example, there are three alternative destinations for that 
jump: two leading to asymmetric patterns, which are flip mirrored since (𝜏+, 𝜏−) mutually exchange their positions, 
and one leading to symmetric patterns. We show two transitions—one to symmetric with respect to the 𝑥, 𝑦 axis 
transmissivity pattern (red color) where the systems continue to work at the S-shaped response curve and another 
to asymmetric (green color). 

 
(a) 

5

3 7

 
(b) 

symmetric

asymmetric

(c) 

Figure 2. (a) Referring to the problem of Fig. 1(a) – results taken from [1]. Transmissivity 𝜏 as function of the incidence 
angle 𝜃 for various Kerr coefficients. (b) Referring to the problem of Fig. 1(b) – results taken from [2]. Number of solutions 
for transmissivity 𝜏 with respect to the linear impedances ratio  𝛾2/𝛾1 and the Kerr coefficients ratio 𝜅2/𝜅1. (c) Referring 
to the problem of Fig. 1(c) – results taken from [3]. Transmissivity 𝜏+ with respect to input intensity 𝐸0

2. Two different 
discontinuous transitions are shown for the same level of intensity. 
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Abstract:  We demonstrate the switching of ferromagnetic properties of FeRh thin films caused by fs-laser 
nanostructuring. The change of reflectivity, structure, and magneto-optical response of modified samples was 
observed. The correlation of reflectivity, magneto-optical signals, and relief depths of obtained structures was 
analyzed as a function of laser pulsed fluence. 
 
 

FeRh is an antiferromagnetic material which can be switched to a ferromagnetic one after heating to specific 
temperatures depending on the exact composition and growth procedure of the samples [1, 2]. Fs-laser 
nanostructuring of FeRh films is a promising method for local changes of magnetic properties in this material. 
Herein, we consider the fs-laser modification of thin FeRh films and consequent changes of structure and magneto-
optical response as a function of laser fluence.  

 
In our experiments antiferromagnetic 20 and 45 nm FeRh thin films on MgO substrates were exposed to a 

train of ultrashort laser pulses (50 fs duration, 500 Hz repetition rate, pulse energy up to 300 μJ) . The pulses were 
focused with a quartz lens (focal length 40 cm) under 45° and the beam was scanned horizontally at a constant 
speed, thereby making it possible to fabricate sequences of almost identical structures in the single-shot regime. 
Magneto-optical properties were investigated with magneto-optical Kerr effect (MOKE) microscopy. In particular, 
the measurements were carried out in transversal MOKE configuration using a laser with λ = 632.8 nm and ac-
magnetic field B ~ 50 mT at a frequency ƒ ~ 1.5 kHz. The reflectivity maps and maps with amplitudes of MOKE-
signals were performed with point-by-point measurements of the obtained structures using a motorized 3D-stage. 
Surface characterizations were performed using a Bruker DI 3100 (Nanoscope V) atomic force microscope (AFM).  

 
The fs-laser irradiation with single pulses of the FeRh films resulted in structures with visually low reflectivity 

(Figure 1, a and b). The increase of pulse fluence lead to increased sizes of structures. The threshold fluence was 
compared for different thicknesses of FeRh films. MOKE scanning measurements demonstrate magneto-optical 
response inside the modified areas (Figure 1, c). To better understand the structural change of surface and to 
correlate it with the change of reflectivity and amplitudes of MOKE, AFM measurements were performed (Figure 
1, d). The reflectivity, MOKE-signals and relief depths were analyzed as a function of fluence, which allowed to 
find the thresholds for structural and magneto-optical changes. The correlation of laser modification processes 
with these parameters changes will be discussed.  

 



 
Figure 1: Results of different measurements for the structure, obtained on 45 nm FeRh film after irradiation with 

fs-laser pulse with a pulse energy 61 µJ. (a) Reflection optical microscopy. (b) Scanning reflection optical 
microscopy. (c) Scanning MOKE microscopy. (d) AFM image.    
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Abstract: We show the possibility of photonic band-gap confinement in SrTiO3 photonic crystal slabs at cryogenic 
temperatures in the terahertz band, where the SrTiO3 refractive index reaches values above 150. We then use a 
Particles Swarm optimization approach to propose a photonic crystal cavity with an effective mode volume of 0.77 
μm3 and resonant frequency at 0.88 THz.    

 
SrTiO3 (STO) is a paraelectric material widely used as a substrate for growing a variety of complex oxides 

heterostructures. At low temperatures, STO displays many electrical and structural anomalies that suggest its 
proximity to a ferroelectric phase. However, quantum fluctuations of the ionic positions, competing instabilities 
and spatial inhomogeneities prevent the formation of long-range ordering [1]. Despite the lack of a spontaneous 
transition, STO is exceptionally sensitive to perturbations: while Ca-substitution [2], isotope substitution [3], light 
[4] and strain [5] drive the material into a ferroelectric phase, extremely low doping concentrations make it 
superconducting [6]. Furthermore, the dielectric function becomes anisotropic below 105 K and displays a rapid 
increase with decreasing temperatures - reaching values above 24000 along the 110 (𝑥𝑥) and 11̅0 (𝑦𝑦) crystal 
axes. 

In this work, we exploit the giant value of the STO dielectric function at low T to confine terahertz fields at 
micrometer scales. We consider a STO photonic crystal (PhC) slab with a hexagonal lattice of circular air holes, 
where the hole diameter, lattice period and slab thickness are in the micrometer range. Using the measured 
dielectric function of STO at low-temperatures (20 K) in the infrared regime as a material model [7], we carry out 
FDTD simulations [8] to open up a TE-like photonic band-gap near to the STO refractive index peak (around 0.9 
THz). The existence of this TE-like band-gap in STO PhCs opens the way to cavity physics by introducing 0-
dimensional defects in the photonic lattice. Hence, we propose a cavity design based on a missing hole 
configuration, known as L1, with two holes added in the region where the hole of the L1 cavity is removed. We 
refer to such variation of the L1 cavity as L2/1 (see Fig. 1). To quantify the degree of confinement in our L2/1 
design we adopt the effective Purcell factor volume 𝑉𝑒𝑓𝑓, which in presence of material dispersion and material 
absorption is defined as [9]: 

1
𝑉𝑒𝑓𝑓

= Re {
1
𝑉} ,        𝑉 =

∫ [�⃑� ∙ 𝜕(𝜔𝜖̂)
𝜕𝜔 ∙ �⃑� − �⃑⃑� ∙ �⃑⃑� ] 𝑑3𝑟 

2 × Max{𝜖̂ ∙ �⃑� ∙ �⃑� }
,                                          (1) 

 
where 𝑉 is the complex mode volume, �⃑�  and �⃑⃑�  represent the electric and magnetic fields of the cavity mode, 
respectively, 𝜖̂ is the dielectric tensor of the material, and the integral is carried out over the whole computational 



cell with perfectly matched layer (PML) boundaries. Following a similar approach to the one presented in Ref. 
[10], we vary the red holes in Fig. 1 and the main PhC parameters (lattice period, hole radii and thickness) to 
minimize 𝑉𝑒𝑓𝑓 in the L2/1 cavity with Particles Swarm (PS) optimization. Using 𝑉𝑒𝑓𝑓 as the objective function 
(computed with FDTD), the PS algorithm yields an optimal cavity mode with 𝑉𝑒𝑓𝑓 = 0.77 μm3 (0.05 cubic 
wavelengths in STO) and quality factor 𝑄 = 20 at a resonant frequency of 𝑓 = 0.88 THz. The corresponding 
mode profile is shown in Fig. 1 with an optimal lattice period 𝑎 = 3 μm.  

 

 
FIG 1: (a) Electric field intensity profile of the optimized L2/1 cavity in the 𝑥𝑦 plane at 𝑧 = 0. (b) Zoom of (a) in the 
cavity region. (c) Corresponding profile in the 𝑥𝑧 plane at 𝑦 = 0. The red holes are varied symmetrically with respect to 
the center of the structure to minimize the mode volume. The value of 𝑎 (lattice period) is 3 μm. 
 
   In addition to demonstrating the possibility of photonic band-gaps in STO PhCs, even in presence of strong 
material dispersion and anisotropy, our results open the way to terahertz electromagnetic confinement at the 
micrometer scales without relying on plasmonic mechanisms. 
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Abstract: Magneto-optical (MO) effects are widely used in studying magnetic materials as well as to realize 
optical devices exploiting non-reciprocal propagation of light. Enhancing MO effects is crucial for size reduction 
of key photonic devices based on non-reciprocal propagation of light and to enable active nanophotonics. Here, 
we disclose a promising approach that exploits multipolar Fano resonances excitable in symmetry broken 
magnetoplasmonic nanocavities and arising from the hybridization of dark plasmons with dipolar plasmonic 
resonances to induce a large amplification of magneto-optical activity. 

 
Enhancing magneto-optical effects is crucial for the size reduction of key photonic devices based on 

non-reciprocal propagation of light and to enable active nanophotonics. Nanophotonics uses light polarization as 
an information carrier in optical communications, sensing, and imaging. In this framework, optical nanodevices 
enabling dynamic manipulation of light polarization at the nanoscale are key components for future 
nanophotonic applications. Magnetic materials exhibit the so-called magneto-optical (MO) activity, arising from 
spin-orbit coupling of electrons, which results in a weak magnetic-field-induced intensity and polarization 
modulation of reflected and transmitted light. Magneto-plasmonics explores nanostructures and metamaterials 
that combine the strongly enhanced electrodynamics induced by localized plasmon excitations (LPRs), i.e., 
resonantly induced collective oscillations of the quasi-free electrons, with the inherent MO activity of the 
magnetic constituent to enhance the otherwise weak magnetic-field-induced polarization modulation [1,2].  

Up to now, most studies on magneto-plasmonics focused on the excitation of bright dipolar LPRs, to amplify 
the MO response [3-5]. For instance, considering the archetypical case of a cylindrical magneto-plasmonic 
nanoantenna, the field Ei of the incident radiation of proper wavelength excites an LPR (Po in the center panel of 
Figure 1). When the nanoantenna is “activated” by a magnetic field (H), a second LPR is induced by the inherent 
MO activity (PMO in in the center panel of Figure 1). This MO-induced LPR (MOLPR) is driven by the LPR (not 
directly by Ei) in a direction orthogonal to both H and the LPR. The ratio between the PMO and PO determines the 
magnetic-field induced polarization change of re-emitted light [1]. However, the generation of a large 
MO-induced electric dipole PMO results from a parallel enhancement of the electric dipole PO associated to the 
LPR. The simultaneous excitation of the LPR, radiating light with the incident polarization, and MOLPR, 
radiating light with a polarization orthogonal to the incident radiation, limits the maximum achievable 
enhancement of magnetic-field activated change in polarization of reflected and transmitted light.  

The here proposed novel conceptual pathway allows for overcoming the aforementioned limitation [6]. The 



large amplification of the MO response observed for our nanocavity (bottom-left panel in Figure 1) is the result 
of a strongly enhanced radiant MOLPR, which is driven by the low-radiant hybrid multipolar resonance instead 
of a bright LPR (see bottom-center and -right panels in Figure 1). In this way the amplification of the radiated 
light from the strongly amplified MO response is achieved avoiding a simultaneous large enhancement of 
radiated light with the incident polarization. 

The novel concept unveiled here suggests a multitude of directions (materials combinations, geometries, and 
arrangements of the individual units) to be explored to go beyond this proof-of-principle study.  

 

 
Figure 1: Illustration of the resonant mechanism leading to the large magneto-optical enhancement in 

the magneto-plasmonic nanocavity.  
Sketch of the electrodynamics of the bare magnetic permalloy disk (Py-DI) generating an electric dipole (pO) 

triggered by the electric field Ei of an incident linearly polarized electromagnetic radiation and a 
magneto-optically activated electric dipole (pMO) by a magnetic field H. pO and pMO of the Py nanoantenna inside 
the Non-Concentric Ring Disk nanocavity (NRCD) are enhanced (by a factor of ~5) with respect to a bare Py 
disk due to the hybridization with the dark multipolar mode of the surrounding gold ring (Au-RI). In the Py-DI 
system both pO and pMO are generated by radiant (bright) LPR modes and the resulting H-induced polarization 
change in the reflected radiation, Er, is determined by their ratio (MOA v |pMO|/|pO|). In the NCRD nanocavity, 
hybridization generates in the ring a hybrid multipolar mode with a bright dipolar component, which is 
out-of-phase with the enhanced pO of the disk. The large MO enhancement in the NCDR is a consequence of the 
low-radiant character of the two out-of-phase optical dipoles (in the disk and in the ring), whilst pMO maintains 
its strong enhancement and bright character. 
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Abstract: We theoretically analyze resonant magneto-elastic interactions between standing perpendicular spin 
wave modes (exchange magnons) and longitudinal acoustic phonon modes in free-standing metal-ferromagnet 
multilayer structures. Whereas the ferromagnetic layer acts as a magnetic cavity, all metal layers control the 
acoustic frequencies and eigenmodes. Efficient resonant phonon-magnon interactions are governed by spectral 
and spatial mode overlap. Realistic simulations for gold-nickel multilayers show that sweeping the external 
magnetic field should allow for observing resonantly enhanced interactions between individual magnon and 
phonon modes. 
 
 While the majority of ultrafast time-resolved optical pump-probe experiments in magnetic materials probe 
the dynamics of spatially homogeneous magnetization vector (i.e. ferromagnetic resonance FMR), here we study 
the possibility of exciting exchange interactions of spin waves - so-called exchange magnons. To this end, we use 
metal-ferromagnetic bi- and trilayers to resonantly enhance phonon-magnon interactions [1]. It turns out that 
spectral and spatial overlap of modes are crucial in determining the effectiveness of these excitations and by 
introducing a purely acoustic part to the ferromagnetic layer we add an additional degree of freedom with the help 
of which we can achieve efficient excitations of both FMR and exchange magnons. To describe phonon-magnon 
interactions in such structures we first derive the acoustic eigenmodes in a metal-ferromagnetic bilayer. This 
simplifies the study of magnetization dynamics and ultimately the numerical analysis gives the interaction 
landscape that aids in finding the ideal conditions for ultrafast generation of exchange magnons.  

It has been shown [2] that the magnetization dynamics of an (ωm, km) magnon mode obeys the equation of a 
driven damped harmonic oscillator: 

�̈�𝑧
(𝑚) + 2αω𝑚�̇�𝑧

(𝑚) + ω𝑚
2 𝑠𝑧

(𝑚) = 𝑃𝑚(𝑯) ∫ 𝜀𝑧𝑧(𝑧, 𝑡) cos(𝑘𝑚𝑧) d0
−𝐿1

𝑧   (1) 

with εzz(z,t) being the picosecond, laser-generated strain pulses in a ferromagnetic layer and α the Gilbert damping 
parameter. The prefactor Pm(H) depends on the details of experimental geometry, notably the magnitude and the 
direction of an external magnetic field, and material properties (magnetostriction coefficient). In case of a 
freestanding metal/ferromagnetic multilayer one can solve Eq. (1) by decomposing the strain pulse in acoustic 

eigenmodes (illustrated in Figure 1a). Using, mz(z, t)  =  ∑ sz
(m)

m≥0 , this leads to the following analytical 

expression for the magnetization excitation in frequency domain: 

𝑚(𝐻, ω) = ∑ ∑ 𝑃𝑚(𝐻)𝑎𝑛𝐼𝑛𝑚
ω𝑚

2 −ω𝑛
2 +2𝑖αω𝑚ω𝑛

∞
𝑛=1

∞
𝑚=0     (2) 

with Inm being the overlap integral between the n-th phonon and m-th magnon mode in the ferromagnetic layer 
(Figure 1c), an the decomposition coefficient of the n-th phonon mode, ωm and ωn the magnon and phonon 
eigenfrequencies, respectively. Eq. (2) indicates that both the frequency matching and mode overlap are crucial 
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for efficient excitation. After accounting for acoustic damping, Eq. (2) provides the interaction landscape displayed 
in Figure 1b. We observe that an ultrashort acoustic pulse propagating to a thin metal/ferromagnet multilayer 
sample excites not only FMR precession but also higher-order exchange magnons. However, this result also 
indicates that in case of a bi-layer the almost all pairs of phonon and magnon modes interact and solely the 
frequency matching plays the dominant role. The analysis at the symmetric meta/ferromagnet/metal trilayer 
displays a different behavior: acoustic eigenmodes (Figure 1d), due to their antisymmetry (symmetry) with respect 
to the center of the ferromagnetic layer, have zero overlap integrals with even (odd) numbered magnon modes. As 
seen in Figure 1e, the tri-layer of the same thickness leads to the better isolation of individual magnon resonances 
and offers a better configuration for their experimental observation [2]. 

 We can conclude that the optimum conditions for ultrafast magnetoelastic generation of exchange magnons 
can be elucidated from systematic numerical simulations as a function of multiple physical parameters such as the 
exchange stiffness, Gilbert damping, sample thickness, acoustic pulse duration etc. Such analysis could be quite 
helpful in view of the experiments evidencing an ultrafast optical excitation of the exchange magnons in free-
standing metal/ferromagnet multilayers. Applications of our simple theory to the symmetric 
metal/ferromagnet/metal films suggest that resonant phonon-magnon can be easily observed in these structures. 
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Figure 1, Top: Figures for a 30nm Ni, 70nm Au bilayer, Bottom: Figures for a 35nm Au, 30nm Ni, 35nm Au trilayer. 
(a,d) Acoustic eigenmodes, (b,e) Logarithmic heatmap of magnetic field dependance of the elastically induced 
magnetization dynamics, white dashed (resp. solid) lines are acoustic (magnetic) dispersion relations. In blue the cross 
sections at acoustic eigenfrequencies are given. (c, f) overlap integrals Imn between (ωm, km) magnon mode and n-th 
acoustic eigenmode. 
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Abstract: In this talk, I will discuss optical properties solely decided by the overall topology of structures and are 
irrelevant to their material constituents or specific geometries. I will show that there is a subtle and inextricable 
connection between the topology of optical fields and the topology of optical structures.  

 
The central philosophy of metamaterial and metaoptics is that: Besides their base materials, the geometry of 

structures offers a broad extra dimension to explore for exotic functionalities. Despite the enormous progress made, 
this philosophy has enslaved our attention to either material or geometric aspects of structures. Are there optical 
properties that are solely dictated by the overall topology of structures and, at the same time, are irrelevant to their 
material constituents or specific geometries?  

We show that the nontrivial topological of an optical structure ensures the birth of optical polarization 
singularities in the near fields, and bounds their spatial morphologies characterized by topological indexes [1]. 
Specifically, the topological indexes of these singularities satisfy 

∑𝐼pl(𝐫s)
𝐫s

= 𝜒(𝑀), 

where 𝐼pl(𝐫s) denotes the index of the polarization singularity at 𝐫s and 𝜒(𝑀) denotes the Euler characteristic 
of the optical structure 𝑀. We further demonstrate how extra spatial symmetries can be incorporated to generate 
higher-order singularities with intriguing polarization configurations inaccessible with conventional optical 
structures. Through a direct map between polarization singularities and non-Hermitian exceptional points, we 
provide a complete framework that can fully capture all essentials of different singularity evolutions, including 
merging, bifurcation, and topological transitions. The results bridge three vibrant fields of singular optics, 
topological photonics, and non-Hermitian physics, with potential applications in chiral sensing [2], chiral quantum 
optics, and other physical wave systems beyond photonics. 
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Abstract: We report nonlinear intersubband polaritonic metasurfaces capable of electrical control of the local 
intensity and phase of second-harmonic-generation (SHG). Experimentally, we achieved over 2900% of SHG 
intensity modulation depth and beam-steering from electrically induced phase gradient metasurfaces. 

 
 

Nonlinear metasurface producing fully engineered optical nonlinear response at deep subwavelength scale 
with greatly relaxed phase-matching conditions has shown a new pathway to ‘flat nonlinear optics’. Our team 
reported several passive nonlinear polaritonic metasurfaces by combining giant nonlinear response from 
intersubband transitions in a semiconductor heterostructure with plasmonic nanocavity structures for efficient 
SHG and third-harmonic generations [1-3]. In this work, we propose and experimentally demonstrate that the 
giant nonlinear optical response of the nonlinear polaritonic metasurface designed for SHG can be controlled by 
external bias voltage though quantum-confined Stark tuning of the intersubband optical nonlinearity. With the 
local control of the magnitude and phase of the nonlinear response at each individual meta-atom level, we 
achieved dynamic SHG intensity modulation and dynamic SHG beam steering [4]. 

By combining the electrically tunable giant second order nonlinear response of the MQW structure 
combined with the plasmonic nanocavity, we designed electrically tunable nonlinear polaritonic metasurface 

with effective nonlinear susceptibility optimized for yxx polarization combination, ( 2)eff
yxxF . In the MQW, the 

electron subbands are spatially separated and each energy levels can be controlled by external bias voltage 
through quantum-confined Stark effect. Fig. 1(a) shows the nonlinear metasurface measurement configuration 
for dynamic SHG intensity modulation at a fixed pump wavelength of 9.4 μm. A train of a square voltage pulse 
(Fig. 1(c), red line) in the range from −4V to +4V was used for SHG intensity modulation. Experimentally, a 

SHG signal modulation depth ( ( 2)eff
yxxF ) of 2908% was achieved. 

For the experimental demonstration of local nonlinear phase tuning, we performed an experiment of 
dynamic nonlinear beam wavefront manipulation using an electrically tunable nonlinear gradient metasurface 
(Fig. 1(b)), in which 12 rows of meta-atoms were used as a phase-gradient unit period Γ in the lateral direction 
(Γ=12Px) with three different phase sections and two different bias voltages (V2a and V2b) were applied to the left 
and right subsections. Fig. 1(d) shows the measured far-field profile of the SHG output (left panel) for three 
different bias conditions at a pump wavelength of 10 μm at normal incidence and corresponding phase 
distribution (right panel). Beam-steering of the SHG signal was achieved following the generalized Snell’s law 
at angles of either +16.7° or −16.7° depending on the electrically induced phase gradient. 

 



 
Figure 1. Schematic of nonlinear polaritonic metasurface for intensity modulation (a) and beam-steering 
experiment (b). Red and blue arrow in (a, b) are fundamental frequency incident light and generated second 
harmonic light, respectively. (c) Measured SHG signal modulation and corresponding detector signal (top 
panel) according to the modulation voltage pulses at 1 kHz (bottom panel). (d) Measured far-field SHG signal 
(left) and the corresponding electrically induced local phase distribution (right). 
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Abstract: A method to generate diffraction free orbital angular momentum (OAM) beams is proposed using a 
specially designed nanophotonic structure in a momentum space. The structure includes amplitude modulation 
and phase modulation in series in nanoscale, and the structure is used in a reflection geometry. By designing the 
phase and amplitude modulation patterns, diffraction free beams with orthogonal topological charges can be 
generated. The developed structure shows a potential in applications of fiber-based telecommunication and 
quantum communication.  
 

In the development of telecommunication and quantum communication, twisted light offers a new degree of 
freedom to boost optical and quantum information [1,2]. It is based on unbounded sets of OAM eigen-states with 
different topological charges that are mutually orthogonal to each other and each OAM state can carry independent 
optical information without crosstalk [3,4]. It has been recognized that OAM can be used in a spatial division 
multiplex (SDM) to significantly increase the multiplexing capacity of optical communication systems [5]. Basic 
architectures of manipulating OAMs have been realized in free space for optical communications and quantum 
communications [6]. These OAM components and devices are bulky and expensive. Miniaturized and integrated 
photonic devices are highly demanded for OAM devices used in telecommunication and quantum communication 
[7]. Both telecommunication and quantum communication use optical fibers to transmit information. Optical fibers 
have advantages of high bandwidth, long distance, and immunity to electromagnetic interference.  Most practical 
fiber-optic telecommunication systems require single-mode fibers, for example, DWDM uses single-mode and 
single-core optical fibers or SDM uses single-mode and multiple-core optical fibers. For OAM with different 
topological charges, the beams have different profiles and diameters. This gives a fundamental difficulty of using 
OAM beams in optical fibers. 

 
We recently introduced a kind of novel perfect optical vortex beam - perfect helical Mathieu vortex beams in 

free space, which shows a spatial invariant property and orthogonal topological charges [8]. The principle behind 
the idea of generated twisted light in the momentum space is based on Fourier transform. The idea is similar to the 
OAM preserved in a hologram, so that the OAM beam can be generated in the real space after Fourier transform. 
If we consider the wave propagation in a cylindrical coordinate (U, T, z), the complex filed U(U, T, z) can be 
expressed as 

𝑈(𝜌, 𝜃, 𝑧) = 𝑘
𝑖2𝜋𝑧

𝑒𝑥𝑝( 𝑖𝑘𝑧) ∫ ∫ 𝑈0
2𝜋
0

∞
0 (𝑟, 𝜙) 𝑒𝑥𝑝 [𝑖 𝑘

2𝑧
(𝑟2 + 𝜌2)] × 𝑒𝑥𝑝 [𝑖 𝑘

𝑧
𝜌𝑟 𝑐𝑜𝑠(𝜙 − 𝜃)] 𝑟𝑑𝑟𝑑𝜙    (1) 

where k is the propagation constant, I is the azimuth angle, and r is the radial distance. The initial field can be 
written as 

𝑈0(𝑟, 𝜙) = 𝐸0 ⋅ 𝐴(𝜙, 𝑞) ⋅ 𝑇(𝑟)                                  (2) 

Here A(I, q) is the amplitude modulation function, q is the is the ellipticity of the beam, and T(r) is the phase 
modulation function. 



 
Figure 1. Schematics to generate diffraction free OAM beams. 

 
Figure 1 shows the proposed schematics. There are three layers stacked in a 2D plane. The first layer provides 

the phase modulation, which is called the phase modulation layer 1 and normally providing a radial-helical phase 
modulation in transmission. The second layer is a polarizer with the polarization axis parallel to the incoming light 
polarization. The third layer is another phase modulation called the phase modulation layer 2. The phase range of 
this layer is from 0 to S/2. There should be a reflection mirror attached behind the phase modulation layer 2. The 
combination of the polarizer, the phase modulation 2 and the mirror provides a full amplitude modulation that is 
required for the diffraction free beam. Please note that since the light beam passes the phase modulation layer 1 
twice, the total phase modulation can be from 0 to S. After the optical Fourier transform, the diffraction free beam 
can be achieved depending on what kind of amplitude modulation and phase modulation in the structure. 
 

In summary, we propose a nanophotonic structure to produce diffraction free topological beams. It will have 
a potential application in SDM for both telecommunication and quantum communication.  
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Abstract: The field of topological photonics was initiated with a design of magnetic photonic crystal followed 
by its experimental demonstration at microwave frequencies. Magnetic photonic crystals provide a unique 
platform with broken time reversal symmetry for many emerging phenomena that are difficult in other platforms. 
Here I will introduce some of our recent studies in magnetic topological photonic crystals with simple 
demonstrations. 

 
 

One of the most significant breakthroughs in photonics in the past decades is the invention of topological 
photonic states, which subsequently sparked an entirely new field of topological photonics [1]. The concept of 
topology originates from condensed matter physics such as topological insulators and semimetals. The 
implementation of the first photonic topological insulator was achieved in a photonic crystal comprising of 
gyromagnetic rods, where the time reversal symmetry was broken in presence of biasing magnetic fields [2]. In 
the past decade, many photonic topological phases have been proposed and realized in various structures. 
However, there are not many progresses in the magnetic topological photonic crystals.  

Here we discuss a few configurations in magnetic topological photonic crystals that may open some 
interesting directions. 

The first is the demonstration of an unpaired photonic Dirac cone [3]. By balancing the strength of inversion 
symmetry breaking and that of time reversal symmetry breaking, we are able to construct an unpaired Dirac cone 
at the topological phase transition point. The second is the implementation of photonic Anderson insulator [4]. 
Introducing the disorder can potentially drive a topological phase transition to achieve chiral edge states. The 
third is the realization of photonic antichiral edge states [5]. Different from conventional Haldane’s model, the 
antichiral edge states require a modified Haldane’s model where the two sublattices are subject to opposite 
magnetic fluxes. The last is the photonic 3D Chern insulator [6]. By extending the single Dirac point in 2D to a 
single pair of Weyl points, we are able to realize a 3D Chern insulator and a phase diagram, similar to Haldane’s 
phase diagram, but realized in 3D. 
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Abstract: Lately, intense research efforts have focused on exploring non-Hermitian systems with cleverly 
matched gain and loss. Likewise, the surge in physics using topological insulators have laid the groundwork in 
reshaping highly unconventional avenues for robust and reflection-free guiding. Here, we construct a topological 
gallery-insulator using sonic crystals made of thermoplastic rods that are decorated by carbon nanotube (CNT) 
films. By engineering specific non-Hermiticity textures, we are able to achieve topological “audio lasing” modes 
with the handedness as one desires. 
 

Recently, the relative researches on the topological structures from condensed matter physics to classical 
systems have resided at the frontier in physics. The current theoretical framework of the topological structure is 
mainly built in the Hermitian system, and the researches on the non-Hermitian topological structures are in 
urgent need to be improved and developed. Especially in acoustic systems, the lack of the acoustic gain medium 
fundamentally hinders the realization of the non-Hermitian topological structures. Although the traditional 
loudspeakers can realize one-dimensional acoustic non-Hermitian systems, this approach cannot support the 
construction and field manipulation in the higher-dimensional topological systems. As a result, building a more 
effective equivalent acoustic gain medium is a great challenge in the field of non-Hermitian topological 
acoustics. 

 

Fig. 1 Assembly and phase engineering of the non-Hermitian sonic crystals 
 



To solve the above obstacles, we designed a non-Hermitian acoustic component by coating the CNT film 
around the 3D-printed cylindrical rod, which perfectly functioned as the theoretically effective acoustic gain 
medium in two dimensional systems thanks to the electro-thermoacoustic coupling effects when an alternating 
current was applied. On the basis of this approach, we set up the experimental systems of the non-Hermitian 
topological sonic crystals. Through modulating the experimental parameters to lock the phase of each unit in the 
primitive cell, the non-Hermitian phase engineering can be achieved. Subsequently, we further built a 
non-Hermitian topological whispering-gallery (WG) insulator, where only the achiral breathing whispering 
gallery modes existed with the phase texture of zero. However, when the phase texture of 2S was introduced, the 
split clockwise and counter-clockwise chiral WG modes appeared as shown in Fig. 1. 

 
Fig. 2 Routing of amplified topological WG modes. 

 
Then, we added a router to the topological WG insulator to make the out-coupling of the non-Hermitian WG 

modes through either of its two ports possible, as shown in Fig. 2. Compared with the scenario of coherent 
emission (ϕ = 0) at which sound radiated as collimated beams from both ports through the WG breathing mode 
at f0, waves emanated through selective output ports in the form of highly directive beams in accordance with 
their polarization. In particular, the CW (CCW)-polarized WG mode f− (f+) emerged highly focused from output 
1 (output 2). 

This work paved a new route to achieve the effective acoustic gain medium and provided a new direction for 
studying the intriguing phenomena in non-Hermitian topological physics in classical acoustic systems. The 
related technical solution can be also extended to the MEMS surface acoustic wave systems and is expected to 
promote the developments and applications of the non-Hermitian topological acoustics. 
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Abstract 
This paper introduced a Wi-Fi band metasurface-based 
perception system that can capture the human pose and 
position as a 3D mesh format in an indoor scene with rooms 
partitioned by a 30 cm concrete wall. The system can detect 
the position and the identification of the Wi-Fi signal 
transmitter automatically and retrieve the human outline 
information from two coherent receivers of the system 
without disturbing the communication functioning of the 
commercial Wi-Fi router. 

1. Introduction 
There are several works using radar systems to recover the 
3D mesh and human bones. These kinds of human action 
detection methods based on RF signals have privacy 
advantages naturally in some private scenarios that can’t be 
equipped with optics cameras. It can also cover the shortage 
of optical vision technology that can’t recognize a people 
under quilt or blocked by furniture. But all these kinds of 
methods didn’t pay attention to carefully designing the RF 
systems so the performance of RF vision technology has not 
been further fully explored.[1] To show the potential of the 
performance improvement for RF human detection assisted 
with careful EM manipulation[2-7], we designed and 
manufactured a Wi-Fi band metasurface-based perception 

system. This kind of perceptual system does not need to 
actively send a wireless signal.[8] The position detection 
method is realized by the decoded ACK frame of the 
commercial Wi-Fi access point and a pre-trained direction of 
arrival artificial neural network. The multiroom detection 
capability was realized by the means of carefully 
manipulating the EM energy in the three indoor rooms, while 
dynamically adjusting the code configuration of the 
programmable metasurface. The real-time human mesh 
recovery and display were based on a pre-trained 
electromagnetic data-driven artificial neural network.  

2. Method 

2.1. System configuration 

As schematically illustrated in Figure 1. The system consisted 
of the Software design ratio (SDR) and the software design 
metasurface (SDMS). SDR is used to receive the human 
reflected Wi-Fi signal transmitted by the commercial wireless 
router working at 802.11b/g/n standard. The center frequency 
and the bandwidth of the transmitted Wi-Fi signal are 
2.442Ghz and 20Mhz. After the down-conversion by the local 
frequency signal. The radio frequency signal is digitized by 
the analog to digital converter in the SDR with the main 
working clocking rate 200MHz. The software design 
metasurface is a kind of reprogrammable metasurface, which

 

Figure 1: This is the figure caption. Color figures are acceptable.
 



2 
 

consisted of  24×32 EM phase control units. Each unit can be 
controlled to be “on” or “off” by the software on a computer. 
The Wi-Fi signal transmitted by the wireless router is 
reflected and concentrated to the person of interest. The code 
of the SDMS is a logic value array with a size of 24×32 
elements. By changing the logic value array we can control 
the working state of each unit in the metasurface so that to 
implement the focus of the Wi-Fi signal to the people in the 
room and enhance the received reflection signal received by 
the SDR. 

2.2. Metasurface based human mesh reconstruction 
algorithm 

The 3D mesh of a human body is encoded by the Skinned 
Multi-Person Linear (SMPL) model. SMPL model uses 10 
shape parameters and 144 pose parameter factors to represent 
the body shape and the 3D joint angles. There is a 
differentiable function M(β, θ) in SMPL that outputs N = 
6890 vertices of a triangular mesh given β and θ. A global 
translation vector δ and one gender parameter are also 
included for global human body 3D location and gender 
identification. We use a 3D CNN and full connection net to 
fit the function between the parameter needed for the SMPL 
model and the denoised EM signal. An anchor module is 
introduced to optimize the code of the metasurface for real-
time energy focusing and outputting the x, y, and z 
coordinates for the location of the people. The total loss of the 
metasurface-based mesh reconstruction algorithm  (MMR) is 
shown below. 

ℒ𝑀𝑀𝑀𝑀𝑀𝑀 = ℒ𝑛𝑛 + ℒ𝑐𝑐 + ℒ𝐺𝐺 + ℒ𝐵𝐵 

2.3. Results 

 
We show images for visual reference. Our model captures 
different body shapes and poses in three rooms divided by a 
30 cm concrete wall. The bottom row shows that our system 
works in dark conditions. 

3. Conclusions 
In order to realize the 3D human mesh, capture we combine 
the metasurface-based electromagnetic wave imaging 
method and the parametric human surface model: SMPL 
Model. We use the electromagnetic metasurface to control 
the transmission of the noncorporate Wi-Fi signal to collect 
the people reflection information for microwave compressed 
sensing imaging and use a 3D CNN to retrieve the relevance 
between the SMPL parameter and the EM image. Different 
from the existing optical human surface shapes 
reconstruction method, our system has the advantage of non-
line-of-sight human mesh reconstruction ability and can 
work in unlighted interior scenes.  
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Abstract: Plasmonic nanocrystals generate heat efficiently in the presence of electromagnetic radiation. Here, we 
use a chiral DNA-assembled nanorod pair as a model system for chiral plasmonic photo-heating, and we study 
the subsequent chiral photo-melting of its components. We show that both the enantiomeric excess and circular 
dichroism can be controlled with chiral light. The chiral asymmetry factors of the calculated photothermal and 
photo-melting effects exceed the values typical for the chiral molecular photochemistry at least 10-fold. 
 

Over the past decade, the field of chiral plasmonics has emerged as a novel way of manipulating the optical 
properties of metallic nanocrystals (NCs). Specifically, it was found that plasmonic NCs generate heat efficiently 
in the presence of electromagnetic radiation and even strongly when this is at the frequency of the plasmon 
resonance, hence allowing a great deal of tunability. 

Chiral plasmonic nanostructures exhibit anomalously large chiral optical signals and allow the possibility to 
carry out asymmetric photo-physical and photo-chemical processes, by only applying circularly polarized light 
[1,2]. In this work we theoretically study chiral assemblies consisting in pairs of rotated gold nanorods connected 
via a DNA origami carpet (Fig. 1, left) as a model system for allowing tunable chiral plasmonic photo-melting 
[3]. 

 

Figure 1: Experimental design concept of chiral photomelting: A solution containing chiral components, 
each formed by two rotated gold nanorods and connected via a DNA-origami template (left). The solution is 
excited (pump) and probe-CD signals are computed. ΔCD≠0 signals correspond to ongoing DNA origami 



melting dynamics, which we can tune with circular polarized light (right). 
 
We show that the enantiomeric excess and the consequent circular dichroism (CD) can be controlled with 

chiral light, for both the single-complex and the collective heating regimes. We find a nonlinear chiroptical 
response, consequence of the chiral photo-thermal effect, leading to the selective melting of system components. 
Our study describes both heating regimes, individual and collective, which need to be treated with different 
theoretical models. Our proposed mechanism can be used to develop chiral photo-responsive systems 
controllable with circularly polarized light, e.g. for uses in photo-medicine or photocatalysis.  

 
References 
1. Kong, X.-T., Khorashad K. L., Wang Z., and Govorov A. O. “Photothermal Circular Dichroism Induced by Plasmon 

Resonances in Chiral Metamaterial Absorbers and Bolometers” Nano Letters 18 (3), 2001 (2018). 
2. Liu T., Besteiro L. V., Liedl T., Correa-Duarte M. A., Wang Z., and Govorov A. O.,“Chiral Plasmonic Nanocrystals for 

Generation of Hot Electrons: Toward Polarization-Sensitive Photochemistry”, Nano Letters 19 (2), 1395 (2019). 
3. Ávalos-Ovando O., Besteiro L. V., Movsesyan A., Markovich G., Liedl T., Martens K., Wang Z., Correa-Duarte M. A., 

and Govorov A. O., “Chiral Photomelting of DNA-Nanocrystal Assemblies Utilizing Plasmonic Photoheating”, Nano 
Letters 21 (17), 7298-7308, (2021). 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Anisotropic multicomponent quantum nanoheterostructures 
 

Xue Bai, Finn Purcell-Milton, and Yurii K. Gun’ko* 
School of Chemistry and CRANN Institute, University of Dublin, Trinity College, Dublin, D02, Ireland 

 
*corresponding author: igounko@tcd.ie 

 
Abstract: Copper based ternary and quaternary quantum nanostructures have attracted huge attention over 
recent years due to their potential applications in photonics, photovoltaics, imaging, sensing and other areas. 
However, anisotropic nanoheterostructures of this type are still poorly explored to date, despite numerous 
predictions of the distinctive optical properties of these fluorescent nanostructures. Here, we present a range of  
new fluorescent multicomponent Cu-In-(Zn)-S/ZnS (CIZS/ZnS/ZnS) nanoheterostructures with unique 
anisotropic morphologies (e.g. tetrahedrons, nanonails and “ice-cream cone” like”) and interesting photonic 
properties. 
 

Multicomponent quantum nanostructures have attracted significant attention due to their potential 
applications in photovoltaics, optoelectronics and bioimaging. In particular, Cu-based quantum dot (QDs) are of 
great interest due to their unique properties enabling the replacement of traditional toxic Cd- or Pb based QDs. 
Different reaction conditions have profound effects upon the morphologies and photophysical properties of the 
obtained QDs, the investigation of which is crucial in order to prepare the highest quality Cu-based QDs. We 
have carried out a series of studies, optimizing the synthesis of Cu-In-(Zn)-S/ZnS (CIZS/ZnS/ZnS) QDs via 
careful control of the ZnS shell deposition. The effects of differing reaction temperatures and growth times on 
the resulting morphologies and optical properties of QDs have been systematically examined. It has been found 
that reaction temperature plays a significant role in the resulting optical properties and morphologies, affecting 
the deposition dynamics of the shell materials and the onset of severe surface ligand degradation. Based on 
detailed studies, optimal reaction conditions have been chosen and highly fluorescent CIZS/ZnS/ZnS 
core/shell/shell heterostructured QDs, with PLQYs as high as 41.6±4.2% have been produced. In addition, we 
have achieved for the first time “Giant” ZnS shelling (QDs of 13.02 nm) [1].  

Then we have developed the synthesis and studies of NIR emissive Cu-In-Zn-(Se)/Cu-In-Zn-S/ZnS  
(CIZSe/CIZS/ZnS) core/shell/shell nanoheterostructures with a unique hetero-nanonail (HNN) morphology 
(Figure 1). In our approach, wurtzite (WZ) CIZSe/CIZS core/shell QDs have been prepared by depositing a 
CIZS shell onto a previously synthesized chalcopyrite CIZSe QD core using a seeded growth technique. 
Following careful control of the ZnS shell growth resulted in the formation of the distinct nail-like 
CIZSe/CIZS/ZnS nanoheterostructure, where the CIZSe/CIZS core/shell QD is located near the “head” of the 
nail. The emission in the NIR region of the CIZSe/CIZS/ZnS nanocrystals is assigned to the CIZSe/CIZS 
core/shell quantum nanostructure. The obtained CIZSe/CIZS/ZnS HNNs are particularly interesting due to a 
range of potential applications including bioimaging, biosensing, energy harvesting and NIR photodetectors. In 
addition, we also developped the successful controlled growth of gold nanoparticles on the surface of the 
CIZSe/CIZS/ZnS nanonail-like heterostructure and the investigation of the resulting multimodal nanocomposites 
[2]. 

Finally, we have also prepared and investigated new fluorescent multicomponent Cu-In-(Zn)-S/ZnS 
nanoheterostructures with a unique anisotropic “ ice-cream cone”  like morphology (Figure 2). These 
nanostructures have been prepared with a seeded growth technique and exhibit distinct photophysical properties 



with maximum emission in the visible range (≈ 640 nm) and long photoluminescence lifetimes (τaverage ≥ 
300 ns). In depth time interval studies have been carried out to better understand the step by step growth 
mechanism of this distinct “ice-cream cone” like geometry. We have demonstrated that the crystal structure 
evolution from the zinc blende Cu-In-S core to the wurtzite “ice cream cone” like Cu-In-(Zn)-S/ZnS 
nanocrystals plays a key role in the origin of this morphology [3]. 

       
Figure 1. Left: TEM image, Right: STEM image, of the CIZSe/CIZS/ZnS HNNs. 

 
Figure 2. (A-C) TEM images, of the Cu-In-(Zn)-S/ZnS “ice-cream cone”like nanoheterostructures. 
 
Overall, this research offers new methodology and possibilities to prepare unique fluorescent Cu-In-Zn-S 

based multicomponent anisotropic heteronanostructures, which could find potential applications in photonics, 
photovoltaics, optoelectronics, imaging, and sensing. 
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Abstract: We review numerical methods for the computation of resonances and for resonance expansion in 
nanophotonics. We report on Riesz-projection-based approaches and numerical investigations of light sources 
coupled to nanoresonators. 

 
 

Resonance phenomena are omnipresent in nanophotonics and the underlying resonances are solutions to the 
source-free Maxwell’s equations [1]. Open boundary conditions lead to complex-valued eigenfrequencies. Riesz 
projection methods are based on calculating contour integrals in the complex frequency plane yielding the 
eigenfrequencies and eigenmodes [2], their sensitivities [3] with respect to, e.g., shape parameters, or resonance 
expansions for arbitrary physical quantities [4,5]. 

Here, we discuss Riesz projections and their numerical realization [6] and we show a numerical study of a 
dipole emitter coupled to a nanoresonator. 
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Abstract: We present a general and rigorous theory of chiral light-matter interactions in arbitrary optical 
resonators. Our theory describes the chiral interaction as a perturbation of the resonant states, also known as 
quasi-normal modes. We observe two dominant contributions: A chirality-induced resonance shift and changes 
in the modes’ excitation and emission efficiencies. Our theory brings new and deep insights for tailoring and 
enhancing the chiral light-matter interactions. Furthermore, it allows to predict spectra much more efficiently in 
comparison to conventional approaches. 

 
 

Detecting the handedness of chiral molecules is of utmost importance for chemical, biological, and 
pharmaceutical applications, since the handedness of a molecule determines its interaction with the environment. 
This includes chemical interactions as well as the interaction with light. Hence, it is possible to determine the 
handedness of chiral molecules by optical measurements, but the chiroptical response of such molecules is 
usually rather weak. Therefore, conventional approaches require using large numbers of chiral molecules. 

Plasmonic nanoantennas and other nanophotonic resonators can enhance the chiroptical response. We have 
recently shown that the electromagnetic enhancement of the circular dichroism, which is the difference in 
absorption of left- and right-handed circularly polarized light, can be as high as three orders of magnitude [1]. 
Hence, plasmon-enhanced circular dichroism spectroscopy yields a promising approach for determining the 
handedness of even few molecules. However, little was known about the underlying enhancement mechanisms. 

We close this gap and provide a theoretical 
understanding of chiral light-matter interaction 
that is based on the expansion of the 
nanophotonic response in terms of resonant states 
[2]. More specifically, we treat the chiral 
interaction as a small perturbation, which yields 
explicit expressions for the changes of the near- 
and far-field properties. Our theory reveals 
several contributions to the resonant enhancement 
of that interaction. The first one is a change in the 
excitation and emission efficiencies of the 
resonant states, which requires a coplanarity of 
the incident field and the dominant field 
components at the location of the chiral medium. 
The second one is a chirality-induced resonance 
shift, which surprisingly only occurs in chiral 

Figure 1. Local resonance shift per volume near a plasmonic 
nanoantenna. Positive/negative shifts (red/blue) require 
parallel/antiparallel electric and magnetic near fields [2]. 



spatial arrangements of the resonator and the chiral medium. We demonstrate that this contribution can be 
enhanced if we tailor the resonant electromagnetic near fields such that the electric and magnetic field 
components are either parallel or antiparallel, as in the case of the local optical chirality [3], see figure 1. The 
third contribution is based on an interplay of nearly degenerate resonant states. We find that this requires a 
thorough tailoring of the resonator geometry. In the perturbation regime, there is also a non-resonant 
contribution, which, however, is – as all higher-order contributions – usually negligible. Furthermore, only odd 
orders of perturbation theory allow for a handedness discrimination. 

Hence, our theory allows for analyzing the different electromagnetic contributions to chiral light-matter 
interaction and for gaining a better understanding of resonantly enhanced chiroptical spectroscopy. Finally, it 
should be noted that our theory is not limited to chiroptical spectroscopy but can be applied to any sort of optical 
sensor that traces small changes of the electromagnetic response such as the refractive index of an analyte 
material [4, 5]. 
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Abstract: The presentation reports on Surface Enhanced Raman substrates, reusable and washable, consisting 
on Periodic Lines of Ag Nanoparticles Embedded in Dielectric (PLANEDSERS) that can be used for SERS 
applications in analytical chemistry with a good level of repeatability, and with a detection of a concentration 
range between 10-6 to 10-3 M for non-resonant molecules.  
 

 
Chemical sensors have become an indispensable part of our technology-driven society and can be found in 

various fields such as chemical process, pharmaceutical, environmental, security and industrial safety 
applications to highlight a few of them. Liquid or gas sensors based on Raman spectroscopy are used nowadays 
in several industrial processes. However, the weak efficiency of the Raman process limits its use as an analytical 
technique to high concentration measurements. This drawback could be overcome with the use of plasmonic 
nanoparticles protected from external aggressions by a dielectric capping-layer of controlled thickness (in the 
order of a few nm). While preventing selective adsorption and direct interaction between the nanoparticles and 
the probed molecules, the chemically inert capping-layer could also enable the sensor substrate to be 
functionalized or grafted, but also to be cleaned and reused thus ensuring long operational lifetime, 
reproducibility and durability. 

In line with the approach known as shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS), 
in which Raman signal amplification of analytes is provided by metallic nanoparticles with an ultrathin silica or 
alumina shell, this presentation will report on a Surface-Enhanced Raman Spectroscopy (SERS) substrate1 
consisting of periodic lines of metallic nanoparticles embedded in dielectric surfaces for enhancing Raman 
signals. These PLANEDSERS substrates produced by glancing-angle ion-beam sputtering deposition on 
nanorippled patterns present polarization-dependent near field amplifying regions thanks to localized plasmon 
resonances of the nanoparticle assembly. They are washable and reusable with a good level of repeatability. This 
approach allows the design of a substrate-platform without chemical specificity to enhance in equal manner all 
the weak Raman signals of usual organic molecules and to avoid loss of balance in favour of only one species as 
usual in SERS experiments. The quantitative detection ranges for non-Raman-resonant bipyridine molecules are 
around between 10-3 to 10-6 M and with a limit of detection around 1.5 10-7 M. 
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Abstract:  In this paper, we present an all-organic photonic platform inspired by the optical properties 
and geometrical arrangements of photosynthetic membranes in nature. Using thin polymer films doped 
with J-aggregate cyanine dyes we demonstrate how to create a unique photonic structure in which 
properties such as photonic bandgap and enhanced absorption by slow-light are modified by 
near-zero-index optical properties of the dye-doped polymer thin films.  

 
Photosynthesis shows outstanding light-harvesting properties such as almost unity energy transfer efficiency. 

These properties heavily rely on the excitonic properties of the cell membranes that contain the photosynthetic 
pigment and protein complexes [1]. It was recently discovered that such properties rely not only on molecular 
arrangements at the atomic scale. The combination of excitonic properties and nano and micro-structuring in the 
chloroplast, the organelles containing the photosynthetic membrane in plants, has demonstrated to show intrinsic 
nanophotonic properties [2]. Even further, some species show that the photosynthetic membranes are arranged in 
a photonic crystal configuration providing advanced photonic properties such as slow light or tunable light 
harvesting [3,4]. Interestingly the highly pigmented membranes in the photosynthetic tissue can be defined as a 
low refractive index dielectric matrix where highly absorbent pigments such as chlorophyll are randomly 
embedded. In this paper, we will present an overview of our efforts to mimic the optical and quantum coherent 
properties of photosynthetic tissue taking the natural photonic photosynthetic membranes as a blueprint.  

J-aggregates are supramolecular structures with well-defined spatial distribution of pigments which mimics 
the strong exciton delocalization of natural photosynthetic complexes. The strong delocalization of the exciton 
within the J-aggregate leads to the presence of strong narrowband resonances in the visible-NIR spectral range in 
materials composed by them [5]. In this paper, we show that it is possible to exploit these strong narrowband 
resonances in polymeric films of cyanine J-aggregates to create excitonic photonic structures like those found in 
the natural systems. 

Firstly, we show that J-aggregate doped polymeric thin films can present near-zero-index (NZI) properties in 
a narrowband spectrum as shown in Fig. 1. Secondly, we demonstrate that this NZI organic building block can 
be integrated into more complex photonic structures which allows combining NZI and photonic crystal 
properties in a soft matter implementation. Our experimental results show that the combination of NZI and 
biomimetic photonic structuring provides simultaneously enhanced absorption by slow light effects and 



multiband strong reflectance. Finally, we demonstrate that both properties are tunable by changes in the period 
of the multilayer as it happens in natural photosynthetic systems [4,5].  

The bioinspired photonic platform presented here is a cost-effective alternative to the common metal-based 
NZI photonic structures. Importantly, the implementation uses only organic materials which can be implemented 
in the future with natural J-aggregates, making this approach very attractive to reduce the use of critical raw 
materials in advanced photonic applications. Shifting from contaminant and non-locally available materials is 
critical to fighting climate change and this novel all-organic excitonic platform presented here could contribute 
on the development of a sustainable nanophotonic technologies independent of supply chain disruptions. 

 

 
Figure: a) Real (n,black line) and imaginary (k, blue line) part of the refractive index for the organic materials used to 
fabricate the biomimetic photonic multilayer. b) The sketch shows the similarities between the natural photosynthetic 
membrane arrangement in a chloroplast and the fabricated multilayers. The spectra show the reflectance of two 
different multilayers formed by alternating thin films of polystyrene and PVA/J-aggregates. Each layer has a thickness 
in the order of 100 nm depending on the selected periodicity.   
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Abstract: We report new active probe of SNOM (Scanning Near-field Microscopy), improving the 
near-field sensitivity of plasmonic nanostructures. Single nano-emitter is assembled to extremity of 
polymer optical probe with surface functionalization, therefore, the size of nano-emitter defines the 
imaging resolution. 
 
 

Scanning Near-field Optical Microscope (SNOM) is a technology for high resolution optical 
imaging. The high spatial frequency information from the near-field is associated to high spatial 
resolution, allowing one to break the diffraction limit.  
 

The used local probe is still a key topical issue that has been addressed for long. This work 
deals with the development of an active near-field probe based on a polymer tip integrated at the 
extremity of an optical fiber. We polymerized polymer tip on the surface of the fiber end as a 
scanning optical probe. Shear-force method with micro tuning fork is used for controlling the probe-
sample distance.  
 

After surface functionalization of the polymer probe, single nano-emitter have been attached 
on the probe extremity, to obtain an active probe. Upon excitation, the nano-emitter can act as local 
light source for the active probe. Plasmonic nanostructures such as gold nanocube is measured by 
this active probe, the result shows the polarization sensitivity of near-field of plasmonic 
nanostructures with resolution less than 50 nm defined by size of nano-emitter. 
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Abstract: Plasmonic nanoparticles can be used as photosensitizers in order to expand the photocatalytic activity 
of large bandgap semiconductors into a broader electromagnetic spectrum. Nevertheless, the elucidation of the 
mechanisms behind such interaction is complex, given the possible coexistence of multiple photoactivation 
channels (generation of hot charge carriers, enhancement of the local electromagnetic field and photothermal 
generation of heat). In this presentation we will discuss the fundamental aspects involved in plasmonic 
photosensitization. 
 
Important efforts are currently under way in order to implement plasmonic phenomena in the growing field of 
photocatalysis, striving for improved efficiency and reaction selectivity. A significant fraction of such efforts 
have been focused on distinguishing, understanding and enhancing specific energy transfer mechanisms from 
plasmonic nanostructures to their environment.1 In this presentation we will discuss a synthetic strategy that 
brings together two of the main physical mechanisms driving plasmonic photocatalysis into an engineered 
system by rationally combining the photochemical features of energetic charge carriers and the electromagnetic 
field enhancement inherent to the plasmonic excitation.2 We do so by creating hybrid photocatalysts that 
integrate multiple plasmonic resonators in a single entity, controlling their joint contribution through spectral 
separation and differential surface functionalization. This strategy allows us to study the combination of different 
photosensitization mechanisms when activated simultaneously. Our results show that hot electron injection can 
be combined with an energy transfer process mediated by near-field interaction, leading to a significant increase 
of the final photocatalytic response of the material. In this manner, we overcome the limitations that hinder 
photocatalysis driven only by a single energy transfer mechanism, and move the field of plasmonic 
photocatalysis closer to energy-efficient applications. Furthermore, our multimodal hybrids offer a test system to 
probe the properties of the two targeted mechanisms and open the door to wavelength-selective photocatalysis 
and novel tandem reactions. 
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Abstract: For millions of years, nature has used the sun as its primary energy source to split water and produce 
energy-rich chemical compounds from CO2. Inspired on this, artificial photosynthesis gained momentum in the 
last decades aiming to mimic this process. However, we are still looking for ideas and materials in order to 
transduce photons-into-chemical energy. Here, I will show our recent attempts in using plasmonic and photonic 
structures – from single particles to metasurfaces – in order to optimize the photons-to-molecules cycle. 

 
Plasmonic photocatalysis has recently emerged as a new paradigm in the sunlight-to-chemical energy conversion 
cycle [1,4,9]. However, our physicochemical understanding of the metal−molecule interface and its reactivity is 
still in its early stages [2,4,7,9]. We can gain further insight on 
how to manipulate and tune metal interfaces at the nanoscale by 
borrowing some concepts from more advanced fields such as 
heterogeneous catalysis, photocatalysis, electrocatalysis and 
surface science. Let us focus on one of the simplest examples: a 
charge transfer process across the metal−molecule interface [2,7]. 
In this talk, I will show some very simple ideas that can 
drastically alter the reactivity of plasmonic systems and may aid 
us for future transformations of light-into-chemical energy 
[2,3,7,9,10]. I will also show recent extension of these results into 
bimetallic metasurfaces for H2 production (Fig.1). 
 
 

In the second part of my talk, I will introduce another emerging 
concept in light-into-chemical energy conversion: all-dielectric 
metamaterials for catalysis [6,8,11]. Latest advances of nonradiative, 
dielectric nanophotonics enable light confinement and enhanced 
absorption in semiconductors. For example, anapole excitations and 
metasurface lattice resonances can be combined to enhance the 
absorption in the visible spectrum of a wide range of materials, such as 
TiO2 or GaP (Fig. 2). I will show some examples on how this photonic 
engineering can also provide new routes for efficiently producing solar 
fuels [5,6]. 
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Fig. 1 Catalytic colloidal Au metasurface. 

Fig. 2 Catalytic GaP metasurface. 
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Lighting and displays are integral parts of human activities and economic development. Semiconductor 
nanocrystals, now offering a market volume exceeding 1 Billion Euros annually, have attracted great interest 
in quality lighting and displays in the last decade. Such colloidal semiconductors enable enriched color 
conversion essential to superior lighting and displays. Optical properties of these solution-processed 
nanostructures are conveniently controlled by tailoring their size, shape and composition. This provides us 
with the ability to achieve high-performance light generation and lasing. These colloids span different types 
and heterostructures of semiconductors in the forms of colloidal quantum dots and rods, most recently 
extending to the latest sub-family of nanocrystals, the colloidal quantum wells. In this talk, we will introduce 
the emerging field of semiconductor nanocrystal optoelectronics for lighting and displays. We will showcase 
most recent examples of their photonic structures and device architectures. Among extraordinary features 
important to applications in lighting and displays, we will show record high efficiency from their colloidal 
LEDs and record gain coefficients from their colloidal laser media. Given their current accelerating progress, 
these solution-processed quantum materials hold great promise to challenge their epitaxial thin-film 
counterparts in semiconductor optoelectronics in the near future. 
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Abstract: This talk will discuss strategies to realize circularly polarized photoluminescence from nanocrystals 
coupled to plasmonic arrays. The nanocrystals are patterned into nanostructures using direct write electron beam 
lithography. We show that the use of these patterns creates structures with simultaneously high 
photoluminescence intensity and degrees of circular polarization.  

 
 

Achiral light emitting materials, such as semiconductor quantum dots, can exhibit circularly polarized 
photoluminescence when coupled to arrays of plasmonic nanostructures. Much of the time, the plasmonic array 
is patterned first, and the light emitters are deposited in a film that coats the plasmonic pattern, uniformly 
distributing light emitters across the sample. Alternatively, single emitters are sometimes used, with the position 
chosen carefully to control the optical response. Here we will discuss an alternative strategy to create 
light-emitting metamaterials: patterning films of CdSe/CdS core/shell nanocrystals using direct-write electron 
beam lithography. Patterning the nanocrystals offers several advantages in controlling the direction and 
polarization state of the luminescence.  

This talk will discuss the patterning process, and show that this method can pattern nanocrystals with lateral 
dimensions of ~30 nm, aspect ratios of 2 – 3, and preserves the photoluminescence of the original CdSe/CdS 
nanocrystals.  

We will then discuss experiments where light emitters are deposited in a film over a chiral array of 
plasmonic nanostructures, and show strategies to tune the polarization state of the resulting luminescence. 
However, these structures are limited in their ultimate performance, and the angles with high PL intensity are 
frequently not the angles with high degrees of circularly polarized photoluminescence. With patterned arrays of 
nanocrystals that are judiciously placed, we design structures such that the photoluminescence intensity and 
degree of circular polarization are simultaneously high.  
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Abstract (80 words): We present a new implementation of anti-Stokes thermometry that enables the in situ 
photothermal characterization of individual plasmonic nanoparticles from a single hyperspectral photoluminescence 
confocal image.  We study the photothermal response at the single-particle level of spherical gold NPs with sizes 
ranging from 50 to 100 nm supported on glass, sapphire and graphene substrates. In addition, we study bimetallic 
Au@Pd NPs in a core@shell configuration. The developed method allows quantitative assessment of the role of 
temperature in plasmon-assisted applications. 

 
Figure 1: Left: Schematic illustration of the heating of a NP during scanning, along with example PL spectra from pixels 1 

to 3. Right: Calculated temperature as a function of the excitation irradiance. 
Summary of the work: 

Several fields of applications of plasmonic nanosystems require a reliable characterization of their 
photothermal response, which remains a challenging task for both modelling and experimental measurements. 
Here, we present a new implementation of anti-Stokes thermometry that enables the in situ photothermal 
characterization of individual plasmonic nanoparticles (NPs) from a single hyperspectral photoluminescence 
confocal image (as shown in Figure 1). The method is label-free, applicable to any NP with detectable 
anti-Stokes emission, and does not require any prior information about the NP itself or the surrounding media.1 

 
 We first studied the photothermal response of spherical gold NPs with sizes ranging from 50 to 100 nm. 

Optical printing was used to fabricate ordered arrays of individual NPs supported on solid substrates and 
immersed in water, as shown in Figure 2a.2 Then, we investigated the role of the substrate in heat dissipation by 



comparing the photothermal response of 80 nm gold NPs on glass with sapphire and graphene, two materials 
with high thermal conductivity.  

 
Finally, we carachterized the photothermal response of bimetallic Au@Pd NPs in a core@shell 

configuration, as shown in Fgures 2b and 2c. These NPs are a promising system for plasmon-assisted catalysis, 
because they combine the optical properties of Au NPs with the catalytic properties of Pd.3 We observed that the 
Au@Pd NPs have a lower photothermal response in comparison to the bare Au cores. 

 
The developed method will allow us to address several open questions about the role of temperature in 

plasmon-assisted applications, especially those where NPs of arbitrary shapes are present in complex matrixes 
and environments.  

 
Figure 2: a) Dark field image of individual 60 nm Au PNPs deposited on glass using Optical Printing. The interparticle 

distance is 3 𝜇𝜇m b) TEM image of Au@Pd NPs c) EDX showing material composition of NPs in b). Scales bars are 60 nm. 
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Mastering visual appearance by controlling the composition of matter is a major challenge in diverse areas such 
as vehicle design, cosmetics, or luxury goods. Considerable efforts are currently made to develop scalable 
fabrication techniques to produce new coatings offering exotic visual effects. In this communication, we will 
show how to exploit the rich optical properties of disordered assemblies of resonant nanoparticles in optical 
stacks to generate new visual effects in reflection. The influence of two structural parameters will be discussed. 
 

INTRODUCTION 
 The use of nanostructured surfaces for visual appearance design is currently receiving growing attention, 

yet studies have so far been restricted to the generation of structural colors, generally obtained by engineering 
individual nanoresonators in a periodic lattice [1] [2]. The potential of complex nanostructured surfaces for 
visual appearance design has not been explored yet. Towards this aim, we will show how recent numerical 
developments mixing electromagnetic simulations and rendering techniques to generate synthetic images of 
macroscostructured objects in realistic lighting environments as well as bottom-up approaches creates unusually 
striking visual effects [3]. We will present results on the first demonstrator made of disordered assemblies of 
plasmonic nanoparticles on dielectric layered surfaces over a large area (centimetric dimension). The 
nanostructured surface produced by a bottom-up approach offers the possibility to produce samples over a large 
scale at lower cost than top-down processes (lithography). The optical properties of the metasurfaces will be 
compared with simulations, to understand the phenomena at the origin of the appearance changes as a function 
of the viewing angle.  

 
RESULTS AND DISCUSSION 

Macroscopic samples (on the order of cm2) of disordered ensembles of silver nanocubes with edge lengths of 
90 nm, placed on stratified media (Fig. 1.a), were fabricated (Fig. 1.b). The silver nanocubes were synthesized 
by using a multi-step protocol in aqueous phase, inspired by the work of Bronchy et al [4]. The size of the cubes 
can be altered by modifying the quantity of germs introduced into the reaction medium. 

These objects were deposited by dip-coating [5] on a silicon substrate covered with a dielectric layer (SiO2) 
with a lower index and controlled thickness. This approach makes it possible to modulate the coverage fraction 
of the particles on the substrate from 1 to 20 %. 



 
Figure 1: (a) Scheme of the nanostructured surface consisting of a disordered ensemble of nanoparticles deposited on a thin-film stack 

offering unusual spectral reflectance properties. (b) Example of a SEM image of the nanoparticles onto the dielectric layer. (c) Example 

of a scattering diagram by gonio spectrophotometer at normal incidence 

 
The optical properties of the surfaces (spectral and angular) were characterized using a 

gonio-spectrophotometer (Figure 1.c). We will show how the variations of the thickness of the dielectric layer 
(h0) and the cube density (D) affect the visual effect of the macroscopic nanostructured surfaces. Compared to 
the theoretical study [3], the experimental results confirm the validity of the rendering model.  
 

CONCLUSION 
We have investigated the potential of complex nanostructured surfaces, made by a bottom-up approach, for 

the control of visual appearance at the macroscopic scale. The observed visual effects rely on nano-objects 
exhibiting strong scattering resonances and controlled particle assembly on planar substrates. The contribution of 
the different components of these surfaces to a dependency on the angle of the observed effects will be discussed 
and compared to simulations. 
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Abstract: We systematically studied the FRET mechanism by tuning the background medium’s complex 
permittivity. The FRET rates of donor-acceptor pairs for point-like, quantum dot, and nanoplatelet 
nanostructures were derived. The change in FRET rates with respect to the relative permittivity of the 
background medium was characterized. The analysis reveals that the FRET rate becomes singular when the 
permittivity approaches zero and a fixed shifted non-zero value for the point-like and all other nanostructures, 
respectively. 

 
 

Förster-type nonradiative energy transfer (FRET) is a process where the nonradiative dipole−dipole 
interactions transfer excitons from the donor to the acceptor. FRET has numerous applications such as color 
tuning, biosensing, light-harvesting, and light-generation. The FRET rates strongly depend on (1) the 
center-to-center separation between the donor and acceptor pair and (2) the Förster radius, which limits its uses 
to a length scale of approximately 10 nm. To alleviate the strong distance dependency, one can change the 
nanocrystal geometry, for example, from a quantum dot to a quantum well [1], which decreases the distance 
dependency from d-6 to d-4 and consequently increases the FRET rate. However, this improvement remains 
limited. Another way to enhance the FRET is by strengthening the donor-acceptor coupling via a strong 
electromagnetic field using localized surface plasmon near metal nanoparticles. Nonetheless, due to the lossy 
properties of such metal nanoparticles, placing metal nanoparticles can even decrease the FRET rate if not 
carefully designed.  

Here, we proposed an alternative way for improving the FRET rate and efficiency by using artificially 
engineered materials of complex dielectric medium with carefully tuned permittivity at a shifted complex point 
near zero, given a specific FRET pair, which effectively confine and guide the electromagnetic energy within 
them owing to their low wavenumber and very large wavelength in the medium. Therefore, the proposed tailored 
complex medium can introduce the proximity effect in the long-range interactions and significantly 
donor-acceptor interaction, leading to a dramatic increase in FRET rate and consequently enabling ultra-high 
FRET efficiency between them. For example, when cadmium selenide QDs donor-acceptor pair is embedded in 
a medium with the relative permittivity of -2+i, the FRET rate is enhanced 53 times compared to that in the 
vacuum (Figure 1) [2]. Our numerical results show the importance of carefully tunning the background medium 
permittivity for archiving an ultra-high FRET rate, potentially benefiting and finding large-scale use in numerous 
FRET-based applications. 

 



(a) (b)
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Figure 1. FRET enhancement factor, (γM/γvacuum), as a function of the real part of the permittivity of the 
dielectric medium for the FRET pairs of QDD-QDA.  
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Abstract: Collective responses known as surface lattice resonances (SLRs) have recently emerged as an 
interesting approach to realize high-Q factor metasurface resonators. Here, we show how SLRs can be utilized to 
realize flat resonators with Q-factors exceeding 2400 and how such resonances can be controlled via ambient 
temperature of fabricated devices. We will also demonstrate how SLRs can be realized in CMOS-compatible 
systems based on aluminium-based metasurfaces and discuss the potential of SLR-based metasurfaces for 
nonlinear optics.  
 
 

Nonlinear optical phenomena are important in many photonic applications ranging from all-optical switches 
and generation of ultrashort pulses to frequency comb-based metrology. In order to realize energy-efficient and 
small-scale devices, the fabricated photonic components should be as small as possible, resulting in a demand for 
nano- or small-scale nonlinear components. This demand for miniaturized nonlinear photonic components is 
difficult to answer by using conventional nonlinear materials motivating the search for alternative material 
platforms. Nonlinear plasmonic metasurface resonators have recently emerged as a potential platform to enable 
nanoscale nonlinear optics [1–3]. Despite steady progress, the so far achieved conversion efficiencies have not 
yet rivalled conventional material platforms.  

 
Here, we present our recent work aimed at developing more efficient nonlinear metamaterials, focusing on 

plasmonic metasurfaces supporting collective responses known as surface lattice resonances (SLRs) [1–3]. 
These resonances are associated with very narrow spectral features, showing potential to dramatically boost 
nonlinear processes via resonant light–matter interactions [2]. Here, we will first discuss of our recent 
experimental demonstration of a plasmonic metasurface operating at the telecommunications C band exhibiting a 
record-high Q-factor close to 2400, demonstrating an order-of-magnitude improvement compared to existing 
metasurface resonators [3]. Then, we will discuss our recent results aimed at demonstrating how such high-Q 
factor resonances could be also realized using CMOS-compatible aluminium metasurfaces [4–6]. We will show 
how high-Q Al metasurfaces (Q-factors ~800) can be realized [6], and how their resonances can be tuned simply 
by changing the angle of incidence [4,5]. Finally, we will demonstrate means to tune the resonance positions and 
Q-factors of the fabricated metasurface resonators, simply by adjusting the ambient temperature of the device [6]. 
Finally, we will show how conversion efficiencies of nonlinear metasurfaces could be further enhanced by 
fabricating phase-matched stacked metasurfaces [7]. 
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Abstract: Fingerprint-inspired elastomeric grating meta-skin (EGMS) is herein fabricated to investigate the 
chirality of fingerprints. The EGMS is made by a facile nanoimprinting method with a diffraction grating as a 
template using polydimethylsiloxane, followed by gold deposition. The chirality of the surface is caused by 
symmetry breaking, induced by the pattern (P) and curvature (T). Furthermore, the chiroptical properties of 
EGMS are reconfigurable through the control of the skew angle (θ), which is the angle between P and T. The 
chiroptical properties of a fingerprint are also shown and interpreted in this perspective. On the basis of the 
results, we suggest the strategy to impart chirality on the surface, which is reconfigurable by controlling P and T. 
It will be a useful method to produce chirality in membranes, thin films, metasurfaces, and 2D nanomaterials, as 
well as advance biometric recognition. 
 
References 
1. ACS Nano 2022, https://doi.org/10.1021/acsnano.1c11597 

2. ACS Nano 2022, https://doi.org/10.1021/acsnano.1c10904 

3. Nano Today, V. 43, April 2022, p. 101424, https://doi.org/10.1016/j.nantod.2022.101424 

 

 



Novel 2D Materials Enabled All-Optical Nonlinear Activation Functions for On-Chip Photonic Deep 
Neural Networks 
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Neural networks are one of the first major milestones in developing artificial intelligence systems. The 
utilisation of integrated photonics in neural networks offers a promising alternative approach to 
microelectronic and hybrid optical-electronic implementations due to improvements in computational 
speed and low energy consumption in machine-learning tasks. However, at present, the optical realisation 
of the nonlinear activation function is a tremendous challenge. 

In my talk, I will discuss the challenges and novel approaches for implementing an all-optical neural 
nonlinear activation function based on utilising unique light-matter interactions with new class of 2D 
materials towards the realization of all-optically implemented deep neural networks. 
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Abstract: The local temperatures of a metal nanostructure and its adsorbate carry essential information about the 
energy dissipation dynamics, calling for nanoscale thermometry techniques. Here we present a surface-enhanced 
Raman scattering (SERS) thermometry method providing an accurate local temperature of the adsorbates on 
metallic nanostructures.  
 

Measuring the local temperatures of a metallic nanostructure and the adsorbates on its surface might seem a 
trivial but in fact a major experimental challenge. This nanoscale thermometry is important when a nanostructure 
is continually excited, and the absorbed energy is dissipated to the surroundings, such that the local temperature 
is no longer the same as that of the environment. A prime example is the energy dissipation of plasmon-excited 
nanostructures; the absorbed photonic energy is thermally dissipated to the adsorbates, causing photothermal 
(PT) heating. The PT-effect vary widely for differently shaped nanostructures placed on different local 
environment, which cannot be revealed by the macroscopic thermometry.  

In this talk I will report on a reliable SERS-based method measuring the local temperature of any 
Raman-active adsorbates on individual plasmonic nanoparticles. The idea of using the ratios between the 
anti-Stokes (aS) and Stokes (S) SERS peaks of adsorbates to measure their temperatures has been previously 
explored. Currently, however, the method is regarded only as a qualitative tool because of the dissimilar 
Raman-enhancements of the S and aS components of the SERS spectra. We found that the aS / S vibrational 
peak ratios of adsorbate at the limit of zero (0) laser intensity, extrapolated from the spectra acquired with 
varying laser intensities, can be used as a reliable internal reference. This self-referencing allows the 
measurements of unperturbed and PT-perturbed temperatures of adsorbates with accuracy and precision better 
than 10 K. Using the method, we have quantified the PT-heating of adsorbates on the surfaces of a plasmon 
catalyst. 
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Abstract: Understanding and controlling the circular dichroism (CD) of gold chiral 2D nanostructures is a major 
challenge for researchers who aspire to use its properties and thus achieve application based on this effect. The 
most common way to proceed is to tune it is at the fabrication step, however this method makes it impossible to 
modulate later. In this presentation, we propose a solution to this issue based on the deformation of a stretchable 
substrate.  
 

The 2D chirality of nanostructures, arising from the refractive index symmetry breaking between the 
substrate and the surrounding medium, leads to a significant modification of the localized surface plasmon 
resonance (LSPR) as a function of the rotation direction of a circularly polarized source. This difference in 
response between right and left circular polarizations corresponds to the CD of the structure. In addition, one 
could expect from the high dependance of the CD on geometry that a change in the relative position of the 
particle caused by the deformation of a flexible substrate would induce a large CD variation.  

 
Consequently, using the deformation of a flexible substrate to modulate the CD of plasmonic gold 

nanostructures should allow applications in several domains, such as the development of metalenses, high 
sensitivity deformation sensors [1] or biological detection of chiral molecules. 

 
 The chosen chiral antenna consists in a group of six “satellites” ellipsoids revolving around a central 

cylinder [2], as shown on Fig.1 (a). The samples were fabricated thanks to electron beam lithography on solid 
substrate, as shown on the SEM image on Fig.1 (b), and then, with a homemade process, transferred on a flexible 
substrate.  

 
 

 
 
 
 
 
 
 
 

Fig. 1 (a) Schematic of the antenna composed by a central cylinder and six “satellites” ellipsoids with the 
associated parameters (b) SEM image of the nanostructure 

 

(a) (b) 



The following results are the combination of a numerical and experimental study. The numerical part was 
performed by using the Finite Difference Time Domain (FDTD) method to maximize the CD and its modulation, 
as shown on Fig.2 (a,b), via the implementation of a homemade deformation model. In a second time, we 
experimentally investigated the difference in the scattered far field of our structures under traction, with 
respectively a right and left circular polarization, thanks to in situ measurement with an integrating sphere. 

 

Fig. 2 (a) Scattered circular dichroism map for different parameters combination (b) Maximum circular 
dichroism following function of the Poisson coefficient and the strain 
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Abstract: Metasurface-based structural coloration is a promising enabling technology for advanced optical 
encryption with a high-security level. Herein, we propose a paradigm of electrically switchable, polarization-sensitive 
optical encryption based on designed metasurfaces integrated with polymer-dispersed liquid crystals (PDLCs). The 
proposed technique can be applied to many fields including high-security optical encryption, security tags, 
anti-counterfeiting, multichannel imaging, and dynamic displays. 
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Figure 1. Schematic diagram of electrically switchable polarization-controlled dual-channel information encryption 
based on PDLC-integrated nanoapertures arrays at “OFF” and “ON” states, respectively. 

 
    In summary, we have proposed and experimentally validated an electrically switchable, polarization-sensitive 
optical encryption scheme using PDLC-integrated aluminum nanoaperture arrays. Asymmetric and symmetric 
nanoapertures respectively exhibit polarization-sensitive and polarization-insensitive plasmonic resonance 
characteristics. This enables the encryption of optical images via a designed arrangement of asymmetric and 
symmetric nanoapertures. An additional degree of information encryption is achieved with the integration of the 
PDLCs, hiding the message regardless of the incident polarization. We have demonstrated high-quality encrypted 
images and QRs with electrically switchable, polarization-sensitive properties based on PDLC-integrated aluminum 
nanoaperture arrays. The switching speed can reach 38 ms at 17 V. The current metasurface nanoaperture arrays still 
suffer from many drawbacks such as long and expensive nanofabrication. However, with the advances of the 



nanofabrication techniques, these issues could be further solved to a great extent. Our proposed technique regarding 
the PDLC-integrated aluminum nanoapertures could be applied to many fields including easy-to-read security tags, 
anti-counterfeiting, multichannel imaging, and dynamic displays. 
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Abstract: In this contribution, a metal/insulator/metal/insulator (MIMI) metamaterial upgrades a standard two-
photon direct laser writing process to hyper resolution thanks to its uncommon feature as extraordinary 
transmittance, zero reflectance and epsilon-near-zero permittivity. The voxel size reduction of about 89% height 
and 50% width allows fabrication of apochromatic broadband metalenses with extended focal length and depth of 
focus, and numerical aperture of 0.087. Hyper resolution is also exploited in the fabrication of a nano bas-relief of 
Da Vinci’s ”Lady with an Ermine”. 

 
A simple but robust procedure to investigate multilayer metamaterial has been developed considering the 

optical response of the constituent materials and in particular their complex refractive index n − ik. Numerical 
simulations are experimentally validated by different cases with increasing system complexity. The plasmonic 
dispersion relations and the modal analysis have been addressed for dielectric cavities that support multi-spectral 
modes in the visible (Figure 1) [1]. This procedure enables the design optimization of a MIMI possessing strong 
collimation effect to be used for achieving hyper resolution in TP-LDW [2]. 

 
Fig. 1: a) Numerical reflectance 2D map versus ZnO cavity thickness. The vertical dashed lines indicate the resonant 
wavelength. b) numerical and experimental reflectance 2D map versus the angle of incidence for ZnO thickness of 160 nm. 
c) schematic draw of the proposed TP-DLW process d) Experimental transmitted spot. 

 
The reflectance map of Figure 1a, indicates that a cavity thickness of 160nm produces a double resonance at the 
TP- DLW laser wavelength (λ = 780nm) and its second Harmonic (λ = 390nm). The fabricated prototype is tested 
in terms of the incident beam waist modification by the evaluation of the Point Spread Function (PSF) reduction, 



measured by an homebuilt confocal setup equipped with a beam profiler (Figure 1d). After its characterization, 
The MIMI device enables the reduction of 89% in height and 50% in width that is exploited to realize all-dielectric 
apochromatic broadband ”flatland” metalenses with overall thickness less than 50 nm (Figure 2a,b). This 
extremely flat design is the result of the novel two-photon direct laser writing (TP-DLW) process enhanced to 
hyper resolution performance by leveraging on the peculiar optical properties of our designed and developed ENZ 
metamaterials. Once fabricated, the characterization of the metalenses follows by means of a homebuilt setup 
equipped with beam-profiler and spectrometer. This measurement provided a focal length f = 1.14mm, DOF in 
the range 50 – 150 µm and the numerical aperture NA = 0.087 (Figure 2c-e) [3]. Moving towards complex 3D 
nanostructures, the achieved hyper resolution enables the realization of a highly detailed dielectric 3D bas-relief 
of Da Vinci’s ”Lady with an Ermine” with full height of only 500 nm showing an impressive fidelity of details. In 
AFM images are clear visible the Ermine head, the lady’s fingers, head, necklace and other small details, see 
Figure 2f [3].  

 
Fig. 2: a) AFM and b) optical image of the fabricate metalens. c) stack of beam divergence plane from the focal plane using 
3 laser at the same time. d) full width half maximum and e) CIE chromaticity plot for all the considered case. f) AFM images 
of the fabricated 3D bas-relief of Da Vinci ”Lady with an Ermine”. 
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Abstract: We present two classes of materials for structural colors. The first is based on Mg and MgO; both are 

earth-abundant and biodegradable. Vivid hues are attained by changing the dielectric spacer thickness. All shades can 

disappear on demand by etching both materials in water. The second system is based on refractory metals. We 

fabricate the primary colors for printing and analyze in detail how refractory metals and their oxides enable pixels 

resistant to 600 oC, while maintaining angle-insensitive optical response. 

   

 

 

We experimentally demonstrate Mg/MgO/Mg color pixels [1] and a dual-layer metal-insulator-metal (MIM) 

cavity connected in tandem that enables irreversible color change [2]. The optical devices span the CMY 

transmissive and reflective color gamut, as confirmed by spectroscopic ellipsometry showing marked peaks at 

resonance wavelengths in the visible range of the electromagnetic spectrum. The hues are insensitive to incident 

angles up to 40 degrees, a desired characteristic for color displays. For the reflective filters, we show that all 

colors vanish within ~40 seconds after immersion in water, because of a green chemistry etching process [3]. We 

also show how a dual-layer MIM structure can enable color change using a scalable and single-time color 

change. 

 

 

Figure 1: (a) Schematic of MIM Fabry-Perot cavity. (b) Real-color photographs of color pixels with 1 inch in lateral 

size. (c) Chromaticity diagram showing the attained colors.   

 

In a different set of experiments and simulations we demonstrate and comprehensively analyze the 

properties of refractory metals for the realization of structural colors that can operate at high temperatures, up to 

600 oC. Reflective pixels are achieved by the controlled oxidation of Mo, W, and Ta, forming the foundation for 

structural color printing: CYM. We perform a detailed analysis of the pixel’s surface chemical compositions and 

how the oxide layer thicknesses affect the perceived hues.    

 

 

Mg
MgO
Mg

(a) (b) (c)



 

Figure 2: Absorption measurements of (a) WO3/W/Si, (b) MoO3/Mo/Si, and (c) Ta2O5/Ta/Si thin films. The 

insets show real-color photographs of the samples.   
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Abstract: This contribution will discuss the experimental application of 3D chiral metamaterials as high sensitivity 
biosensors, exploiting circular dichroism in transmission. 3D metamaterials with chiral features can be realized by 
highly accurate and highly localized bottom-up nanofabrication approach. Large chiroptical effects can be engineered, 
originating from the single element optical resonances, but collective interactions in arrayed configurations can play a 
significant role, further enhancing these effects. Capability of biomarker detection in the femtomolar range is 
demonstrated even in complex biofluid matrix.  
 
The detection of circulating biomarkers at extremely low concentrations is crucially relevant for early 
diagnostics and diseases progression monitoring. Plasmonic optical sensors offer huge technological possibilities 
in such a direction but adding chiral features to metallic nano-objects can enable novel biosensing strategies [1]. 
In particular, chiral nano-objects exhibit different behaviour when excited with circularly polarized incident light 
of different handedness, allowing to refer to circular dichroism spectra which are differential by definition and 
rich of spectral features that can be tracked in a biosensing scheme [2].  
We developed a nanofabrication procedure to realize helix-based, fully 3D, metallic nanostructures with a 
controlled periodicity both in-plane and out-of-plane. The approach employs focused ion/electron beam 
processing in deposition mode, where various precursors can be used [3]. In this way, a fine understanding of 
chiral light–matter interaction at the nanoscale can be pursued, and chiroptical properties can be widely tailored 
by tuning materials and architecture (Figure 1). Moreover, the flexibility of the technology allows to study 
fundamental diffractive aspects, leading to the concept of chiral metacrystal [4], where different chiral dipolar 
modes can be excited along the helix arms. These in turn generate far field optical resonances with a specific 
radiation pattern suggesting that a combination of efficient dipole excitation and diffractive coupling matching 
controls the collective oscillations among the neighbor helices.  

VP
LP

ED

WR

 
Figure 1. The unit cell of the chiral metamaterials consists of a metallic helix identified by the external diameter (ED = 300 nm), the 

wire diameter (WD = 100 nm) and the vertical pitch (VP). In array configuration, the lattice period (LP) determines the mutual helix 
interaction. Scanning electron microscopy images show views of arrays with different LP and VP parameters. Scale bar corresponds to 
100 nm.  

 



In view of biosensing application, suitable functionalization protocols are needed for the proposed 
metamaterial, consisting of a conformal coverage with a polymeric shell [5]. The resulting core-shell architecture 
modifies the chiral metamaterial near- and far-field optical response and shows a circular dichroism (CD) 
spectrum in transmission which is highly sensitive to changes in the external medium optical properties. In 
particular, the bisignated shape of CD spectrum offers two spectral features available for biodetection tracking: 
the maximum dichroism point (λM) and the zero dichroism point (ZDP), with different sensitivities to refractive 
index changes (Figure 2). Application of the proposed compact chiral metamaterial for the detection of 
biomarkers clinically relevant for neurodegenerative diseases (TAR DNA-binding protein 43), in spiked solution 
and in human serum, will be also discussed.  

 
Figure 2. CD spectra of the measured core-shell nano-helices arrays in air (n = 1, blue line) and water (n = 1.333, red line). b) Trend 

of the spectral position of λM (Black square) and ZDP (black rhombs) measured in air and for glycerol-water solutions at different 

concentration corresponding to different RI variations from n=1.333 (100% water, 0% glycerol), to n=1.346 (80% water, 20% glycerol). 

The lines correspond to their respective calculated linear fitting. The linear fitting turns out an index sensitivity of 315 nm/RIU for λM and 

766 nm/RIU for ZDP. The sensitivity obtained from the linear fitting in the RI range from n=1 to n=1.346 (red line) is instead 447nm/RIU 

and 811 nm/RIU.  
 
This work was supported by “Tecnopolo per la medicina di precisione” (TecnoMed Puglia) – Regione 
Puglia: DGR no. 2117 del 21/11/2018 CUP: B84I18000540002 
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Abstract: We investigate by numerical simulations (FDTD) the optical properties of silicon nanoantennas 
excited by focused cylindrical vector beams. We present preliminary experimental results of photoluminescence 
mappings of rare-earth-doped thin films coupled to silicon nanorings obtained by raster scanning of focused 
cylindrical vector beams. We also show specific geometries for controlled Purcell effect obtained by 
evolutionary algorithms coupled to Green Dyadic Method simulations of the LDOS. 

 
 

We present near- and far-field optical properties of silicon nanostructures (Si-NS) under linear 
polarization (Gaussian beam), and azimuthally or radially focused cylindrical vector beams 
investigated by finite-difference time-domain method (FDTD) in Meep open-source software.1 In 
addition to the preferential excitation of specific electric or magnetic resonance modes as function of 
the excitation beam polarization, we show in the case of spheroids that shape anisotropy affects the 
resonance wavelength and the dipole orientation of the magnetic or electric dipole mode. Depending on 
the spheroid symmetry axis with respect to the electric field orientation, the electric dipole resonance 
can be split in two peaks, giving quasi-unidirectional scattering, separated by an anapole mode. The 
optical properties in both far-field (scattering pattern) and near-field (electric and magnetic field hot 
spots) can be tuned by changing the excitation polarization at a fixed wavelength and selecting properly 
the spheroid shape and dimensions. Similar behavior is obtained on top-down fabrication-friendly 
nanostructures such as nanocylinders with circular or elliptic section. 
As magnetic and electric near field hotspots can be engineered, we present photoluminescence (PL) 
mappings of Eu3+-doped homogenous thin films deposited on Si-NS produced by e-beam lithography 
and RIE of Si on Silica substrate. We show that the PL enhancement depends on the Si-NS resonance 
mode at the excitation wavelength. We also evidence that PL maps exhibit a very specific behavior as 
function of the shape and polarization of the excitation beam, as well as the kind of emitting dipolar 
transition (magnetic at 590 nm and electric at 610 nm). 
Finally, we show how the emission rate of the magnetic and electric dipole transitions (Purcell factor) 
can be controlled (enhanced or inhibited) by optimizing the Si-NS geometry. By using a stochastic 



evolutionary algorithm coupled to LDOS calculations (pyGDM),2 we obtain regular and periodical 
Si-NS shapes, whose physical properties are interpreted through modal analysis. The involved 
resonances can lead to an enhancement as high as 2x103 of the magnetic dipolar transition. 
Such work constitutes a first step in the design of Si-NS coupled to quantum emitters that can be 
optimized for many parameters: both excitation and emission wavelengths, emitting dipole nature and 
orientation, and emission directivity. 
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Nanocrystals can be assembled with bottom-up techniques into three dimensional photonic 
structures with specific functionalities. Here, we present spherical micro resonators built from 
randomly oriented non-centrosymmetric nanocrystals that generate broadband and efficient 
second-harmonics even in the presence of scattering. Besides, we show all-dielectric assemblies 
coupled with NV centers that display enhanced photon emission rate. Our assemblies represent a 
playground for photonics: from fundamental investigation of the interplay between nonlinearity 
and disorder to the production of scalable quantum sources. 
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Abstract: A microscopic description of the hot-electron states represents a challenging problem, limiting the 
capability to design efficient nanoantennas for photochemistry. Here, we addressed these limitations and studied the 
spatial distributions of the photophysical dynamic parameters controlling the local surface photochemistry on a 
plasmonic nanocrystal: hot carriers and phototemperature. We showcased that the generation of high-energy 
electrons and holes in small plasmonic nanocrystals with complex shapes is strongly position-dependent and 
anisotropic, whereas the phototemperature across the nanocrystal surface is nearly uniform. 
 

In this work, we investigated hot carriers and photothermal effects in plasmonic nanocrystals with complex 
shapes.1 These photophysical effects are responsible for plasmon-driven surface photochemistry and play major 
roles in many recent experimental realizations of plasmonic photocatalysis. Importantly, we developed and used 
convenient computational formalisms to map such spatial distributions. The generation processes of our interest 
involve excited low-energy Drude electrons, high-energy intraband electrons (HE), and high-energy d-holes 
(interband).  

Our results reveal that the spatial distribution of the generation rates of high-energy carriers (intraband HEs 
and d-holes) is typically shape- and polarization-dependent. In particular, these physical parameters reflect the 
presence of hot spots in a NC, 2-4 can be strongly anisotropic, and depend on the experimental setting. 

 



Figure 1. Left: Surface map of the intraband HEs rate. Middle: bulk map of the interband d-holes rate. Right: 
Surface map of the phototemperature increase. The maps are computed for the solution setting. The maps are 
averaged over 6 excitation configurations.  
 

We observe that, the HEs rates are distributed non-uniformly inside NCs, whereas the phototemperature is 
uniform within a NC (Figure 1). Such uniform phototemperature distributions originate from the high thermal 
conductivity of noble metals. Furthermore, our theory covers two experimentally relevant settings: the 
unidirectional illumination of NCs on a substrate and the solution case with randomly oriented NCs. 

Our HE theory is based on the numerical solution of an integral nonlinear equation for the Kreibig’s 
plasmon-decay parameter,5, which we have computed using COMSOL Multiphysics. 
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Abstract: We combined a phosphor plate with titania (TiO2) nanoantennae to harness the photoluminescence 
into a specific direction predefined by the antenna design. A notable (> 10 times) enhancement in forward 
radiation intensity is demonstrated. We describe the mechanism using a simple analytical model. 
 
Nanoantenna is a periodic array of scattering elements that can harness light into a specific direction. 
Combination of nanoantenna with phosphors enables spatial and spectral control over the luminescence (Fig. 1) 
[1-3]. While the emission enhancement into a specific direction has been commonly reported in nanoantenna 
studies, the evaluation on the total distribution of radiation as well as the conversion efficiency is largely missing. 
In this study, we visualize the distribution of the photoluminescence into forward, backward, and side directions 
by using the measurements with integrating sphere. Our nanoantenna phosphors consist of titanium dioxide 
(TiO2) nanoparticles, on the phosphor plate. The measurements clarify that the nanoantenna increases the 
forward emission while decreases the side emission, while the total emission intensity remains unchanged. We 
further enhance the forward emission by depositing the Bragg mirror on the bottom of the plate. A simple 
analytical model can explain the effects of the antenna size, the plate thickness and the Bragg mirror on the 
distribution of radiation. The evaluation method shown here allows to understand the flow of photons inside the 
nanoantenna phosphors and is useful to design the nanoantenna phosphors for the efficient use of 
photoluminescence. 

 
Fig. 1: Sketch of the nanoantenna phosphor, converting a blue light into yellow photoluminescence with a directionality. 
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Abstract: Dielectric nanoparticle may induce either a decrease or an increase in decay rates of the excited states 
of the emitter in its vicinity. By tuning the size of Si nanocylinder and, consequently, spectral positions of the 
magnetic and electric modes, we obtained strong inhibition for randomly oriented emitters. The inhibition value 
is robust to the distance between the emitter and the nanoparticle in the range of nearly 50 nm, which is crucially 
important for the applications. 

 
Dielectric nanoparticle may induce either inhibition or enhancement of the decay rate and, correspondingly, 

increase or decrease the lifetime of excited states of the molecules and atoms in its vicinity. Inhibition of the 
spontaneous emission is of interest in the systems where it is beneficial to restrict the decay channels to only 
those that are necessary. However, both enhancement and inhibition highly depend on the dipole orientation 
relative to the nanostructure, and previous study showed only a slight lifetime increase (few percent) in the case 
of an averaged dipole orientation [1, 2].  

In this work, we report on the significant reduction of the randomly oriented emitters’ decay rate near Si 
nanoparticles using computational study based on finite-difference-time-domain method. We consider the 
excitation of high-order electric and magnetic modes and change their position to find the largest overlap 
between the areas without the modes. In this manner, we find the inhibition values of 50% for an emitter near 
single silicon nanocylinder. The spectral positions of these valleys depend on the height and diameter of 
nanocylinders and are highly tunable. 

In particular, Figure 1a highlights the dependence of the total decay rate spectra on the height of 
nanocylinder with a fixed diameter of 180 nm. One may note the inhibition spectral window shifts with the 
increase of the height. Figure 1b depicts the spectra for an emitter placed at different distances from the 
nanocylinder of 180 nm-diameter and 100 nm height. This study shows that the inhibition happens at 520 nm 
and for the distances from 15 nm. Moreover, the variation of the intensity of the inhibition is low for distances of 
35 nm < r < 70 nm. For the larger distances, the modification of the decay rates tends to disappear.  

Using this approach, we found not only the parameters for which the inhibition happens in the averaged 
dipole case, but also independent on the actual dipole orientation. Figure 1c shows the dependence of the total 
decay rate on the orientation of the dipole vector relative to the normal to the base of the nanocylinder. One can 
see how the electric modes for the normal dipole gradually change to the magnetic modes for the tangential 
dipole orientation. All the curves have valleys in the spectral region 500-530 nm. Of particular interest is that the 
inhibition of spontaneous emission happens in a relatively small tunable spectral window.  

In conclusion, we found the conditions for the strong inhibition of the decay rate for randomly oriented 
emitters near the high-refractive index dielectric nanoparticles. The inhibition value is robust to the distance 
between the emitter and nanoparticle in the range of nearly 50 nm, which is crucially important for the 



applications, such as selective optical transitions engineering and photovoltaics. Our findings provide essential 
information for the engineering of the dielectric nanostructures with the precise control of the spectral windows 
of the enhancement or inhibition of spontaneous emission.  

 

 

Figure 1. (a) Total decay rate map for a dipole (averaged orientation) near the 180 nm-diameter Si nanocylinders with 
different heights. The dipole is placed 35 nm far from the nanocylinder. (b) Total decay rate map for the dipole (averaged 
orientation) placed at different distances from the silicon nanocylinder (180 nm diameter and 100 nm height). The colorbar 
is saturated to 1. (c) Total decay rate map for a dipole with different orientations relative to the 180 nm-diameter and 100 
nm-height Si nanocylinder (θ is an angle between the dipole vector and normal to the base of the nanocylinder) [3]. 
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Abstract: One-dimensional hybrid nanostructures composed of a plasmonic gold nanowire core covered by a 

shell of magnetic oxide nanoparticles (Au@FexOy NWs) were synthesized by a one-pot solvothermal synthesis 

process. The effects of reaction temperature, time, reducing agent, and precursor as well as postsynthesis 

treatment were optimized to produce highly uniform NWs with a diameter of 226 ± 25 nm and a plasmonic core 

aspect ratio of 25 to 82. By exploiting the interaction of NWs with an external magnetic field, precise 

arrangements into highly periodic photonic structures were achieved, which can generate distinctive structural 

colors that are vividly iridescent and polarization-sensitive. Furthermore, a Bouligand-type chiral nematic film 

consisting of multistacked unidirectional layers of achiral NWs was fabricated using a modified layer-by-layer 

deposition method, which displays circular dichroism (CD) and chiral sensing capability. The addition of bovine 

serum albumin (BSA) as a model protein analyte induced a concentration-dependent wavelength shift of CD 

peaks. These intriguing properties of magnetoplasmonic anisotropic NWs and their self-assemblies could be 

consequently valuable for developing nature-inspired structural color imprints as well as solid-state chiral 

sensing devices. 
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Abstract: The plasmonic effect can be used to trigger chemical reactions [1,2,3]. In specific conditions, 
thermoplasmonic effect can obtained resulting in a local heating of the material, sometimes very high for certain 
wavelengths of the excitation source corresponding to the resonance conditions of the material. Metal-semiconductor 
(ZnO, TiO2, IZO) nanocomposite structures were prepared by thermoplasmonic effect to prepare photodetector 
for visible to near-infrared range. 

 
We propose a new simple and efficient fabrication process whose originality lies in the insertion of gold 

nanoparticles inside the sol-gel precursor semiconductor film [4]. The gold nanoparticles play a double role. On 
the one hand, they induce local heating under the effect of infrared radiation (laser) by means of the plasmonic 
effect, which allows the required semiconducting properties of the semi-conductor layer to be obtained without 
affecting the substrate. By comparison with samples prepared by conventional thermal method, we were able to 
show that the result under irradiation was equivalent to that obtained at a temperature of 300°C or more. In 
addition to performing this crucial photoabsorber role to shape the material, the nanoparticles trapped in the 
semiconductor matrix play a second role: they confer to the thin film photoresistive properties (the resistivity 
evolves under the effect of a light illumination) which allow photodetection in a wide range of wavelengths, 
from UV to near infrared (365 nm to 780 nm), opening the way to the fabrication of integrated optoelectronic 
devices [5]. 
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Abstract: Chiro-optical microscopic imaging methods (near-field polarimetry microscopy, far-field high-

precision circular dichroism microscopy, etc.) were developed and applied to several nano- and micro-scale 

materials, including chiral and achiral plasmonic materials, chiral assemblies of achiral plasmonic particles, chiral 

microcrystals, etc.  Unique chiral properties of the materials were revealed for plasmonic materials.  The far-

field CD microscopy was found to be a powerful tool to identify chirality of microcrystalline materials. 

 

Chiro-optical effects, typified as circular dichroism (CD) and optical rotation (OR), are widely utilized to 

detect and characterize chiral materials.  They are arising from chiral light-matter interactions, which also have 

potentials to provide the basic principle for chiral 

induction, and research toward this direction has been 

progressing in recent years.  Microscopic imaging based 

on chiro-optical effects is expected to give essential 

information on the origins and functions of chiral nano- and 

micro-materials and characteristics of organisms.  

However, it is in general believed that the chiro-optical 

signals are weak.  For the CD measurements, we have to 

detect very small differences of absorption intensities 

between left- and right-handed circularly polarized light, 

and interference from much larger signals of linear 

dichroism is sometimes serious.  This situation makes CD 

microscopic imaging difficult in most cases for nonuniform 

anisotropic samples.  We proposed some new devices to 

solve this problem, and developed new methods of near-

field polarimetry imaging microscopy (nanometer level, 

NFPM)1 and high-precision far-field CD imaging 

microscopy (sub-micrometer level, FFHPCD)2, and 

applied them to some samples. 

By applying NFPM to plasmonic metal nanostructured 

materials, it was experimentally demonstrated that the 

plasmonic nanomaterials give very large local chiro-optical 

signals, and even non-chiral structures give strong signals 

locally1.  FFHPCD was applied to observe local chiro-

optical signals of plasmonic nanostructures (Fig. 1)2, and 

also to characterize microcrystalline samples of metal 

organic framework (MOF) materials and we succeeded in 

 
Figure 1  Chiro-optical imaging of pinwheel-shaped 
gold nanostructure array2.  (a,c) Optical transmission 
images.  (b,d) FFHPCD images.  (c) and (d) are 
magnified images of (a) and (b), respectively. 

 
Figure 2  Chiro-optical imaging of microcrystals of 
chiral metal-organic framework materials (La(btb))3. 
(a,c) Optical transmission images, (b,d) FFHPCD 
images; (a,b) D-isomers, (b,d) L-isomers. 



identification of chirality (handedness) of many microcrystals instantaneously (Fig. 2)3.  We also showed by the 

CD imaging that chiral assemblies of plasmonic particles consist of domain structures, where a single domain is 

composed of assemblies of almost single handedness4. 

Based on the results on NFPM measurements for achiral plasmonic nanostructures, studies on chirality 

induction in nanoscale induced by photochemical reaction with circularly polarized light are now under way.  We 

have found some chiral nanostructures generated, and the handedness of the structure was controlled by the 

handedness of the irradiated circularly polarized light.  This result can be also interpreted as transcription of 

chirality from the circularly polarized light to the material. 

 

The author acknowledges contribution of many collaborators to this research: Drs. T. Narushima, S. Hashiyada, 

H.-Y. Ahn, J. Yamanishi, and Profs. T. Yamada and W. Lewandowski.  This research was supported in part by 

Grants-in-Aid from JSPS (KAKENHI), Nos. JP15H02161, JP16H06505, JP21H04641, and JP21K18884. 
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Abstract: In this talk we will present our latest results on dynamic manipulation of light wavefronts using 
reconfigurable nanocavities. In particular, we will present how interfacing dielectric nanoantennas with liquid 
crystals can serve this purpose, and present alternative approaches to achieve multi-spectral operation and device 
with memory based on Fabry-Perot nanocavities and phase change materials, respectively. 

 
Achieving dynamic wavefront manipulation with nanoscale precision is cornerstone for most of the 

important emerging optical technologies, such as holographic displays and solid-state LIDAR systems. In this 
regard, metasurfaces, which are collections of optical nanostructures that are able to abruptly modulate the 
properties of light (such as its amplitude, polarization or phase) with sub-diffraction resolution, have emerged as 
the most promising candidates. In order to achieve reconfigurable devices, however, one needs to find ways to 
endow them with some degree of tunability [1]. 

 
When talking about visible light (or near IR) applications, a possibility is using liquid crystals to locally 

modify the near-field environment of the nanostructures, enabling highly efficient spectral tuning of their 
resonances without suffering from dissipative losses. In this talk, we will review some of our recent works 
showing that this approach might indeed allow the realization of fully reconfigurable devices, in which pixels 
containing a single (or a few) resonant nanocavities can be individually controlled using electrical biases. We 
will present both transmissive and reflective configurations, including ones that allow multi-spectral operation 
[2-5].  

 
Besides these, we will also show some prospects to realize non-volatile devices that, instead of the 

nanocavity environment, use changes in its material properties to tune its resonances. In particular, we will show 
how novel low-loss chalcogenides, such as Sb2S3, offer possibilities to obtain reversibly switchable devices with 
memory working near the visible range. 

 
This work was supported by A*STAR RIE2020 AME Programmatic Funding (A18A7b0058) and National 

Research Foundation of Singapore (Grant No. NRF-NRFI2017-01). 
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Abstract: Polarisation properties of near-fields can be exploited to achieve near-field directionality from 
subwavelength sources: recent works explored dipolar sources like circular and Janus dipoles, later extended to 
circular multipoles. In this work we generalize the concept to combinations of electric and magnetic dipoles and 
quadrupoles, such as Janus multipoles, and near-field directionality in lossy waveguides. We also propose the 
use of polarized illumination of nanoparticles to create and manipulate near-field coldspots, whose topology and 
surrounding polarisation properties we explore. 

 
The use of dipoles for near-field directionality of waveguides has been widely explored in recent years, 

including both circular dipoles and combinations of electric and magnetic dipoles such as Janus dipoles [1], [2]. 
More recently, directionality was also shown for circular higher order multipoles showing azimuthal phase 
gradients [3]. In this work we attempt to generalize this in various ways. As a starting point, we analytically and 
numerically consider the effect of lossy waveguides and how they affect near-field directionality [4], proving our 
results with Comsol numerical simulations. Secondly we try to find near-field directionality from combinations 
of multipoles, exploiting both electric and magnetic sources: in this way we introduce a multipole source with 
similar behaviour to a Janus dipole but comprised of quadrupole and dipole combinations. The directional 
excitation of the various multipolar sources can be explained in terms of the underlying symmetries of the 
excitation. 

In the second part of the work, we study the creation of coldspots in the near-field around nanoparticles [5]. 
We prove, using the linearity of Maxwell’s equations, that a coldspot can be created anywhere near a 
nanoantenna, and moved by means of a simple tuning of the polarisation of incident illuminating plane waves 
(no more than two incident plane waves are needed to achieve a full control). This could have implications in 
subwavelength imaging using fluorescent particles, and in optical force manipulation. We test our results using 
both analytical dipole model calculations as well as numerical simulations in CST Microwave Studio. Finally, 
we study the polarisation characteristics of the near fields surrounding the coldspots, finding them to be related 
to nearby polarisation-singularities. 

 
Acknowledgements; This work was supported by European Research Council Starting Grant 

ERC-2016-STG-714151-PSINFONI and EPSRC (UK). 
 

References 
[1] F. J. Rodríguez-Fortuño et al., “Near-Field Interference for the Unidirectional Excitation of 

Electromagnetic Guided Modes,” Science, vol. 340, no. 6130, pp. 328–330, Apr. 2013. 
[2] M. F. Picardi, A. V. Zayats, and F. J. Rodríguez-Fortuño, “Janus and Huygens Dipoles: Near-Field 

Directionality Beyond Spin-Momentum Locking,” Phys. Rev. Lett., vol. 120, no. 11, p. 117402, Mar. 
2018. 



[3] J. E. Vázquez-Lozano, A. Martínez, and F. J. Rodríguez-Fortuño, “Near-Field Directionality Beyond the 
Dipole Approximation: Electric Quadrupole and Higher-Order Multipole Angular Spectra,” Phys. Rev. 
Appl., vol. 12, no. 2, p. 024065, Aug. 2019. 

[4] S. Perea-Puente and F. J. Rodríguez-Fortuño, “Dependence of evanescent wave polarization on the losses 
of guided optical modes,” Phys. Rev. B, vol. 104, no. 8, p. 085417, Aug. 2021. 

[5] A. J. Vernon and F. J. Rodríguez-Fortuño, “Polarisation Control of Nanoantenna Cold Spots,” ArXiv, p. 
2103.02544, Mar. 2021. 

 
 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

DNA origami for plasmonic and photonic applications 
 

Gregor Posnjak1*, Mihir Dass1, Xin Yin1, Alexander Govorov2 and Tim Liedl1 
1Ludwig-Maximilian-Universität München, Germany 

2Ohio University, United States 
*corresponding author: gregor.posnjak@lmu.de 

 
Abstract: DNA origami is a unique programmable material which enables precise assembly on the nanoscale. It 
can be combined with nanoparticles or molecules to form functional structures which interact with light in 
different ways. In the Liedl lab at LMU Munich we have designed chiral structures, plasmonic hot spots, 
self-assembled crystals and sensors based on DNA origami. I will review our recent work and present some of 
the current projects. 

 
Selective bonding of deoxynucleic acids in DNA molecules allows nature to store genetic information on 

how to produce the proteins needed as building blocks of organisms. DNA origami harnesses this selectivity to 
programmably assemble long strands of DNA into almost arbitrary shapes on the scale of tens of nanometers 
[1,2], allowing design of different functional structures or even devices. Because of the selectivity and 
programmability of DNA binding such structures can be decorated with plasmonic nanoparticles or small 
molecules with high precision, allowing unique control of structure on the nanoscale. This enables us to create 
different chiral geometries [3-5], plasmonic hot spots [6,7], switchable chiral structures [8,9] or even observe 
how configurations of particles transition from non-chiral to chiral optical properties [10]. 

Our recent work has been concentrated on controlled placement of DNA origami structures on surfaces and 
on growing three-dimensional crystalline arrays of DNA origami units. Chiral structures in suspensions are 
freely-floating and thus randomly oriented. When they are placed on a surface, they are oriented in-plane, which 
can lead to an order of magnitude increase of their circular dichroism. DNA origami units can act as 
programmable patchy colloids and can therefore be grown into geometries which are difficult or impossible to 
achieve by other means. Recently we have developed a tetrapod structure which polymerises into inverse 
diamond lattice with a periodicity of 170 nm. These tetrapods can co-crystalise with DNA origami extension 
struts into an enlarged version of the diamond lattice. The extension struts could be substituted by different 
plasmonic structures to realise densely packed 3D chiral or non-chiral plasmonic arrays and explore potential 
lattice effects on the length scale of visible light.  

 
Figure 1. Left: Controllably placed chiral structures based on DNA origami. Right: A three-dimensional cubic diamond 
crystal grown from DNA origami and decorated with plasmonic nanoparticles. 
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Abstract: The generation of hot electrons in plasmonic nanoparticles is an intrinsic response to light, which 
strongly depends on the nanoparticle shape, material, and excitation wavelength. In this study, we present 
a formalism that describes the hot-electron generation for gold nanospheres, nanorods and nanostars. 
Among them, the nanostars are the most efficient, with an internal energy efficiency of approximately 25%, 
owing to multiple factors, including the presence of hot spots. 

 
In our study, we present a hybrid formalism that incorporates classical and quantum components, which 

allows us to describe the generation of hot electrons (HEs) in nanoparticles with complex shapes, as well 
as their energy efficiencies. Although we focused on gold, our approach is suitable for any plasmonic 
material. This is a convenient tool to design nanoparticles with efficient properties for applications in 
photochemistry and photodetection.   

In particular, we calculated the total rate of the hot-electron generation in a nanoparticle and the rate of 
generation corresponding to hot electrons with an over-barrier energy, given as 
 

 
𝑅𝑎𝑡𝑒𝐻𝐸, 𝑡𝑜𝑡𝑎𝑙 =  2

𝜋2
× 𝑒2𝐸𝐹2

ℏ
1

(ℏ𝜔)3 ∫ |𝐸𝑛𝑜𝑟𝑚𝑎𝑙(𝜃, 𝜑)|2𝑑𝑠,
 
𝑆    (1) 

 
𝑅𝑎𝑡𝑒𝐻𝐸, 𝑜𝑣𝑒𝑟−𝑏𝑎𝑟𝑟𝑖𝑒𝑟 =  (ℏ𝜔−∆𝐸𝑏)

ℏ𝜔
× 𝑅𝑎𝑡𝑒𝐻𝐸, 𝑡𝑜𝑡𝑎𝑙    (2) 

 
where Enormal(𝜃, 𝜑) is the normal electric field at the surface inside the nanoparticle and ∆Eb is the 

barrier energy. Then, their corresponding efficiencies for the generation of hot electrons is 
 

𝐸𝑓𝑓𝐻𝐸, 𝑡𝑜𝑡𝑎𝑙 =  𝑅𝑎𝑡𝑒𝐻𝐸,𝑡𝑜𝑡𝑎𝑙
𝑃ext/ℏ𝜔

     (3) 
 

𝐸𝑓𝑓𝐻𝐸, 𝑜𝑣𝑒𝑟−𝑏𝑎𝑟𝑟𝑖𝑒𝑟 =  𝑅𝑎𝑡𝑒𝐻𝐸,𝑜𝑣𝑒𝑟−𝑏𝑎𝑟𝑟𝑖𝑒𝑟
𝑃ext/ℏ𝜔

    (4) 
 
 
where 𝑃ext is the optical extinction power. The efficiencies calculated for our four types of studied 

nanoparticles are shown in Figure 1. We show that the nanostars are more efficient than the nanosphere and 
nanorods due to multiple reasons. Among these, two important factors are the presence of hot spots at the 
tips of the stars and the larger surface area that the nanostars possess. In a direct and more detailed 
comparison between a nanorod and a nanostar, we show that the latter takes more advantage of the absorbed 
light to generate hot electrons. 
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Figure 1.  Efficiencies of the hot electron generation corresponding to:(a) the total rate and (b) the rate for over-barrier energies. 
These are calculated at the plasmon peak of the nanoparticles as a function of their volume. 
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Abstract: We present new results on the analysis of the nonexponential photoluminescence decay kinetics of
colloidal quantum dots using a model that considers a Poisson distribution of the number of charge carrier traps
per nanocrystal, detrapping of charge carriers, and a single trap depth. Further we introduce a new model that
assumes instead an energetic distribution of traps that is a decreasing exponential function of energy and predicts
a power-law photoluminescence decay kinetics at long times. We compare the two models.

The measurement of the photoluminescence (PL) decay kinetics of colloidal quantum dots (QDs) is the most
important tool for investigating the dynamics of excited states in these nanocrystals. With the help of physically
meaningful models for the description of the typically nonexponential PL decay kinetics observed, such
measurements make it possible to gain insight about the type and number of charge carrier (electron, hole) traps
or excitation energy acceptors (molecules, other nanocrystals) located on the surface or near the QDs, as well as
to estimate the energy of those traps or determine the mechanism of transfer of electronic excitation energy from
the QDs to the acceptors [1-4]. Of particular importance is the investigation of the origin of the slow tails of the
QD PL decays at room temperature, which have been associated to charge detrapping processes thought to be
involved in PL intermittency (blinking) [5].

The optical and electronic properties of QDs are not only determined by the composition, size, and shape of
these nanocrystals but also by the ligand molecules capping their surface. We have used a model and
corresponding function that we introduced previously [3,4] to analyze the effect of hole accepting ligands on the
kinetics of PL decay of CdSe QDs at room temperature. This model assumes (i) reversible trapping of
photogenerated charge carriers, (ii) traps that are not centers for non-radiative recombination, (iii) a Poisson
distribution of the number of traps per nanocrystal, and (iv) a single trap depth This model accounts for the
long-time tails of the decays and provides quantitative information about trapping/detrapping rate constants,
average number of traps per QD, and PL time constants. The results reveal a ligand-dependent variation of QD
exciton recombination lifetimes.

Further, we introduce a new model and corresponding function that consider, besides the assumptions (i-iii)
above, an energetic distribution of traps that is a decreasing exponential function of energy. This model predicts
a power-law PL decay kinetics at long times. We compare the two models paying particular attention to the
behavior of the long-time PL decay kinetics, which therefore allows us to obtain information on the nature of the
energy distribution of charge carrier traps in a given QD ensemble.
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Abstract: Combining aluminum nanostructures sustaining blue-UV resonances with lattice geometries supporting 
grating Rayleigh anomalies allows to obtain hybrid modes called Surface Lattice resonances, shaper and more 
intense than standard Localized Surface Plasmon Resonances. Placed on top of a wide band-gap semiconductor 
thin film such as Zinc Oxide, these aluminum nanoparticle arrays act both as nanoantennas and light amplifiers, 
allowing to enhance the band-edge emission of the semiconductor, experimentally measured up to about 3.5 
compared to bare ZnO. 

Due to its high plasma frequency, aluminum has become a key element to create nanostructures sustaining 
plasmonic resonances in the blue-UV spectral domain. In addition, periodic gratings are known to support 
Rayleigh anomalies, that correspond to in-plane diffraction orders, at specific wavelength depending on the period. 
Combining the Localized Surface Plasmon Resonances (LSPR) and grating diffraction in arrays of metallic 
nanoparticles can give rise to hybrid modes called Surface Lattice Resonances (SLR), much sharper than the LSP 
mode of an isolated particle and showing a Fano-like shape [1]. 

At the same time, plasmonic nanostructures are able to enhance greatly the photoluminescence (PL) of nearby 
emitter, acting here as nanoantennas. While it is possible, in the case of quantum dots or molecules, to achieve 
important enhancement of several orders of magnitude, it is more difficult in the case of bulk materials. Indeed, 
the PL enhancement is strongly weakened due to the low spatial overlap between the electromagnetic modes of 
the nanoantenna and the emitter. 

In this work, we study how Al metal particles, acting both as antenna and light amplifier, couple to the band-
edge emission of a wide-bandgap semiconductor. We propose a device consisting of a zinc oxide thin film on top 
of which is deposited an array of aluminum nanoparticles, as shown figure 1 (a). The nanostructures geometry and 
period are tuned to sustain SLR in the near UV region. The samples were fabricated using plasma assisted 
sputtering to deposit ZnO thin film, as well as electron beam lithography for the aluminum part [2], as shown on 
the AFM image on figure 1 (b). 

 
Figure 1. (a) Schematic of the structures consisting of an array of Aluminum nanoparticles 

on top of a ZnO thin film. (b) AFM image of the structure. 



We experimentally evidence that the addition of the structures can give rise to an enhancement of about 3.5 of 
the Zinc Oxide band-edge emission, as shown on figure 1 (a, b). Moreover, we demonstrate that the 
semiconductor’s luminescence shows greater enhancement when the metallic structure supports a SLR rather than 
a LSPR. Also, we observe differences in behavior between the tuning wavelengths of the structure or the incident 
light polarization. 

 
Figure 2. (a) Photoluminescence spectra of the ZnO film with and without the structures.  

(b) Corresponding enhancement spectra. 
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Abstract: We propose aluminum self-similar, fractal-like structures (Cayley trees) as broadband optical 
antennas. Using electron energy loss spectroscopy, we experimentally evidence that a single aluminum Cayley 
tree sustains multiple and scalable plasmonic resonances. 

 
 

Optical antennas can extract energy from a propagating electromagnetic field and, reciprocally, can convert 
localized energy into propagating radiation [1]. Albeit single-mode optical antennas can be readily created using 
resonant nanoparticles, the design of multi-resonant antennas with a broad operating range remains challenging. 
In this communication, we experimentally demonstrate optical antennas sustaining resonances from the thermal 
infrared up to the ultraviolet. Our design relies on the use of aluminum as a plasmonic metal and of a self-similar 
geometry, the Cayley tree [2].  

 

  
Figure 1: Multiple resonances in a single Al Cayley tree. (a) High-angle annular dark-field image of the 

structure. (b-l) Energy-filtered EELS maps corresponding to different maxima in the EELS spectrum (from [4]). 
 
Aluminum Cayley trees have been fabricated using e-beam lithography (Fig. 1a) and have been subsequently 

characterized using electron energy loss spectroscopy (EELS). EELS is a hyperspectral imaging technique based 
on the interaction between the nanostructure and swift electrons in a scanning tunneling electron microscope [3]. 
It combines the high spatial resolution of electron microscopy with the ability to probe optical modes. 
Energy-filtered images recorded at different energies are shown in Fig. 1b-l, evidencing the wealth of resonances 
sustained by a single Cayley tree. Most importantly, these resonances cover an ultra-broad spectral range, from 
the thermal IR (λ = 10.88 µm) up the UV (λ = 364 nm). Each Cayley tree sustains a number of bright modes 
equal to the number of iterations of the self-similar process used to design the antenna (5 iterations in the case of 
the structure shown in Fig. 1) plus a number of dark modes [4]. The resonances are also easily scalable.  



 
Such multiresonant optical antennas could be useful for applications ranging from nonlinear optics (multiple 

harmonics generation) to surface-enhanced infrared absorption spectroscopy. 
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ABSTRACT Nanophotonic platforms in theory uniquely enable < femtomoles of chiral 

biological and pharmaceutical molecules to be detected, through the highly localised changes 

in the chiral asymmetries of the near fields that they induce.  However, current chiral 

nanophotonic based strategies are intrinsically limited because they rely on far field optical 

measurements that are sensitive to a much larger near field volume, than that influenced by the 

chiral molecules.  Consequently, they rely on detecting small changes in far field optical 

response restricting detection sensitivities.  Here we exploit an intriguing phenomenon, 

plasmonic circularly polarised luminescence (PCPL), which is an incisive local probe of near 

field chirality.  This allow chiral detection of monolayer quantities of a de novo designed 

peptide, which is not achieved with a far field response. Our work demonstrates that by 

leveraging the capabilities of nanophotonic platforms with the near field sensitivity of PCPL, 

optimal biomolecular detection performance can be achieved, opening new avenues for 

nanometrology. 
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Abstract:  Electron spectroscopies have emerged as extremely useful tools for nanomaterials characterization.

However,  until  recently,  the  limited  spectral  resolution  available  prevented  wide-spread  applications  in  the

optical energy range. In this contribution, we will discuss how this techniques can be used to understand the

physics of 2D materials and their heterostructures. More importantly, a new technique based on the temporal

coincidence of absorption and emission events will be described, that allows one to map the relative quantum

efficiency of different excitation pathways.

Spectroscopies with focused beams of free electrons (kinetic energy in the 30-300 keV

range) have the unique bene t of probing “bulk” materials with nanometer or atomic

resolution. Among them, three have direct application to nano-optics: electron energy

loss  spectroscopy  (EELS  [1]),  electron  energy  gain  spectroscopy  (EEGS  [2]),  and

cathodoluminescence (CL [3]). 

In  this  seminar,  I  will  describe  recent  advances  on  the  use  of  EELS  and  CL  to

understand the nanometer-scale properties of 2D materials and their heterostructures.

These  techniques  are  close  counterparts  of  optical  extinction  and  o3-resonance

photoluminescence.  In  h-BN/WS2/h-BN  heterostructures,  the  measured  EELS  and  CL

spectra (Fig. 1) [4] closely resemble those of 1-R-T (R and T the optical re;ectivity and

transmission)  [5].  We have  used these,  coupled  to  electron  imaging,  di3raction,  and

chemical mapping, to unveil these structures behavior under in;uence of their support (in

this case, amorphous carbon), where the charged to neutral exciton emission rate varies

signi cantly.

Fig. 1: a EELS and CL spectra of WS2 encapsulated in h-BN [4].



h-BN  encapsulation  is  necessary  to  achieve  these  materials’  optical  response

(emission  and  absorption  linewidth)  comparable  to  optical  experiments.  We  have

performed  electron  spectroscopy  experiment  with  WS2 on  di3erent  substrates  to

understand  this  behavior  [6].  Surprisingly,  monolayer  roughness  (as  in  the  case  of

suspended layers) is not the only or main  the source of absorption linewidth increase:

trapped charges and surface cleanness also play key roles.

Despite  the  evident  interest  in  obtaining  nanoscale  information  not  much

understanding is available concerning the energy pathways between electron energy loss

and photon emission events. Photon bunching experiments [7] give indications that the

underlying dominant processes  involve bulk plasmons excitations, but cannot pinpoint

each possible energy transfer pathway. 

In  the  second  half  of  the  seminar,  I  will  discuss  how  new  event-based  electron

detectors [8,9] allowed us to perform coincidence EELS-CL measurements. From these,

the relative quantum eCciency to photon emission of each energy loss can be identi ed,

similarly to what is done in photoluminescence excitation spectroscopy. We name this

coincidence EELS-CL measurements cathodoluminescence excitation spectroscopy (CLE)

[10], in analogy. As an example of applications, we map with 40 nm spatial resolution the

most  e3ective  excitation  channels  in  thin  h-BN  layers  leading  to  the  4.1  eV  defect

emission in this material.
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Abstract 

Plasmonic nanoparticles are powerful nanoantennas, and the energy deposited in their resonant modes can drive 
phenomena such as photocatalysis. The injection of plasmonic hot carriers can trigger redox reactions non- 
homogeneously, with spatially-differentiated reaction rates depending on the symmetries of nanocrystal and 
incoming light, allowing the chiral growth of achiral nanocrystals under circularly polarized light. This talk 
presents a computational model studying the geometrical evolution of plasmonic nanocrystals under different 
conditions, directly from the optical response of the system.  
 

Description 

Plasmonic nanoparticles interact strongly with light ranging from the UV to IR because they support resonant 
modes for the oscillation of their electrons. This has motivated their usage in a wide variety of applications in 
photonics and nanotechnology. Importantly, the energy deposited in these resonant modes can be transferred to the 
environment, so that they can affect secondary phenomena. A particularly interesting mechanism allowing this 
energy transfer is the injection of plasmonic high-energy (hot) carriers, as they can contribute to redox reactions 
around the nanostructure. As such, the study of hot electron generation in plasmonic systems has gained attention, 
beyond the fundamental physical interest of their ultrafast dynamics, because they can contribute to solar energy 
conversion strategies through photocatalysis. Importantly, the excitation of hot carriers within a plasmonic 
nanocrystal is not homogeneous, and depends on the symmetry of both the system and its illumination. This allows 
the creation of plasmonic configurations with regions that show a greater excitation rate of these carriers and, 
consequently, an acceleration of chemical reactions in their proximity. Clear examples of this effect are 
interparticle hot spots with strong electromagnetic fields, but such spatial inhomogeneity in the excitation of hot 
carriers also occurs in single particles. An interesting example for this is the excitation of chiral reaction patterns in 
achiral nanocrystals when they are illuminated by circularly polarized light, in particular when the photocatalyzed 
reaction triggers nanocrystal growth, as this can then generate chiral geometries from achiral seeds through a 
bottom-up approach. This talk will discuss the photocatalytic photogrowth of plasmonic nanocrystals, presenting a 
novel computational model for studying nanocrystal growth and deformation. This model predicts the evolution in 
the shape of the nanocrystal directly from the optical response of the plasmonic nanocrystal, and offers us a tool to 
contrast the expected geometrical deformation under different conditions. 
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Abstract: The modalities of energy transfer at the nanoscale strongly differ from those at the macroscopic scales 
because of the increased role played by interfaces. With the development of nanotechnology, understanding and 
mastering these mechanisms is crucial for fundamental and technological advances in many fields such as 
electronics, thermoelectricity or sensing [1]. In this communication, we will show how with self-assembly 
approaches, we can construct hybrid nano-systems with well-defined geometry and stability to investigate the 
modalities of heat transfer in the time domain phonon transport at single particle level [2]. Strong coupling and 
precise positioning between plasmonic nano-units can be achieved via regioselective surface modification. 
Self-assembly approaches, in particular based on electrostatic interactions, endow the assembly of nanoparticles of 

different size, shape, composition into desired structures. We will investigate how the internal thermalization and 
the cooling dynamics within the nano-hybrids are affected by their geometry by exploitation of pump-probe 
optical spectroscopy. 

 
Example of a nanohybrid cluster made from assembly of colloidal building blocks  

with control size, shape and positioning. 
 

This project was funded by the French National Research Agency (ANR-20-CE30-0016). 
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Abstract: Ultrafast spectroscopy is a well-established means to monitor energy flow and dissipation in a wide 
range of structures. It can, however, be a time-consuming spectroscopy which limits its utility for sensing and 
imaging applications. In this talk, I describe recent efforts to accelerate ultrafast spectroscopies, particularly 
applied to nanoscale structures. The efforts are found to apply to a wide range of light-matter interactions, 
including photoinduced processes in plasmonic nanostructures and solar energy conversion materials.    

 
Ultrafast spectroscopy is an extremely important means to characterize energy flow and energy conversion 

in materials following photon absorption. Given the rapid evolution of spectral ranges of both optical pump 
source and probe detection that spans UV, visible, near-infrared, mid-infrared, and terahertz frequencies, 
ultrafast spectroscopies can monitor an extremely wide range of photoinduced processes. However, the 
technique is often a time-consuming one that involves small changes in absorption, such that the need to signal 
average for an hour or more is not unusual. This places limitations not only on the applicability of ultrafast 
spectroscopy to more generalized sensor technologies, but also on the range of materials that can be studied 
because many materials degrade under long periods of illumination. Additionally, longer experiments generally 
require more stable lasers and greater environmental controls, adding to the complexity of the spectroscopies. 

In this talk, I present recent efforts to dramatically decrease the time needed to perform ultrafast 
spectroscopies through compressive sensing, whereby a smaller number of data points are randomly collected as 
a function of time.[1] The general principle works well when the transformation of the optical signal to another 
basis or domain has a small number of features. Studies and applications to colloidal plasmonic nanoparticles 
and energy conversion materials are shown. I also present optical imaging efforts using ultrafast optical pulses in 
highly scattering environments where conventional imaging is difficult.[2] By utilizing enhanced second 
harmonic generation from higher peaker-power ultrashort pulses, combined with compressive sensing 
approaches, successful reconstruction of optical images occurs.  
 

Work performed at the Center for Nanoscale Materials, a U.S. Department of Energy Office of Science User 
Facility, was supported by the U.S. DOE, Office of Basic Energy Sciences, under Contract 
No. DE-AC02-06CH11357. This material is based on work supported by Laboratory Directed Research and 
Development (LDRD) funding from Argonne National Laboratory, provided by the Director, Office of Science, of 
the U.S. Department of Energy under Contract No. DE-AC02-06CH11357. 
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Abstract: Metasurfaces for display applications have rapidly advanced in the past decade. However, high 

cost of top-down approaches such as EBL, focused ion beam milling (FIB) hindered practical application of the 
metasurfaces. In this project, nanoparticles are synthesized by solution method and assembled into metasurface 
structure assisted by capillary force, which will overcome the disadvantages brought by EBL method. At the 
same time, qualitative analysis of plasmonic metasurface and dielectric metasurface will be carried out.  

Metasurfaces are made up of subwavelength arrays of nanostructures, known as meta-atoms. The periodic 
arrangement of these meta-atoms plays a critical role in determining the functionality of the metasurface device. 
The geometry and material of the meta-atom can be chosen to produce desired optical properties at target 
wavelengths such as manipulating the phase delay, group delay, and the transmission/reflection at a single 
wavelength or over a range of wavelengths.[1] These capabilities enable practical applications of metasurfaces 
toward optical cloaking, next-generation displays, super-resolution imaging, ultra-thin lenses, and anticounterfeit 
devices.  

 

Figure 1. Experimental process of (grinding, clarification) used to prepare colloidal silicon nanoparticles. 
(In deionized water using a kitchen blender)  *Average size: 142 nm  Zeta Potential: -33.5 mV  

As is shown in Fig.1, I have demonstrated the development of an aggregation-free colloidal dispersion of Si 
nanoparticles with spheroidal shape using a kitchen blender, based on exfoliation processes without addition of 
any surfactant. We obtained crystalline Si nanoparticles with diameters controlled in the range of 45−200 nm. In 
this year, Castilla et al.[2] report on the production of spherical, size-controlled crystalline Al NPs starting from 
commercial Al foils and without the use of a catalyst. And I will use this method for reference to prepare Al 
nanoparticles. 

 



          
Figure 2. Experimental flow chart of nanoparticle assembly. 

In summary, nanoholes of different sizes were obtained by EBL, after silanization reaction, nanoparticles (Si 
NPs/Al NPs) were filled into the hole with the help of capillary force using SmartForce. Finally, PMMA can be 
removed by acetone and a certain size of nanoparticle metasurface can be obtained. The schematic diagram of 
the experimental process is shown in Fig.2. The polarization, phase and amplitude of incident light can be 
controlled by the metal metasurface composed of metal structural elements. With the research of metasurface 
entering the near-infrared and visible wavelengths, the intrinsic loss of metals becomes increasingly prominent 
and cannot be ignored. The proposed dielectric metasurface avoids the loss problem of metal metasurface and 
the theoretical basis for the structural and functional design of dielectric metasurface is Mie scattering. Exploring 
the differences of optical properties of the prepared metasurface structures from the individual differences of 
nanoparticles and the application in display. With the plethora efforts of researchers, we believe optical 
metasurfaces would spread through in our life sooner or later. 
 
References 
1. Jung, C. et al. “Metasurface-driven optically variable devices,” Chemical Reviews, Vol. 121, No. 21, 13013-13050, 

2021.  
2. Castilla, M. et al. “Colloidal Synthesis of Crystalline Aluminum Nanoparticles for UV Plasmonics,” ACS 

photonics, Vol. 9, No. 3, 880-887, 2022.  
 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Simulation-based Comparison of the Performance of Various Phase-Change 
Materials on a SiN-based Photonic Platform 

 
C. Zrounba1*, F. Bentata1,2,3, R. Cardoso1, A. Bosio1, S. Le Beux1,4, P. Genevet2, S. Monfray3, 

L. Berguiga1, X. Letartre1, I. O’Connor1, S. Cueff1 and F. Pavanello1 
 1Univ. Lyon, Ecole Centrale de Lyon, INSA Lyon, Université Claude Bernard Lyon 1, CPE Lyon, CNRS, INL, UMR5270, 

36 avenue Guy de Collongue, 69130 Ecully, France 
2Université Côte d’Azur, CNRS, CRHEA, Rue Bernard Gregory, Sophia Antipolis 06560 Valbonne, France 

3STMicroelectronics, 850 Rue Jean Monnet, 38920 Crolles, France 
4Dept. of Electrical and Computer Engineering, Concordia University, 1455 Blvd. de Maisonneuve O, Montréal, Canada 

*corresponding author: clement.zrounba@ec-lyon.fr 
 
Abstract: We present a simulation-based performance assessment of various phase-change materials (PCMs) in 
the context of photonic integrated circuits. We study a device consisting of a thin rectangular patch of PCM 
deposited on a silicon nitride waveguide. This device is programmed using guided optical pulses to alter its optical 
transmission by partially changing the phase of the PCM. Using two application-aware figures of merit, we 
evaluate the programming efficiency for each PCM considered. 

As CMOS scaling reaches physical and economical limits, emerging technologies are poised to take over some 
of the workload and functionality required in tomorrow’s chips. Silicon photonics has emerged as a robust and 
versatile supplement to conventional electronic circuits, in part thanks to its high compatibility with existing 
CMOS processes [1]. To improve and extend the capabilities of photonic circuits, a number of materials are being 
investigated, including III-V semiconductors, 2D materials, and phase-change materials (PCMs). 

PCMs are an emerging class of materials whose properties can be reversibly modulated by crystallographic 
control (i.e., gradually switching between two stable or metastable states – often between crystalline and 
amorphous states). Their most defining feature is the large change in refractive index when switching from one 
state to the other. Additionally, they must be capable of fast and reversible switching. Most PCMs can be switched 
in multiple ways (electrically, thermally, and optically), and can be integrated into CMOS processes. PCMs have 
already been employed in silicon and silicon nitride (SiN) photonics platforms to create optical devices for a wide 
range of target applications spanning memory, optical routing, and computing [2]. 

The integration of PCMs in photonic devices and circuits requires substantial work to (i) enhance the optical 
response of devices through careful design optimization, (ii) engineer materials to achieve high index contrast and 
switching capabilities, and (iii) efficiently exploit these characteristics by optimizing programming schemes and 
architectures. Traditionally, each of these problems has been studied independently, with materials in particular 
being studied irrespective of the target device/application. Now, as potential applications become more defined, it 
is essential for designers to start resorting to application-aware co-optimization using meaningful device-level 
figures of merit (FOM). 

In this work, we consider a simple building block for PCM-based devices: a thin patch of PCM deposited over 
a SiN waveguide, as illustrated in Fig. 1(a). Depending on the state of the PCM, varying degrees of attenuation 
and/or phase delay can be applied to the signals passing through the structure. This building block can, for example, 
be embedded in a micro-ring resonator, allowing the latter’s characteristics to be adjusted in a very efficient manner 
by limiting the amount of static power needed for tuning [3]. 



For several commonly studied PCMs (GST, GeTe, VO2, GSST, Sb2Se3…), we calculate the efficiency of 
programming this building block optically with a single pulse scheme. An optical pulse at carried by the waveguide 
heats the PCM patch and partially switches its state. The resulting change in transmission of the device can then 
be leveraged by sending signals through the same waveguide, possibly at a different wavelength, depending on 
the material and application. The programming scheme is illustrated in Fig. 1(a).  

Our simulation flow is summarized in Fig. 1(b). We perform a 3D finite-difference time-domain (FDTD) 
optical simulation and 3D heat diffusion simulations to obtain the temperature profile within the patch following 
the absorption of the programming pulse. This result is used to estimate the new state of the PCM. Finally, the 
transmission of the signal in the initial state and after programming (resp. 𝑆120  and 𝑆121  ) are calculated using 3D 
FDTD simulations at 𝜆𝑠𝑖𝑔𝑛𝑎𝑙 . From these, we extract Δ𝑇 the change in transmission intensity, and Δ𝜙 the 
change in phase-delay after programming. 

Since the concept of device performance depends heavily on the target application, we propose two key figures 
of merit (FOMs) which relate the optical characteristics to 𝐸 the energy of the programming pulse:  

                                                                   𝐹𝑂𝑀1 = Δ𝑇/𝐸                                                                                                    (1a) 

                                                                    𝐹𝑂𝑀2 = Δ𝜙 ⋅ min(|𝑆120 |, |𝑆121 |) /𝐸                                                                (1b)  

These FOMs give an indication of how efficiently the device can be programmed, and allow materials to be 
compared. They cover two classes of applications: 𝐹𝑂𝑀1 is suited for transmission gating applications, such as 
memory cells, and 𝐹𝑂𝑀2 makes sense in interference-based applications such as optical computing or routing.  

This work is funded by ANR under grants ANR-18-CE24-0027 (OpticALL²) and ANR-20-CE24-0019 
(OCTANE), and ANR-20-CE24-0013 (MetaOnDemand). 
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Abstract 
In this work, we aim at designing efficient directional 
scatterers and their arrays for metasurfaces and 
transdimensional metastructures. Nanoparticles of high-
refractive-index materials like semiconductors enable strong 
confinement of light at the subwavelength scale because of 
the strong reflection from material boundaries and 
excitation of Mie resonances within the nanoscale-size 
particle. The combination of different materials in the 
nanoparticle allows to tune electric and magnetic 
resonances of the nanoparticles and achieve broadband 
overlap.  

1. Introduction 

Nanoparticle clusters, such as oligomers, support modes 
with different symmetries, which being interfered result in 
Fano resonances. Moreover, periodic nanoparticle arrays 
give rise to lattice resonances at the wavelength close to 
Rayleigh anomaly, i.e., effective wavelength in the medium 
is equal to array period. Compared to single nanoscatterer, 
drastic changes in the metastructure resonances can be 
induced by arranging nanoparticles into periodic array [1]. 
This often facilitates the excitation of additional resonances 
known as lattice resonances [2]. 

Lattice resonances in the plasmonic, high-refractive index, 
and hyperbolic-material nanoparticle arrays have been 
studied in recent years. These resonances are very narrow 
and highly sensitive to the refractive index of the 
environment, which enables strong response on the change 
in optical properties of surrounding conditions. 

Metastructures are of great interest in serving in a variety of 
real-life applications, such as lenses, imaging, sensing, beam 
steering, and solar energy harvesting. In addition to 
lightweights and simplicity in designing, well-established 
fabrication process compared to their three-dimensional 
counterpart (metamaterials) of metasurfaces enables a large 
number of important applications. 

2. Model and Results 
Theoretical study of the problem and designing the most 
efficient scatterers is performed using full-wave numerical 

simulations based on the finite-element method and 
employed to investigate the structure properties. The 
nanofabrication and characterization include sample 
preparation, deposition of metals and oxides, as well as 
optical measurements of reflection and transmission spectra.  
(a) 

 
(b) 

 
 

Figure 1: (a) Geometry of structures under consideration: 
The unit cell consists of one or two scatterers out of four 
layers including metal and dielectrics. (b) Nanostructure 
fabricated with electron beam lithography and imaged in the 
scanning electron microscope.  
 

3. Discussion 
We theoretically demonstrate the excitation of optical 
resonances in the visible and near-infrared spectral ranges 
in the arrays of nanodisks with the dimensions of hundreds 



2 
 

of nanometres on a fused silica substrate. One or multiple 
nanoparticles (or scattering elements scatterers) are 
considered in the unit cell of the lattice unit. We introduce 
mismatched resonances excited in the array and show that 
the dimensions of scatterers define the type and character of 
excitations. 
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Abstract: We review recent work on plasmonic nanoantennas and their applications in nonlinear optics and in 
optoelectronics. 

 
Introduction 
Resonant nanometallic structures, such as plasmonic nanoantennas, are essential to the conversion of light to 
surface plasmon-polaritons (SPPs) localized to ultra-small volumes [1]. Such structures can provide highly 
enhanced fields, strong confinement, high surface sensitivity, and can double as a device electrode for applying 
voltages or passing currents to active regions in optoelectronic devices. Here we review some of their many 
applications, in the areas of plasmon-enhanced nonlinear optics [2-5] and opto-electronics [6-11]. 
 
Applications in nonlinear optics 
In nonlinear optics, plasmon enhancement can be applied to the pump [2], or to the nonlinear emission [3-5], 
through spectral alignment of their resonances. An advantage of the former is that all nonlinear processes 
involving the pump are enhanced, but a disadvantage is that the pump, typically of high intensity, can damage 
the nanostructures. Nonetheless, such enhancement was exploited in high-harmonic generation via re-collision 
radiation in Si [2], where a 10× enhancement was observed for all harmonics emitted up to the 9th.  

Alternatively, applying plasmon enhancement to the nonlinear emission by designing the nanostructures to 
be resonant with the emission is advantageous because the latter is typically weak, and the structures are 
non-resonant with the pump so are less susceptible to damage. Such enhancement was exploited in Raman 
scattering experiments [3-5], where the nanoantennas were spectrally-aligned with the Stokes wavelengths of 
graphene. Under this scenario, single-antenna scattering cross-section enhancements of over 500× were observed 
[5]. 
 
Applications to optoelectronics 
In optoelectronics, plasmon enhancement can be exploited to improve the performance of, e.g., electro-optic 
modulators [6, 7], photodetectors [8], and beam-steering devices [9-11]. A key requirement is for the plasmonic 
enhancement to overlap strongly with the active region of the device, which requires that the nanostructure also 
operate as a device electrode. Fig. 1 shows such a structure, consisting of an array of Au nanoantennas contacted 
perpendicularly by electrical contact lines. The contact lines are centred on the nanoantennas (dipoles), which 
ensures that they are minimally invasive optically, due to their orthogonal alignment relative to the incident 
polarisation (along the nanoantenna axes). Structures such as these are very promising for beam steering, as each 
row can be routed to an individual contact such that a 1D phase gradient is applied over the array [9].  

Nanostructures that consist of holes in a metal film are also of significant interest, especially arrangements 
of nanoholes (e.g., heptamers), which can be fabricated via focussed ion beam milling, because they exhibit 
interesting and useful Fano resonances in addition to significant field enhancement [12-14]. 



 
Figure 1: 2-D sketches in (a) top and (b) longitudinal cross-sectional views of a meta-atom comprised of a Au 
back-reflector bearing an ITO layer, a HfO2 layer, and an electrically-contacted Au dipole antenna. The dashed red lines 
indicate the perturbation region in ITO. (c) and (d) Voltage response of the electric field reflection coefficient magnitude |Γ| 
and phase ∠Γ [9]. (e) HIM images of electrical fan-out structure, dipole antenna array (left inset), and connection point 
(right inset). The dipole gaps are 30 nm long, and the dipole arms and connector widths are 50 nm [11]. 
 
Conclusions 
Resonant plasmonic nanoantennas are useful for the conversion of light to SPPs localized to ultra-small volumes. 
They provide highly enhanced fields, strong confinement, high surface sensitivity, and can double as a device 
electrode for applying voltages or passing currents to active regions in optoelectronic devices. 
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Abstract: We demonstrate various methods to actively tune and passively tailor the optical properties of 
conducting oxides and nitrides, for dynamic nanophotonic applications. 

Recent demands in the real-time control of the phase, polarization, and amplitude of light call for materials 
that can change their optical properties in real time1. The active tunablility of transparent conducting oxides has 
enabled switchable absorbers2, polarization rotators3, and even multi-functional nanofocusing and beam 
steering devices4. On the other hand, the high damage threshold and good plasmonic properties of transition 
metal nitrides has given rise to robust devices for thermophotovoltaics, high-temperature sensing, and on-chip 
optics 5–7. Furthermore, the slow-light effects and the field enhancements near the epsilon-near-zero regime of 
these films have enabled interesting optical phenomena like ultrafast switching8,9, giant nonlinearities10, and 
time-refraction11. Finally, industry relevant applications require rigorous dynamic characterization of materials, 
and stringent control of the time-varying optical properties is necessary to demonstrate novel optical 
phenomena photonic time crystals12,13. 

 

Figure 1 (a) The Epsilon Near Zero (ENZ) crossover of polycrystalline cadmium oxide can be changed from 11 microns to five microns 

via yttrium doping. (b) Polycrystalline TiN and (c) Aluminum doped zinc oxide’s permittivities show a strong dependence on the thickness 

(d) Even without dopants, optical excitation of free-carriers can transition undoped zinc oxide from dielectric to metal and back  



We demonstrate great variance in the ENZ crossover of polycrystalline cadmium oxide14 via yttrium doping 
(Fig.1a). We investigate the strong thickness dependence of the optical properties of polycrystalline titanium 
nitride (TiN) (Fig. 1b) and aluminum-doped zinc oxide (AZO) (Fig. 1c). Employing the Berreman modes of TiN 
and AZO films on the same platform, we demonstrate variable switching speeds of an optically-pumped 
metasurface. Building upon our work with the transient optical properties of optically doped zinc oxide (Fig. 
1d)8, we demonstrate phase and polarization shifters made with ZnO. To develop photonic time crystals, we 
investigate the fastest material response to an optical pump in aluminum-doped zinc oxide, showing sub-10 
femtosecond rise time15. The works conducted here will pave the way to novel device design and the study of 
novel optical phenomena with ultrafast tunable and tailorable materials. 
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Abstract: We present plasmonic metasurfaces that are integrated with phase-changing VO2 beams for bolometric 
radiation detection from THz to the infrared regime. A comprehensive study is conducted on metal-insulator-metal 
type metasurface absorbers for efficient electromagnetic absorption and their integration with transition-edge VO2 
beams for high-sensitivity detection. Here, metasurface absorbers offer selectivity and tunability to 
electromagnetic design. VO2 beams offer a considerable length to cross-sectional ratio and hence, a large 
sensitivity in temperature-induced readout signal.  
 
We present plasmonic metasurfaces integrated with phase-changing VO2 beams for bolometric radiation detection from 
THz to the infrared regime [1][2]. In particular, we show a single unit cell design for the bolometric detector, called a 
pixel, containing two major components – a metasurface absorber and a phase-changing VO2 beam. The metasurface 
consists of metal-insulator-metal (MIM) absorbers [3], where each layer's material, geometry, and dimension can be 
tuned and optimized to achieve a desired electromagnetic absorption profile. The VO2 beams are buried in the insulator 
layer of the MIM absorber. They sense the temperature change induced by localized heating from plasmonic absorption 
by metasurfaces according to the beam’s temperature coefficient of resistance and generate a readout signal. Compared 
to a film, beams have a much larger length to cross-sectional ratio. Hence, any change in material resistivity due to 
temperature variation is amplified by that ratio, thus implementing a high-sensitivity readout.  
Additionally, we consider operating the beams at the transition edge [4] by biasing the device temperature at or near the 
phase transition of VO2 to achieve the highest possible temperature coefficient of resistance (TCR). The use of a beam 
also keeps the material volume lower, facilitating lower heat capacity and higher operating bandwidth. Such a bolometer 
pixel is shown in Figure 1. 

 

Figure 1 (a) Schematic of bolometer pixel showing plasmonic metasurface and buried VO2 beam, (b) metasurface MIM 
absorber unit cell and cross-sectional stack-up, and (c) absorption profile by varying antenna diameter.  
 
We calculate the responsivity, noise equivalent power (NEP), thermal time constant, detectivity, and noise equivalent 
temperature difference (NETD) over a practical device temperature and frequency ranges. The bolometer design focused 
on detecting 10 µm wavelength band has achieved a responsivity over 700 kV/W at 100 Hz operating frequency, a 
detectivity over 109 cmHz1/2W-1, a NETD < 4 mK by using only a 12 µm x 12 µm pixel footprint.  
We also present an extended design that shifts the absorption peak from the infrared to the terahertz (THz) regime for 
sensing. We observe near-perfect absorption by a similar metasurface structure with a scaled geometry. However, with 
the large dimension associated with efficient THz absorption, it makes sense to trade off absorption efficiency with 
material volume in most cases. This is because larger thickness contributes to more considerable heat retention and 
results in slow detection performance and device bandwidth. The design for THz detection with similar integration of 
plasmonic metasurfaces and phase-changing VO2 beams is shown in Figure 2. In this case, the dimension of the VO2 
beams is scaled to achieve a suitable readout resistance to limit resistive noise and enhance readout signal strength.       
  



 

Figure 2 (a) Schematic of THz bolometer design, (b) cross-sectional view and material selection, and (c) absorptance 
profile showing resonant radiation absorption near 1.7 THz.  
 
One additional benefit of using a VO2 beam, as shown in Fig. 2(a), is that it allows sensing the polarization of the 
incident radiation by displaying localized change in resistance due to local heating, which is dependent on incident 
polarization. For example, the N and S beams shown in Fig. 2(a) indicate a more significant change in resistivity and 
the readout signals than E and S beams for a radiation incidence with Ex polarization. On the other hand,  E and S beams 
indicate larger readout signals for Ey polarization. However, the local heating-induced change in the local resistivity of 
VO2 beams is a transient feature.  This is because the temperature gets distributed over the entire pixel at a steady state. 
For the THz bolometer detector, we observe a responsivity of over 5 kV/W, detectivity over 108 cmHz1/2W-1, NEP of 
about 10-11 W for a pixel footprint of about 42 µm x 42 µm. 
In proposed designs, bolometer pixels are suspended to achieve considerable thermal resistance and avoid interference 
between neighboring pixels through heat transfer along the substrate. We carry out steady-state and transient thermal 
and mechanical analyses to investigate the feasibility of pixel structure for each design. We also report the estimated 
noise resistive source, thermal fluctuation, and background. Achieving a quality film deposition of VO2 is also essential 
to attaining a high-sensitivity transducer beam. We characterize (temperature-dependent X-ray analysis and electronic 
resistivity measurement), report the results from different deposition conditions on other substrate materials, and 
confirm the VO2 material properties.  
In summary, we present plasmonic metasurfaces incorporated with phase-changing VO2 beams to achieve a high-
sensitivity bolometer with a small active area. The metasurface and bolometer design parameters can be easily selected 
to perform efficient detection from the infrared to the THz regime. 
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Abstract: A platform of plasmonic nanoparticles and p-type semiconductor heterojunction is introduced to 
harvest hot carriers for photocatalytic CO2 reduction without additional bias. Interfacial layer and co-catalysts 
can further enhance the conversion. The coupling between surface plasmon resonance and dielectric resonance 
will be discussed. 
 

Solar fuels, extracting solar energy and preserving in chemical bond, is a sustainable solution for global 
warming. CO2 reduction can transform waste into valuable chemical or fuels, has drawn great attention over the 
past decades. While conventional approach of photoelectrochemistry combing semiconductors as light absorbers 
and metal as catalysts for chemical reaction, the metal plasmonic photocatalysis can itself harvest light and 
generate non-equilibrium hot carriers. The higher energetic carriers can then catalyze chemical reaction. 
Therefore, the localized surface plasmon resonances (LSPR) offer both unique size-dependent optical properties 
and catalytic surfaces. We propose a platform of Au nanoparticles and p-GaN heterojunction to harvest hot 
carriers for photocatalytic CO2 reduction.1 The Schottky barrier between Au/p-GaN allows utilization of hot 
holes and prevents recombination. The water oxidation then conducts in p-GaN while the remaining electrons 
drive CO2 reduction to CO. The gas phase reaction without additional bias can be realized. Further incorporation 
of thin Al2O3 interfacial layer can passivate the surface trap states on p-GaN to prolong the carrier lifetime. 
Co-catalysts that facilitated charge transfer is also studied. To enhance light-matter interaction, we also use 
simulation to understand the coupling between surface plasmon resonance and dielectric resonance. And we 
successfully demonstrate the strong coupling condition of the magnetic dipole and plasmon with Rabi splitting 
greater than the average loss of the resonances. We hope to improve the plasmonic photocatalysis with the 
hybrid mode and bring out bright future of self-sustaining artificial photosynthesis. 
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Abstract: Polarization-resolved photodetection are highly required for many interesting photonic applications 
such as imaging and spectroscopy [1,2]. Here we provide an anisotropic platform relying on designed chiral 
metasurfaces integrated with two-dimensional (2D) materials to achieve polarization resolved photodetection via 
photothermoelectric effects in the mid-infrared region [3], an important ‘finger-print’ region for sensing and 
imaging applications. Our work provides an alternative strategy for developing next-generation optoelectronic 
devices, especially for multifunctional photodetectors with bandgap-unlimited working wavelength in the 
mid-infrared regime. 
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Abstract: Epsilon-near-zero (ENZ) materials have recently demonstrated enhanced nonlinear optical 
interactions. However, the irradiance required is still on the order of 100 GW/cm2. Starting from the origins of 
the nonlinear effects in ENZ, we highlight avenues for intrinsic and extrinsic enhancement to the nonlinearity. 
We illustrate the combination of surface-lattice-resonances and ENZ as a method to achieve low threshold (<10 
GW/cm2) intensity switching at THz speeds. 

 
Epsilon-near-zero (ENZ) materials – materials where the real permittivity is between ±1 – provide an 

intriguing avenue to study light-matter interactions [1]. Recently, they have demonstrated enhancement to 
nonlinear effects such as unity level index tuning, harmonic generation, and frequency shifting [2], [3]. In 
particular, ENZ materials are promising for index modulation applications due to their nearly ideal temporal 
response that facilitates THz scale switching with strong modulation, inherent slow light enhancement, and 
natural operation in the telecommunications region (for typical materials such as In:SnO, Al and Ga:ZnO). 
However, bare ENZ films require excitation with high irradiances > 10 GW/cm2 and efforts to improve the 
efficiency are desired. 

To consider how improve the nonlinearities we first examine their origins. Nonlinearities in ENZ are 
generated by two primary effects, an interband process (free carrier generation) and an intraband process (free 
carrier redistribution)[4]. For intraband, we can break down each effect into its constituent parts through a Figure 
of Merit: 

  (1) 

The first term generally illustrates that the effects are initiated by the absorption of an excitation beam and 
benefit from more efficient absorption. The second term describes intrinsic nonlinearity of the material, 
determined from the degree of nonparabolicity of the conduction band. The final term quantifies the extrinsic 
sensitivity of the material to changes in the electron population. From this basis, we have two primary knobs to 
turn to manipulate the nonlinearities of ENZ materials – the intrinsic and the extrinsic terms. 

The intrinsic nonlinearity of the material is generally challenging to adjust as it is dictated by the unit-cell 
structure of the material and constituent elements. In fact, for the common ENZ materials in the near infrared 
range, the intrinsic nonlinearity is within a factor of ~2 [4], and thus is difficult to achieve significant gains in 
performance through materials optimization alone. Alternatively, we can work with the extrinsic factor. If we 



consider the index term as a homogenized index of the collective device, it can be manipulated by introducing 
structures within the vacinity of the ENZ material, such as a cavity, resonator, or photonic crystal [3]. While this 
does not alter the internal nonlinearity of the ENZ material, it can lead to an improvement in the observed 
external efficiency, for example, by making the device more sensitive to small changes in index.  

This is accomplished by introducing a plasmonic metasurface that offers a high-Q (>500) resonance based 
on surface lattice resonances (SLR), which are a hybridization between the localized surface plasmon resonances 
(LSPR) and propagating Rayleigh anomalies (RA)[5], [6]. Unlike other works which couple an LSPR to the 
ENZ resonance, we intentionally red shift the permittivity crossover away from the SLR resonance, operating in 
the lower loss index tuning regime. The metasurface consists of a rectangular array (1060 nm by 500 nm) of 
rectangular gold nanoantennae (150 nm by 160 nm) on a 65-nm thick ITO film on a glass substrate, cladded by 
oxide. This produces an SLR resonance at 1550 nm, with a FWHM of 8 nm. The ITO film is then doped to 
contain a free carrier concentration of 1×1020 cm-3, leading to a low optical loss at 1550 nm.  

Upon pumping the metasurface on resonance (incident peak power ~10 GW/cm2), a 30x enhancement in 
pump absorption is observed along with detuning of the resonance which leads to a change in probe (at 1570 nm) 
transmission intensity of over 150% (27% to 71%). The large modulation achieved with THz scale bandwidth.  

 
Figure 1: (a) Normalized H and E-field profiles of the SLR resonance as viewed from the top. (b) Simulated modulation % of a 100 nm 
thick ITO film modulated at SLR resonance as a function of carrier concertation and increasing effective mass. The film is assumed to be 
modulated from its corresponding base effective mass to the one shown on the x-axis. Films with a higher carrier concentration have the 
SLR resonance positioned close to the ENZ spectral region. (c) Estimate of the pump intensity needed to modulate a 100 nm thick ITO 
film (1x1020 cm-3) from a base effective mass of 0.37 to the effective mass shown on the x-axis  
 

In conclusion we have highlighted the origins of nonlinearities in ENZ materials, illustrating that design of 
the extrinsic nonlinear effect is a promising route to achieve leaps in performance. This is realized through the 
combination of a high-Q SLR metasurface and an ENZ film. The resulting scale of modulation and THz 
bandwidth, provides an avenue towards the realization of compact nonlinear optical element for future all-optical 
switching systems. 

 
This work was supported by the Air Force Office of Scientific Research (FA9550-1-18-0151) and the 

National Science Foundation (1808928). 
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Abstract: Combining planar optics such as metalenses or metacorrectors with conventional lenses can improve 
the optical performance of imaging systems with additional benefits to cost, size and weight. Incorporating 
metacorrectors with conventional lens elements requires multiscale simulations to account for the different 
length scale features and interactions. Namely, full wave scattering and geometric optics (GO) analysis is needed. 
Multiscale inverse optimization using Sandia National Laboratories’ MIRaGE along with different wave 
propagation and commercial-off-the-shelf GO tools are considered to accurately predict performance. 
 
A known challenge in planar optic design is the full wave simulation of large, relative to the wavelength, devices 
[1]. An additional challenge is noted in integrating metacorrectors into conventional optical systems where there 
is inherently different numerical simulation scales. Namely, conventional optical design analysis is conducted 
with geometric optics and metacorrector analysis uses full-wave electromagnetic scattering analysis.  For a 
hybrid system, the entire optical system is analyzed by combining a ray optics simulation tool, OpticStudio, and 
a full wave simulation tool, MIRaGE, for example. Conjoint analysis and optimization of conventional lenses 
and metacorrectors to create compound lenses allows one to take advantage of their relative strengths. In this 
multiscale modeling approach, Zemax can represent metacorrectors abstractly as an infinitely thin surface, 
known as the Sweatt model [2], which imposes a prescribed phase jump in the optical field as the light 
propagates through the surface. The radial phase jump profile is optimized conjointly with the rest of the optical 
system, giving refractive power to the metacorrector and/or allowing it to correct aberrations of the compound 
lens. OpticStudio does not consider how that phase change is obtained, which must be determined separately in a 
full wave simulation software. To account for the exact optical response of the metacorrector, the fields, obtained 
through Fourier optics propagation techniques such as the angular spectrum method (ASM) [3] just before and 
after the metacorrector are exchanged between OpticStudio (OpticStudio’s Physical Optics Propagation tool uses 
ASM) and MIRaGE – the ASM method has been shown to accurately describe the far-field response of 
metacorrectors [4].  
 
A key challenge with metacorrectors, and in general any optic, is its deviation in optical performance from the 
ideal case due to its practical constraints such as fabrication and variable meta atom transmission amplitude and 
phase. Using the Sweatt model defined phase profile of a metacorrector, MIRaGE can lay out a full 
metacorrector using meta atoms from an extensive atom library. With the input fields, extracted from 



OpticStudio, at the metacorrector, MIRaGE then conducts an inverse designed optimization with an objective 
function to match the MIRaGE simulated metacorrector’s output fields with those of the ideal metacorrector. The 
metacorrector output fields are then fed back into OpticStudio and optical performance is verified through the 
remaining optics via ASM.  
 
The multiscale simulations illustrate a rapid and practical approach to incorporating full-wave optimized 
metacorrectors into conventional lens design. 
 
This material is based upon work supported by the United States Air Force under Contract No. 
FA8650-17-D2719. Any opinions, findings and conclusions or recommendations expressed in this material are 
those of the author(s) and do not necessarily reflect the views of the United States Air Force 
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Abstract. We introduce conformal grayscale metamaterials as a new class of volumetric electromagnetic media 
capable of supporting highly multiplexed responses and arbitrary, curvilinear form factors.   
 
We introduce conformal grayscale metamaterials as a new class of volumetric electromagnetic media capable of 
supporting highly multiplexed responses and arbitrary, curvilinear form factors.  Subwavelength-scale voxels 
are designed to accommodate a continuum of dielectric values, enabling the freeform design process to reliably 
converge to exceptionally high Figure of Merits for a given multi-objective design problem.  The grayscale 
dielectric landscape is advantageous because it offers an expanded design space that supports many 
exceptionally high performing device designs, many which are accessible using adjoint variables optimization1,2.  
Our utilization of a wide range of high contrast dielectric values ensures that our metamaterial can support strong 
multiple scattering, which provides the necessary light-matter interactions for high efficiency wavefront 
engineering3,4.  We experimentally fabricate microwave metamaterials using additive manufacturing and 
demonstrate structures with extreme dispersion profiles, an airfoil-shaped beam steering device, and a conformal 
carpet cloak (Figure 1).  We anticipate that conformal volumetric metasurfaces will lead to new classes of 
compact and multi-functional imaging, sensing, and communications systems. 

 

Figure 1.  Design, device image, and electric field plots of a conformal carpet cloak. 
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Abstract: It has become possible to manipulate light spectrally and spatially on demand at wavelength scale in 
recent years. Manipulations of ultrashort laser pulses in the time domain and large-scale penetration of 
achromatic metasurface-based lens are current challenges. In this talk, I will report our recent developments and 
applications of dispersion-engineered metasurfaces in compression of ultrashort laser pulses, millimeter-scale 
diameter RGB-achromatic metalens, and its potential for future virtual-reality platforms. 

 
 

We slow down light propagating of a dispersion optimized silicon nanopillar array to achieve a coating that 
compensates the material dispersion of fused silica glass up to ~8000 times as thick as the coating itself. The 
coatings induce anomalous group delay dispersion in the visible to near-infrared spectral region around 800 nm 
wavelength over an 80 nm bandwidth. We characterize the arrays’ performance in the spectral domain via white 
light interferometry and directly demonstrate the temporal compression of femtosecond laser pulses. The 
resulting device operates in a broad spectral band around a tunable central wavelength and shows a significant 
advance compared to existing bulky pulse compression setups. 

On the other hand, we demonstrate millimeter-scale diameter, high-NA, submicron-thin, metalenses that 
achieve diffraction-limited achromatic focusing of the primary colors by exploiting constructive interference of 
light from multiple zones and dispersion engineering. We also general inverse-design framework for aperiodic 
large-scale complex meta-optics in three dimensions, which alleviates computational cost for both simulation 
and optimization via a fast-app fast-approximate solver and an adjoint method, respectively. To illustrate the 
potential of this approach, we demonstrate a future virtual-reality platforms by using our meta-eyepieces with a 
home-built fiber scanning near-eye display or a laser back-illuminated micro liquid crystal display. 
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Abstract: I present an electrically-tunable metasurface design strategy that operates near the avoided crossing of two 
resonances, one a spectrally narrow, over-coupled resonance and the other with a high resonance frequency tunability. 
This strategy displays an unprecedented upper limit of 4π phase modulation range with insignificant variations in 
optical amplitude. A proof-of-concept metasurface is illustrated using quasi bound states in the continuum and 
graphene plasmon resonances, with results showing a full phase modulation with a uniform reflection amplitude of ~ 
0.65. 
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Abstract: We demonstrate radial bound states in the continuum as a new concept for realizing resonances with 
high Q factors, strong near-field enhancements, and polarization invariance in a compact footprint, and utilize 
them for applications in biomolecular sensing and higher harmonic generation from 2D materials. 

 
 

The efficient control of light propagation and localization at subwavelength scales enabled by nanophotonics 
has led to tremendous advances in tailoring light-matter interaction. Traditionally, this nanophotonic enhancement 
has been associated with plasmonic resonances in metallic nanostructures. All-dielectric nanophotonic approaches 
have been introduced to overcome the innate losses of plasmonic geometries by leveraging high-refractive-index 
nanostructures that can be engineered to provide both electric and magnetic multipolar Mie resonances [1].  

Nevertheless, such structures are still affected by radiative losses, decreasing the achievable resonance line 
sharpness, and putting an upper limit on the resonance quality factor (Q factor). Recently, metasurfaces 
incorporating the physics of photonic bound states in the continuum (BICs) have emerged as a breakthrough toolkit 
for reducing these losses [2], enabling all-dielectric nanophotonics with ultrasharp resonances and launching a 
wide range of applications from optical phase control [3] to sensing [4]. Two headline geometries for realizing the 
BIC resonances in nanophotonics are two-dimensional (2D) arrays of resonators with broken in-plane symmetry, 
which allows for precise control over the Q factor [5], as well as single-element nanoantennas, where BICs emerge 
in a carefully tailored regime of interfering Mie modes [6]. 

Here, we introduce the concept of radial bound states in the continuum as a multi-application platform for 
sustaining polarization-invariant high-Q resonances with high surface sensitivity in a compact footprint. These 
symmetry-protected and radially distributed electromagnetic states are accessed through a carefully designed ring 
structure incorporating symmetry-broken double rod unit cells, where individual resonators are rotated to satisfy 
radial alignment (Fig. 1a). In contrast to previous 2D or 1D resonator arrangements, our approach leverages a 
semi-infinite ring geometry, enabling a polarization-invariant optical response while providing flexible resonance 
tuning and strong surface-confined near-fields. 

Symmetry-broken ring structures with varying geometry were fabricated from 120 nm thick amorphous silicon 
on a glass substrate using electron beam lithography and reactive ion etching. Optical characterization of the 
structures is carried out with a commercial confocal microscopy setup under collimated white light illumination. 



 
Fig. 1. a, Electric near-field distributions for radial BIC structures with different asymmetries ΔL, highlighting 

the mode structure and strong field enhancements. b, Dependence of the quality factor on the ring radius R and 
the unit cell asymmetry ΔL. c, Applications of radial BIC structures for biomolecular sensing and second harmonic 
generation in MoSe2 monolayers. 

 
In our experimental realization, we achieve high Q factors exceeding 500 in the visible spectral range (Fig. 1b) 

and demonstrate the viability of our approach as a versatile BIC-based platform for biomolecular sensing and 
enhanced second harmonic generation in atomically thin 2D molybdenum diselenide (MoSe2) monolayers (Fig 1c), 
all in a spatial footprint as small as 2 µm2. Our results open new perspectives for compact, spectrally selective, 
and polarization-invariant metadevices for multi-functional light-matter coupling, multiplexed sensing, and high-
density on-chip photonics. 
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Abstract 
         We report a gate-tunable phototransistor with ultrahigh photoresponsivity consisting of a monolayer 
MoS2 photoFET integrated with a plasmonic metasurface. The results demonstrate a systematic 
methodology for next-generation ultra-compact optoelectronic devices in the trans-Moore era. 
 
Main Text 
 

Monolayer transition metal dichalcogenides (TMDs) with an atomically thin nature are promising 

materials for electronics and photonics, especially at highly scaled lateral dimensions. However, the 

characteristically low total absorption of photons in the monolayer TMD has become a challenge in the 

access to and realization of monolayer TMD-based high-performance optoelectronic functionalities and 

devices. Here, we report gate-tunable plasmonic phototransistors (photoFETs) that consist of monolayer 

molybdenum disulfide (MoS2) photoFETs integrated with the plasmonic metasurfaces. The plasmonic 

photoFET has an ultrahigh photoresponsivity achieving a 7.2-fold enhancement in the photocurrent 

compared to pristine 2D material-based photoFETs. The achievement is based on the breakthrough of the 

realization and characterization of a gate-tunable atomistically-thin phototransistor device consisting of a 

monolayer MoS2 photoFET integrated with a plasmonic metasurface to enhance the light absorption rate, 

photo-carrier generation rate, photo-gating, and hot-carrier transfer rate. Moreover, this talk will describe 

different design of plasmonic phototransistors that is extensible to other types of 2D materials for ultrathin 

high-performance optoelectronic devices at highly scaled dimensions. Finally, we will discuss prospects 

for next-generation ultra-compact optoelectronic devices in the trans-Moore era. 
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Modern image sensors consist of systems of cascaded and 
bulky spherical optics for imaging with minimal aberrations. 
While these systems provide high quality images, their 
improved functionality comes at the cost of increased size and 
weight. One route to reduce a system’s complexity is via 
computational imaging, in which much of the aberration 
correction and functionality of the optics is shifted to post-
processing in software. Alternatively, a designer could 
miniaturize the optics by replacing them with diffractive 
optical elements, which mimic the functionality of refractive 
systems in a more compact form factor. Meta-optics are an 
extreme example of such diffractive elements, in which 
quasiperiodic arrays of resonant subwavelength optical 
antennas impart spatially varying changes on a wavefront. 
While separately both computational imaging and meta-
optics are promising avenues toward simplifying optical 
systems, a synergistic combination of these fields can further 
enhance system performance and facilitate advanced 
capabilities.  
 
In this talk, I will present a method to combine these two 
techniques to enable ultrathin optics for performing full-color 
imaging across the whole visible spectrum, varifocal imaging 
as well as high precision depth sensing. I will also discuss the 
use of computational techniques for designing meta-optics 
with exotic behaviors lacking any intuition-informed design, 
as well as for performing computation on incident light, with 
potential applications in optical information processing, and 
object detection. By combining meta-optical frontend and 
software backend, we can realize compact imaging systems 
with unprecedented functionalities, including broadband 
aberration-free imaging, depth sensing and optical 
computing. We believe such hybrid digital-optical system 
will create a new research field on “Software Defined 
Optics”, akin to Software Defined Radio, where the software 
is used to simplify the hardware. 
 
 
Conventional optical imaging systems consist of glass optical 
elements that produce high-quality images with minimal 
aberrations. Although these systems create high-quality 
images, their size and weight limit their use for a variety of 
applications requiring compact image sensors (such as in-situ 
imaging of biological samples). One route to reducing an 
imaging system’s size and weight is via metasurface based 

optics [1,2]. In this approach, a surface is patterned with 
resonant optical antennas that manipulate the electromagnetic 
wavefront to scatter light in a desired fashion. Metasurfaces 
have already enabled flat implementations of lenses, vortex 
generators, axicons, and blazed gratings. This approach 
works well to create monochromatic lenses with wavelength-
scale thickness, which enables extremely thin and light-
weight systems to be built. Another approach to simplify 
optical systems is via computational imaging. Computational 
imaging combines a physical optical system with a software 
post-processing algorithm to form a better overall image. This 
approach has been shown useful in creating much simpler and 
cheaper optical systems that produce comparable image 
quality to state-of-the-art cameras. 
 
Due to the diffractive nature of metasurfaces, designing a 
metasurface completely free of chromatic aberrations remains 
an outstanding problem in the community. The chromatic 
aberrations in meta-surfaces arise from the local resonant 
behavior of sub-wavelength scatterers, as well as from phase 
wrapping discontinuities arising from the spatial arrangement 
of scatterers. The chromatic aberrations are particularly 
harmful when designing lenses to be used under white-light 
illumination as they manifest themselves as color-dependent 
blurring in the formed images. In this paper, we review our 
recent work [3,4] and discuss future research directions on a 
system comprising of optical hardware and a post-
deconvolution algorithm to mitigate the aberrations induced 
by a metalens. Going beyond imaging, such a hybrid solution 
can capture depth, spectral information, perform computing 
or varifocal imaging. 
 
The imaging system poses a problem in the matrix form of 
f=Kx+n, where an image x has been blurred by a matrix K 
and corrupted by noise n to produce a captured image f. The 
kernel K can be formed by measuring the PSF of the system. 
There is a variety of methods for estimating x with a known 
K such as the linear Wiener filter or regularized optimization-
based methods. In this work, we chose Wiener deconvolution 
to reconstruct the image due to its low computational 
complexity and comparable performance to more advanced 
algorithm. We also developed an automatic differentiation 
based computational framework to co-design the hardware 
(meta-optics) and software (computational backend). 
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Abstract: We have recently discovered a novel deterministic high yield (>50%) scalable process for creating 
single photon emitters (SPEs) in silicon nitride (SiN) nanopillars. Such scalable high yield and deterministic 
precision placement of SPEs promises to unlock large scale integration of SiN SPEs into carefully engineered 
nanostructured SiN dielectric quantum metasurfaces. Such SPE integrated quantum metasurfaces promise to 
enable a variety of previously impossible exciting quantum devices and physics.   
 
We have recently reported on a novel emitter in silicon nitride (SiN)1. Furthermore, we recently discovered a 
novel highly scalable method of deterministically creating single photon emitters with high yield (>50%) in SiN 
nanopillars. Such scalable high yield and deterministic precision placement of SPEs promises to unlock large 
scale integration of SiN SPEs into the meta-atoms of SiN dielectric quantum metasurfaces. Such SPE integrated 
quantum metasurfaces promise to enable a variety of previously impossible exciting quantum devices and 
physics.   
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Flat optics, which is realized by the artificially created two-dimensional material platform called optical 
metasurfaces, is currently undergoing a science-to-technology transition1,2. A representative example includes a 
flat and ultra-compact metalens, which has huge potential for replacing conventional bulky and heavy optical 
lens. One optical lens used in a typical digital single-lens reflex (DSLR) camera weighs about 500g, but dozens 
of lenses are used to correct various aberrations in high-end products, which have a length of 30 cm or more and 
a weight of 4 kg or more. However, ‘real-time’ active operations of those flat optical devices have remained 
unresolved yet. To resolve such a grand challenge, we propose two approaches to realize dynamic metaphotonic 
devices using multiple light properties and tunable materials. 
Firstly, a use of multiple light properties (e.g., polarization or orbital angular momentum) is able to increase 
encoding information density in a single device. For instance, we demonstrate polarization-dependent all 
dielectric color filters. By engineering geometric parameters of asymmetric nanobar-shaped metasurfaces and 
their various electromagnetic resonant responses (e.g., Kerker condition3-5 or lattice resonances6,7), multiple 
pieces of structural color images can be recorded in a single device. Also, polarization-dependent plasmonic 
color filters have been demonstrated8. Three different plasmonic antennas with different rotating angles are 
excited by different linearly polarized light, and according to their geometries multiple colors are reflected or 
transmitted. Such polarization-multiplexing approaches can be applied to metaholograms. We demonstrate 
helicity and direction-multiplexed metaholograms to actively switch holographic images9-11. Besides the 
polarization states, the light can possess additional degree of freedoms, i.e., orbital angular momentum (OAM). 
We propose an OAM-multiplexed metaholography technology13. 3D printed metasurfaces modulate geometric 
phase and propagation phase simultaneously to realize arbitrary complex amplitude. OAM-multiplexing 
holograph devices which contains two set of 101 images at different z-coordinate are realized by 3D complex-
amplitude metasurface. Two different hologram video is played by illuminating light with helical modes from -
50 to 50. 
Secondly, many different kinds of tunable materials can be incorporated into conventional metaphotonic devices 
to realize active systems. Structural colors responsive to various external stimuli like heat14,15, humidity15,16 and 
charge carrier density17 in doped semiconductors have been demonstrated using a Fabry-Perot cavity 
configuration. A humidity-responsive transmissive color filter is realized by chitosan-based metal-insulator-
metal (MIM) resonator, and the peak of transmission shifts as humidity changes due to swelling/contraction of 
chitosan in response to humidity. The incorporation of this tunable filter with a photovoltaic cell enables real-
time colorimetric humidity sensor. Recently, electrically tunable ‘solid-state’ devices have been actively 
investigated, where refractive index modulation occurs in solid-state layer via ions or electrons. As a proof of 
concept for carrier concentration-controlled tunable device, a tunable all solid-state color filter has been 
demonstrated based on an indium-gallium-zinc-oxide (IGZO) active layer in a Fabry-Perot cavity structure. By 
controlling the carrier concentration in the IGZO layer, the refractive index in the entire visible regime can be 
dramatically changed (∆Re(n)≈0.4) with almost zero extinction coefficient. Also, conventional liquid crystals 
(LCs) are able to expand triggering stimuli for metaphotonic devices. We propose stimuli-responsive functional 
metasurfaces with designer LC modulators including metahologram19, metalenses20, and structural color21. To 
realize electrically tunable or other external stimuli (heat and surface pressure)-reactive metahologram, we adopt 
the functionalized liquid crystal in the spin-encoded metahologram. Such kind of approach will may open up 
new emerging applications such as hologram mark for food safety (such as beverage freshness over temperature) 



and tangible holographic displays. Further, gas-responsive LC cell is adopted to build low-cost and effective 
holographic metasurface gas sensors that provide the gas detecting information via an immediate visual 
holographic alarm22. Recently, to create electrically tunable photonic security platform, we demonstrate LC-
integrated vectorial holographic color prints for two-level security OTP23. With the development of low-cost 
fabrication methods with particle-embedded resin nanoimprinting24-27, we believe such dynamic metaphotonic 
devices will further accelerate real-life applications28,29 such as video holographic displays, full-color high 
resolution displays, focus-tunable metalenses, LiDARs, unconventional photonic sensors, wearable gas sensors 
and photonic security platforms.  
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Abstract: In this talk, we show that the combination of optical fibers with nanostructures defines a new class of
fiber integrated devices — nanostructured fibers — which opensup new application areas for optical fiber
research. Using 3D nanoprinting and modified electron beam lithography, we integrate high-NA meta-lenses and
dielectric ring gratings onto the end faces of single-mode fibers. These devices enable efficient light coupling at
angles up to 80° and trapping of Escherichia coli bacteria with an individual single-mode fiber device.

Introduction: The realization of nanostructures on the end faces of commercially available optical fibers
represents a promising approach to unlock novel functions in a variety of fields such as biophotonics, quantum
technologies, or optical sensing. Conventional top-down fabrication strategies are difficult to apply in the case of
optical fibers, since their geometry does not match that of typically employed wafers. In this presentation, we
report our recent results considering two fabrication methods to circumvent the aforementioned bottleneck,
namely (i) modified electron beam lithography 1 and (ii) 3D nanoprinting 2. Both approaches enable the
implementation of nanostructures on the end face of optical fibers, leading to significant performance
improvements compared to fibers with unstructured end faces, as illustrated by the following two examples.

Boosting in-coupling efficiency: One problem of commercially available fibers is the low numerical aperture,
which allows light coupling only at very small angles. By integrating dielectric nanostructures onto the fiber end
face using modified electron beam lithography 1, 3, axial-symmetric gratings consisting of concentric rings have
been realized onto the core of single-mode fibers, which solve this problem 4. An improvement of the coupling
efficiency at near-grazing incidence by more than four orders of magnitude has been demonstrated compared to
fibers with unstructured end faces. The operational principle is based on an additional wave vector provided by
the grating, which effectively suppresses the electric field oscillation on the fiber surface at a certain coupling
angle 3 and allows exciting specific fiber modes 5. Application-relevant coupling efficiencies of several percents
were achieved at angles greater than 80° 4, indicating a clear path to solving a serious bottleneck of optical fibers.



Fig. 1: (a) The concept of meta-fibers showing an array of nanostructures interfaced with an optical
fiber. (b): Measured coupling efficiency vs. angle of incidence for a bare fiber (dashed gray) and a
nanostructured-interfaced fiber (wavelength: 1.55 µm). The colors refer to different numbers of
rings 4. (c) 3D nanoprinted meta-lens on a modified single-mode fiber 2.

Optical trapping with single fiber: Strong focusing of light plays an essential role in a wide range of
applications, including optical imaging and microscopy, optical manipulation, materials processing,
biophotonics, and quantum technology. Here, optical fibers reach their limits due to the divergence of light
emerging from the fiber facet. For example, single-focus optical trapping requires a numerical aperture of >0.8.
By 3D nanoprinting using direct laser writing, we demonstrate the integration of ultra-high numerical aperture
meta-lenses on the facet of functionalized single-mode fibers 2. Taking into account the specifics of the fiber
environment, a record-high numerical apertures of up to 0.9 with diffraction-limited spots were achieved. As a
result, microspheres and biologically relevant bacteria (E. coli) could be optically trapped with an individual
single-mode fiber for the first time, again solving a serious limiting factor in fiber optic research.

Conclusions: We have shown that combining optical fibers with nanostructures leads to a new class of
fiber-integrated devices with applications beyond the state-of-the-art in fiber optics. Due to the flexibility of the
application strategies used, we expect further applications of fibers with nanostructures in a variety of fields such
as quantum technology, bioanalytics, and nanophotonics.
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Abstract: We summarize our recent results on design and implementation of tunable metasurfaces for all-optical 
switches, polarizing optics and dynamic imaging. 

 
Photonic metasurfaces—two-dimensional arrangements of resonant nanoparticles with designer optical 
responses—have emerged as a game-changer in the field of flat optics [1,2]. However, most metasurfaces 
exhibit fixed properties after fabrication, and adding tunability expands vastly the scope of the metasurface 
use scenarios. Here, we review our recent results in metasurfaces tunable at various time scales, from seconds 
to femtoseconds; see Fig. 1. We start by using liquid crystals as switching agents for metalenses with 
electrically actuated focal spots at low (< 10 V) voltages and high focal spot tunability [3]. The second part of 
the talk demonstrates pico- and femtosecond-scale tuning in semiconductor metasurfaces that provide an 
ultrafast platform for all-optical information processing [4]. Finally, we outline the potential use of tunable 
metasurfaces in polarization synthesizers, nonlinear and quantum optics, and frequency conversion on demand 
[5,6]. 

 
Figure 1. The zoo of tunable metasurfaces and metadevices, providing reconfigurability at a breadth of timescales— from 
seconds to femtoseconds—and application areas. 
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Abstract: We propose a new chiroptical detection scheme that combines dielectric metasurface and evanescent 
wave cavity-ring down spectroscopy (EW-CRDS) to enable CD detection of chiral thin films and chiral samples 
at ultralow concentration. 

 
Circular dichroism (CD) is the differential absorption of light by different enantiomers of a chiral species. 

Molecular CD is weak, i.e., only 10-5 of the averaged absorption, making quantitative CD analysis of a chiral 
thin film or chiral samples at very low concentration extremely difficult. Considering the Beer-Lambert law, the 
sensitivity of CD can be defined as , where  is the absorption difference,  is the sample 
concentration,  is the absorption path length, and  ( )is the molar absorptivity upon the right (left)-handed 
light. To improve the sensitivity of CD, we thus aim to simultaneously improve  and . To enhance 

, we design a dielectric metasurface that exhibits enhanced near-field optical chirality to increase local 
optical chirality under linearly polarized excitation [1]. As for increasing , we propose employing EW-CRDS, 
a well-known method to improve the weak absorption signal of thin-film or very dilute samples by increasing 
the absorption length b upon multiple reflections [2].  

 
Figure 1. (a) Schematic of the proposed metasurface-assisted EW-CRDS for ultrasensitive CD measurement. (b) 
Near-field optical chirality distributions upon the near-field excitation (x-polarized) of the TM reflected light in 
the cavity. (c) Near-field optical chirality distribution of the same structure in (b) but with an in-plane orientation 
rotated with 90°. Black solid dots in (b) and (c) mark the in-plane orientation of the sample. 

 



The metasurface needs to fulfill several criteria in order to combine with EW-CRDS for CD detection. These 
criteria include high near-field optical chirality with easily switchable handedness, very low absorption loss, very 
high reflectivity (> 99.999%), and negligible depolarization. We theoretically demonstrate that a dielectric 
metasurface consisting of simple but finely tuned GaP nanopillars, partially covered with a protection layer [3], 
can enhance near-field optical chirality (Fig. 1b). The metasurface provides an almost unitary reflectivity for the 
oblique incidence at 800 nm. The handedness of the chiral optical near field can be easily switched by rotating 
the sample 90° (Figs. 1b and 1c). The measurement of the ring-down time for the two chiral distribution cases 
allows direct measurement of the CD of the molecules near the nanostructure. Our scheme enables ultrasensitive 
CD detection of chiral thin films or chiral samples at very low concentrations. 
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Abstract: We theoretically model the second- and third-order nonlinear response of monolayer transition metal 
dichalcogenides, demonstrating their potential for phase-matching free harmonic generation and difference 
frequency generation thanks to their atomic-layer thickness implying a surface-like nonlinear interaction.  
 

 
Wave mixing by nonlinear materials, although inherently weak, is key for innumerable photonic applications 
such as frequency conversion, all-optical signal processing, and non-classical sources of coherent radiation. 
In particular, second- and third-order nonlinear wave mixing phenomena are essential for tunable frequency 
conversion. For example, parametric down-conversion (PDC) has enabled the development of tunable 
sources of coherent radiation and generators of entangled photons and squeezed states of light. In traditional 
configurations a parametric oscillator is composed by an externally pumped optical cavity embedding a 
nonlinear crystal undergoing second-order nonlinear processes sustaining PDC. Because three-wave 
parametric coupling is an inherently weak nonlinear process, low oscillation thresholds are achieved only by 
means of doubly or triply resonant optical cavities. A further obstacle hampering this resonant process is 
represented by the material dispersion imposing a phase-matching (PM) condition among the three waves, 
which is generally achieved by a complex setup design, thus hindering tunability and miniaturization. Indeed 
parametric effects are severely hampered by the destructive interference among the three waves propagating 
with different wavenumbers k1,2,3 in the dispersive nonlinear medium because the wave-vector mismatch Δk  
= k3 - k2  - k1 does not generally vanish.  

 
Here we derive the second- and third-order nonlinear optical susceptibilities of monolayer (ML) transition 
metal dichalcogenide (TMD) MX2 semiconductors. We calculate the linear and nonlinear surface 
conductivities of MX2 starting from the tight-binding Hamiltonian of the electronic band structure [1,2,3], 
which is approximated as a k⋅p Hamiltonian H0(k,τ,s), where k is the electron wave-vector, and τ and s are 
the valley and spin indexes, respectively. Coupling with external radiation is introduced through the 
time-dependent Hamiltonian H0(k+(e/ℏ)A(t),τ,s), where −e is the electron charge, ℏ is the reduced Planck 
constant, and A(t) is the vector potential that accounts for three/four waves carrier angular frequencies ω1, ω2, 
ω3 and ω4. Such a time-dependent Hamiltonian leads to the temporal evolution of the density matrix 

� �1
0 0ρ (i/h)[H ( ),ρ] τ ρ ρt � � � � , where a phenomenological relaxation is assumed to bring the system to the 

relaxed state ρ0 at a rate τ−1 with ℏτ−1=50 meV (that is, the relaxation time is taken as τ ≈ 13 fs). This surface 
nonlinear interaction is the only contribution to the nonlinear response, conversely to other bulk plasmonic 
materials where it constitutes the leading enhancement mechanism [4,5,6]. We solve perturbatively the 
density matrix equations of MX2 in the weak excitation limit and in the slowly varying envelope 
approximation, obtaining the linear and nonlinear surface conductivities, which dependence over wavelength 
and doping are reported in Fig. 1.    



 
Fig. 1 Electronic and optical properties of MX2. (a, b) Valence EV(k) and conduction EC(k) energy bands for 
MoS2, where k is the electron wave-vector and a = 3.19 Å is the lattice parameter. (c, d) Dependence of the 
linear surface conductivities of ML-TMDs on (c) the vacuum wavelength λ (for intrinsic doping EF = 0) and 
on (d) the Fermi level EF ensuing from extrinsic doping (at λ = 1.6 μm). (e) PDC mixing surface 
conductivities of MoS2 at λ3 = 800 nm as a function of the angular frequency mismatch of down-converted 
signal and idler waves Δω = ω1 − ω2 rescaled to the pump angular frequency ω3. (f) Dependence of the real 
and imaginary parts of the PDC mixing conductivity σ1,3 for MX2 ML-TMDs on the Fermi level EF for λ1 = 
λ2 = 1.6 μm and λ3 = 0.8 μm. 
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Abstract: Vacuum ultraviolet (VUV) light plays a key role in many technologies. However, it is challenging to 
advance current VUV photonic devices due to the significant absorption of object. Here, we demonstrate a 
metalens which can effectively generate and focus VUV light via second harmonic generation. It generates a 
tight focusing spot with a power density enhancement over 20X. This work paves a novel route toward the 
realization of novel VUV devices.    
Discussions: 

Vacuum ultraviolet light as electromagnetic wave lying in the spectral range from 100 nm to 200nm is of 
great importance to many key applications including biomedical processes and material research. However, as 
general optical materials show strong absorption to VUV, there is currently a bottleneck to further advance and 
miniaturize VUV photonic devices for those key applications. In this work, we demonstrate a nonlinear 
metalens1 which is capable of generating and focusing VUV light (Fig. 1a). The reported metalens is only 150 
nm thick and consists of an array of 150-nm-thick ZnO nanoresonators (Fig. 1b). The nanoresonators show a 
Mie-type resonance2-3 at the and can effectively harvest circularly polarized 394-nm light and convert it into 
197-nm VUV light via second harmonic generation. A SEM image of the metalens is presented in Fig. 1c. To 
control the output wavefront of the generated VUV light, nonlinear geometric phase4 was introduced in the 
consideration of the metalens design. Individual nanoresonators in the metalens are rotated to different angles 
according to the required phase at the corresponding positions. Figure 1e shows a simulation result of the 
focusing profile of the metalens. To experimentally characterize the properties of the metalens, an experimental 
setup consisting of an ultrafast laser and UV CCD camera was built. The experimental results show that the 
metalens is able to focus the generated VUV light into a spot with a FWHM of only 1.7 um. In addition, the 
power density at the focusing spot is found to be more than 20x stronger than the intensity at the metalens plane. 

In conclusion, we demonstrate that metasurface photonics can provide a striking platform for developing 
novel VUV components and devices. The reported metalens is not only ultracompact but also shows dual 
functionalities that can generate and control VUV light. With the consideration of the recent demonstration of 
large-scale fabrication of metasurfaces using industry compatible processes5, we envision this work will pave the 
route toward high throughput of novel VUV optical devices and systems for numerous real-world applications. 



 

Figure 1. VUV nonlinear metalens. (a) Schematic of the reported nonlinear metalens. (b) Design of the 
metalens unit cell. (c) Linear transmission spectrum of the metalens. (d) SEM image of the metalens. (e) 
Focusing profile of the metalens.  
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Abstract: We proposed that the introduction of toroidal-assisted response can address a state-of-the-art 
transmission efficiency of plasmonic metasurfaces. The advantage of Fano coupling between toroidal dipole and 
toroidal quadrupole enables a giant cross-polarization converter with a transmission efficiency of 22.9% in a 
single-layer plasmonic metasurface comparable to the theoretical bound. While a hybrid plasmonic meta-atom 
can be used to realize toroidal-assisted generalized Huygens’ sources for forward radiation enhancement, thus 
achieving a transmission efficiency beyond 50% at the near-infrared region. 

 
There has been plenty of interest and investigation in plasmonic metasurfaces to realize high-performance 

flat optical components and polarization converter devices [1]. Although, these highly-efficient meta-devices are 
either mainly pivoted on lossless microwave regime or focused on a reflection scheme at optical frequencies [2]. 
Most reported plasmonic metasurfaces are optimized under the realm of highly-radiative lossy electric and 
magnetic multipoles, which in fact limit their transmission efficiency [3]. As a result, plasmonic metasurfaces 
seem not very ideal for real applications in particular after introducing their dielectric counterparts. Nonetheless, 
it has been shown that dielectric metasurfaces cannot interact with the incident light as strongly as plasmonic 
structures [4]. The requirement of high aspect ratio in dielectric metasurfaces further devaluates their practical 
applications.  

In this work, we draw our attention to modify the model that is commonly used for designing a plasmonic 
metasurface for decades. We innovate a strategy to enhance the transmission efficiency of plasmonic 
metasurface to the highest attainable level [5]. We take the advantage of Fano coupling between toroidal dipole 
and toroidal quadrupole that introduces the least radiative loss and strong field confinement as inherently 
existing in toroidal resonance. With the assistance of relative low-loss toroidal multipoles, a giant 
cross-polarization converter with a transmission efficiency of 22.9% in a single-layer plasmonic metasurface 
comparable to the theoretical bound (25%) has been experimentally demonstrated which is the highest available 
to date. Additionally, while a hybrid plasmonic meta-atom can be used to realize toroidal-assisted generalized 
Huygens’ sources for forward radiation enhancement with minimal backward reflection, thus achieving a 
transmission efficiency beyond 50% at the near-infrared region [6]. The success of this work paves the way for 
highly-efficiency plasmonic metasurface components and systems that could be potentially developed for 
low-profile applications in real world. 
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Abstract: I will present my group’s recent effort to replace conventional camera lenses with metalenses. By 
leveraging the unique capability of metasurface to tailor the vectorial field of light, in combination with 
advanced image retrieval algorithm, we aim to build a compact camera system that can capture 
multi-dimensional light field information of a target scene in a single shot under ambient illumination conditions. 

 
Optical sensors can play vital roles in emerging applications such as augmented reality and autonomous 

driving. Conventional optical sensors, such as the smartphone camera, can only acquire light intensity in two 
dimensions. In order to further obtain the depth, polarization, and spectral information of the target object, it is 
often required to use bulky and expensive instruments. Metasurface is composed of an array of optical antennas 
that can manipulate the amplitude, phase, polarization, and spectrum of light at the subwavelength scale. By 
replacing conventional diffractive of refractive elements with metasurfaces in imaging systems, one may be able 
to build optical sensors for high-performance multidimensional light sensing with a low size, weight, and power. 
In this talk, I will present our recent progress towards this goal. 
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Abstract: By using orthogonal linear-polarized photons, images with tailor-made second-order coherence 
signatures are generated as “coincidence images” from metasurfaces. The metasurfaces provide arbitrary control 
on the coincidence signal (correlated, anticorrelated, or uncorrelated photons) at different locations either on the 
metasurface or the focal plane of the metasurface. The ability to generate polarization coincidence images from 
metasurfaces is potentially useful for setting up quantum imaging schemes. 
 
 
 Throughout these years, metasurface has been used intensively for structuring light and generating 
holograms with various signatures on phase, amplitude, and polarization. This leads to an all-around platform for 
constructing and integrating optical components beyond the traditional ones. Currently, the metasurface’s ability 
in generating different polarization images is of particular interest in quantum imaging. For example, two 
independent images generated from metasurface can be superimposed and obtained respectively by the 
entanglement with a heralding photon and its projection onto different states, with examples on quantum edge 
detection and entangled photons imaging [1,2]. However, coincidence count in these cases is only used to decide 
whether a detected photon is recorded or not and is measured between the signal and heralding photons. Thanks 
to the recent advance in single-photon avalanche diode (SPAD) cameras, we have combined the 
polarization-selection ability of metasurface with Hong-Ou-Mandel (HOM) interference to form images with 
tailor-made second-order coherence g2 signatures (termed as coincidence image).  

The schematic is shown in Figure 1(a) for diagonal and antidiagonal polarization incident photons. The 
metasurface consists of two regions of nanostructures, labeled as regions 1 and 2, which are assumed to pass 
only vertical (V) and horizontal (H) polarization respectively. If the two photons hit the metasurface at the same 
time with an equal chance in transmission, the output state in terms of creation operator on the vacuum state can 
be written as 

                       � �� � � �† † † † † † † †
1 2 1 2 1 1 2 20 0 .V H V H V V H Ha a a a a a a a� �  �                     (1) 

In eq.1, labels 1 and 2 are overloaded to represent the amplitude and phase profiles generated from the 
corresponding regions. Also, the creation operators for the two regions of nanostructures are assumed to 
approximately commute with each other. Hence, the generated image profiles 1 and 2 are effectively entangled 
with polarizations by the metasurface, which leads to the missing of cross-term between 1V and 2H modes, i.e., 
the HOM destructive interference. By using a reference pixel to calculate the pairwise coincidence count for all 
the other pixels, the coincidence image for a given Δt can be plotted with respect to the reference pixel. The 
results are shown in Fig.1(b) using pixel A as reference for Δt = 0 (maximized interference) relative to the case 
with large Δt (no interference). In terms of the coincidence count between a pixel in image 1 and another pixel in 
image 2, a dip in g2 is expected when scanning Δt (e.g, anticorrelated photon between pixel A and B, 
corresponding to a negative difference in coincidence count in Fig.1(b)). For g2 between two different pixels 



within the same image, a peak in g2 against Δt is then expected (e.g., correlated photon between pixel A and C, 
corresponding to a positive difference in coincidence count in Fig.1(b)). The measured g2 for pixel pairs A, B 
and A, C plotted against Δt are shown in Fig.1(c) as reference. 

Hence, correlated, anticorrelated, and uncorrelated coincidence features can be observed within the same 
coincidence image either on the metasurface or the focal plane of the metasurface. The ability to generate 
polarization coincidence images from metasurfaces is potentially useful for setting up quantum imaging schemes, 
including entangled-photon-assisted imaging and the generation of entangled holograms as well.   
 

 
Figure 1. Coincidence images from a metasurface. a) Schematic of the experiment. b) Measured coincidence 
images on metasurface using pixel A as reference. c) The coincidence count between pixels A, B, and pixels A, C 
labeled in (b) as a function of optical delay Δt. Note that as weak coherent states are used as the input states, the 
lower bound of g2 is 0.5.  
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Abstract: Metasurfaces consisting of engineered nanostructures enable us to manipulate wavefront as desired, 
which leads to various applications. Here, we review our recent studies about multifunctional imaging and 
processing including edge imaging, quantitative phase imaging and tunable weighted summation of edge image 
and full image based on the designed metasurfaces. Such passive and active metasurface becomes promising 
candidate in real time image processing and parallel analog computing. 
 
 
 Multifunctional imaging and processing pave the way for miniaturized device. Edge detection is one of the 
fundamental tools in image processing. Here, we designed a geometric phase metasurface (MS) placed at the 
Fourier plane of a 4f imaging system for edge imaging [see Fig. 1(a)-(b)]. When a linear-polarized plane wave is 
incident on a geometric phase gradient MS with phase φ (x, y) =πx/Λ (Λ is the period of designed MS). The MS 
provides geometric phases of +2φ and -2φ to the incident left- and right- handed circularly polarized (LCP, RCP) 
beams, respectively. When the MS is sandwiched between a pair of crossed linear polarizers, it effectively works 
as a sinusoidal amplitude grating with a transmittance profile of tms(x, y)=sin(2πx/Λ). With the MS modulating the 
spatial frequencies on the Fourier plane, a spatial differentiator for both amplitude and phase objects is achieved as 
Iout(x, y)≈Δ |dEin(x, y) /dx|2, where Ein(x, y) is the electric field of the input object, Δ =λf/Λ is the shearing distance, 
and f is the focal length of the second lens1-3.  

Quantitative phase imaging is one of the label free imaging methods providing the detailed phase 
information. For achieving quantitative phase imaging, a transverse shift s along x axis of the same MS placed at 
the Fourier plane [Fig. 1(c)] changes the bias retardation between the LCP and RCP imaging components. The 
fringes in Fig. 1(c) show the effective transmission of the MS. The red curve in Fig. 1(c) is the cross section of 
the amplitude transmittance profile |tms(x-s, y)|2 of the MS along x direction. As shown in Fig. 1(d), the 
corresponding impulse response of the system is therefore two Dirac-delta functions with opposite signs and 
conjugate bias phases tms(x-s, y) brought by the transverse shift s of the MS. The distance between the two 
Dirac-delta functions is ±θ=±2πs/Λ. The intensity at the image plane turns out to be the interference of the two 
laterally sheared images with consistent bias retardation [Fig. 1(e)]. Mathematically, the unified output electric 
field on the image plane could be written as 

' { ( , )exp[ (x) ] ( , y)exp[ ( ) ]} 2out in inE E x y j j E x j x j   = +  − − − −  +  (1) 

For a phase object Ein(x, y)=exp[jϕ(x, y)] with unity amplitude, the output intensity can be approximated by  

                                     ' 1 ( )( ) 1 cos 2 2 ( ) 2
2out

d x, yI x, y x
dx

     −  − −    
   (2)       

By taking three images, the gradient of the phase of the object with respect to x can be calculated via the three-step 
phase shifting method as shown in Fig. 1(f)-(g).                        

 



 

FIG. 1. Concept of the proposed edge imaging and quantitative phase imaging. (a) Experimental setup. Obj, object. P, polarizer. L, lens. MS, 

Metasurface. A, analyzer. Blue arrows indicate the translation direction of the MS. The inset is the used phase object with unity amplitude. The setup 

is a typical 4f system composed of two lenses L1 and L2. To realize the proposed function, a MS is inserted near the Fourier plane of the 4f system, 

along with a pair of crossed polarizers (P and A). (b) The photograph of the MS, patterned area, 6 mm*6 mm. (c-e) The concept of retardance 

imaging of the object with a laterally (along x direction) displaced MS. (f) The retardance images with bias retardation of -120°, 0°, 120° for 

horizontally orientated MS. (g) The quantitative phase gradient images with respect to x axis calculated with the three images for horizontal and 

vertical directions. 

 

 Furthermore, to demonstrate a MS enabled tunable weighted summation of edge image and full image, a 
geometric phase of the exemplary metalens forms a pair of overlapping sheared images. By employing metallic 
quantum wells with intensity-dependent optical constants, the phase difference of the two sheared images could 
be altered by the input intensity, which results in a controllable coherent transfer function tuned by the 
illumination intensity, producing various computed imaging results between an edge image and a diffracted full 
image. It also allows for a weighted summation of two arbitrary designed functions based on the MS design, 
which potentially enables all optical computations of complex functions. The nonlinear MS can fit into many 
highly integrated systems to replace conventional optics and the necessity for Electric-Optical-Electric 
conversion in many components, allowing real-time mathematical operations on the analog signals at high speed. 
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Abstract: Recently, topological spin textures such as Skyrmions have attracted both scientific and technological 
interest. Firstly, we demonstrate the photocontrol of spin-scalar-chiral state in spin-charge coupled systems with 
spatial inversion symmetry. We also show that the sign of the scalar chirality can be selected by circular 
polarization. Secondly, we discuss general magnetic Skyrmions of spin nematic phases in localized spin systems 
with S=1. Examples include fractional Skyrmions with 1/3 topological charge, which is a generalization of the 
so-called meron. 
 
[spin-charge coupled systems] Topological spin textures such as magnetic Skyrmions and their emergent 

magnetic fields have attracted both scientific and technological interest. Such magnetic structures are 
characterized by spin-scalar chirality, etc., and are known to be stabilized by antisymmetric interactions in 
general. On the other hand, it has also been clarified that in magnetic materials with spatial inversion symmetry, 
Skyrmion crystal phases and spin-scalar chiral phases appear due to geometric frustration and instability of the 
Fermi surface resulting in multiple-spin interactions [1,2]. In recent years, the possibility of optical control of 
these spin textures has been actively discussed, and the generation of Skyrmions via the heating effect by laser, 
for example, has been proposed. However, the existence of antisymmetric interactions is essential to most of 
these systems. Little is known about the optical control of spin textures in spin systems with spatial inversion 
symmetry. 
Here, we show that a linearly polarized electric-field pulse stabilizes a nonequilibrium spin-scalar-chiral state in 

a centrosymmetric itinerant ferromagnet [3]. The sign of the scalar chirality can be controlled by circularly 
polarized light. Furthermore, magnetic skyrmions are excited after the pulse decays. A photoinduced 
non-thermal electron distribution plays an important role for instability towards the spin-scalar-chiral state as 
well as the 120° Néel state, depending on the next-nearest-neighbor transfer integral. These results provide an 
alternative route to controlling the spin chirality by photoirradiation. 
 
[spin nematic systems] Topological excitations (textures) play an important role in both conventional liquid 

crystals, i.e., nematic phase, and in spin systems. However, little is known about their role in quantum spin 
nematic phases [4,5] which are invisible to conventional probing techniques due to the absence of dipole 
long-range order. Here, we consider the topological excitations in these nontrivial states. The model is the spin-1 
bilinear biquadratic (BBQ) model on the triangular lattice [6,7]. Using homotopy analysis and a numerical 
optimization technique, we identify a new family of Skyrmions (solitons) with dipole moment at a particular 
point in parameter space, in which the system has global SU(3) symmetry. We also find that a Skyrmion with 
higher topological charges spontaneously decays into “elementary” Skyrmions with emergent interactions [8].  
Recently, through interdisciplinary collaboration (see Collaborators below), we have obtained the following 

two results on spin nematic Skyrmions. First, by introducing the generalized Dzyaloshinskii-Moriya interaction, 
etc., in (the continuous limit of) the BBQ model, we have analytically and numerically constructed a stable 
isolated spin nematic Skyrmion solution [9]. Second, we have clarified that spin nematic fractional Skyrmions 



with 1/3 topological charges can appear in the BBQ model with other terms, including a generalized easy-plane 
anisotropy [10]. This is a generalization of half of the magnetic Skyrmion, i.e., the so-called meron with 1/2 
topological charge (see, e.g. [11]). 
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Abstract: We report on the use of a photosensitive polymer to directly image the optical near-field around 
metallic chiral nanostructures. 

 
 

The spatial distribution of the electromagnetic field in the near-field of chiral nanostructures strongly 
depends on the handedness of an impinging circularly polarized wave. This effect that can be helpful, for 
instance, for enantioselective detection of chiral molecules [1]. More surprisingly, such field dissymmetry can 
also be observed in achiral nanostructures [2]. In this communication, we present an experimental technique to 
probe field dissymmetry using a photosensitive polymer as a molecular probe of the local electric field.  

 

 

Figure 1: The molecular probe. (a) Chemical representation of the PMMA-DR1 system. (b) Simple description 
of the trans-cis-trans photoisomerization cycle leading to molecular motion. 

 
The photosensitive system is based on an azobenzene molecule (disperse red 1, DR1) grafted to a PMMA 

backbone (Fig. 1). A thin layer of the photopolymer is first spin-coated onto the plasmonic structure. When 
illuminated in its absorption band, DR1 experiences trans-cis-trans photoisomerization cycles leading to matter 
displacement. This leads to topographical changes in the film that can tracked with nanoscale resolution using an 
atomic force microscope (AFM) [3]. 

 
In Fig. 2, we present results obtained on chiral plasmonic structures obtained by e-beam lithography and 

consisting of asymmetrically coupled (shifted) gold nanorods. The photopolymer displacement maps (upper row) 
have been obtained after a 30 s illumination of the PMMA-DR1 film band at λ = 900 nm, a wavelength lying in 
its 2-photon absorption band [4]. The exciting light was polarized using left-handed circular polarization (LCP). 
The AFM maps are compared with numerical simulations of the electric field intensity at the same wavelength 
(lower row), showing that the near-field dissymmetry of the local electromagnetic field can be directly imprinted 



in the photosensitive polymer. In particular, LCP allows for the excitation of a gap mode between the nanorods; 
leading to a depletion of the polymer film in this area. 

 
 

 
Figure 2: Photochemical imaging of near-field dissymmetry in coupled gold nanorods with different 
longitudinal shifts. Upper row: AFM images obtained after illumination of the PMMA-DR1-covered 
structures at λ = 900 nm using LCP. Lower row: FDTD calculation of the normalized electric field intensity 
in the corresponding structure under LCP excitation. 
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Abstract: I will present several strategies for imaging the handedness of chiral molecules with high enantio-
sensitivity and on ultrafast time scales. By tailoring the polarization of the driving field in time and in space, we 
can efficiently control the nonlinear optical response of chiral molecules and imprint their handedness into 
different macroscopic observables. These strategies rely on the strong longitudinal fields that arise naturally in 
tightly focused laser beams, in non-collinear configurations, and, interestingly, in optical nanofibers and other 
nano-photonic structures. 
 

 
Chirality, or handedness, is a ubiquitous geometrical property of light and matter. In general, an object is chiral 

if it is different from its mirror image. Chiral molecules appear in pairs of mirror-reflected versions: the left- and 
right-handed enantiomers. These “mirror twins” have identical physical and chemical properties, unless they 
interact with another chiral object. Since most biological molecules are chiral, opposite molecular enantiomers can 
behave very differently in biochemical and pharmaceutical contexts [1], and thus methods for efficiently 
distinguishing and separating opposite enantiomers are of great interest. 

Traditional optical methods for chiral recognition rely on the electronic response of the molecules to both the 
electric and magnetic components of a circularly polarized wave, i.e. on the molecules “feeling” the helix of the 
light field. However, the size mismatch between the micron-scale pitch of the field’s helix and the Angstrom-scale 
size of the molecules leads to extremely weak enantio-sensitivity (usually below 0.1%), particularly in small- to 
medium-size molecules. This creates a justified impression that chiral recognition is difficult, especially on 
ultrafast time scales. 

We have recently introduced several methods [2-5] that can yield strongly enantio-sensitive optical signals, 
reaching the efficiency limit of 100%, via purely electric-dipole interactions –the magnetic component of the light 
wave does not participate at all. 

In this presentation, I will show how we can tailor the polarization of light in time and in space to maximize 
the enantio-sensitive response of chiral molecules. We can enhance the nonlinear optical response of a selected 
molecular enantiomer while fully quenching it in its mirror twin at the level of total intensity signals [2], realize a 
chiral version of Young’s double-slit experiment that leads to enantio-sensitive light “bending” [3], or create 
harmonic light with highly enantio-sensitive polarization [4,5]. 

First, I will show that the common ingredients underlying the generation of strongly enantio-sensitive optical 
signals in our recent proposals [2-5] are: (i) the presence of a strong longitudinal component, and (ii) at least two 
phase-matched frequencies in our driving field.  

Second, I will introduce an ultrafast and all-optical method for efficient chiral recognition that relies on the 
interference between achiral and chiral low-order multiphoton pathways. The chiral pathway is based on sum-
frequency generation spectroscopy [6]. Thus, in contrast with our previous implementations [2-5], here the chiral 



response is driven by a second-order nonlinear process, and thus it can be generated using laser fields with more 
gentle intensities, which are ideal for chiral recognition in the liquid phase, the natural medium of biological 
molecules, or in amorphous chiral solids. 

Third, I will describe how we can take advantage of the strong longitudinal fields arising in optical nanofibers 
and other nano-photonic structures [7] to create synthetic chiral light [2]. Bringing synthetic chiral light to the 
“nano-world” may open unique opportunities for imaging, controlling, and even trapping chiral molecules, with 
extremely high enantio-sensitivity. 
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Abstract: Polarization-maintaining fibers play a pivotal role in many applications, from endoscopy and 
fiber-based imaging to long-distance communication. Here, we discuss the polarization properties and 
capabilities of a special type of chiral fibers, i.e., twisted photonic crystal fibers, which were introduced only 
recently and show a strong circular birefringence. Experiments confirm that they are well suited for protecting 
polarization sub-spaces, a very useful property both from a practical and an applied perspective. 

 
 

In contrast to conventional fibers, photonics crystal fibers (PCFs) offer a large degree of flexibility and 
versatility [1]. They can be built with a solid or a hollow core, with multiple cores, and also allow for a wide 
range of tunability with respect to design, dimensions and materials. They can be utilized for constructing new 
light sources, for building labs-in-a-fiber, and can act as the key ingredient for many other applications. Recently, 
a new type of PCF was introduced, PCFs with a twist [2,3]. These fibers feature a handedness by design, leading 
to very peculiar properties, e.g., related to light’s angular momenta.  

 
We now studied the polarization properties of twisted PCFs of various lengths and compare them to 

conventional and commercially available polarization-maintaining fibers. As a direct consequence of the chiral 
geometry of twisted PCFs, circularly polarized input states are preserved. Linearly polarized input states move 
along the equator of the Poincare sphere and, hence, stay linear. These findings are in striking contrast to the 
behavior of conventional polarization-maintaining fibers. Our experiments show that twisted PCFs are well 
suited for protecting polarization sub-spaces, a very useful property both from a practical and an applied 
perspective. In addition, they are naturally rotationally invariant and thus less prone to alignment errors. 
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Abstract: We show the theoretical framework of various nonreciprocal responses in superconductors. The 
superconducting diode effect, nonlinear superconducting optics, and nonreciprocal Meissner effect are studied, and 
observation in parity-breaking superconductors is proposed.  

 
 

Superconductivity, an emergence of a macroscopic quantum state, gives rise to unique electromagnetic 
responses leading to perfect shielding of magnetic field and zero electrical resistance. In the talk, I will show our 
recent studies on the nonreciprocal responses unique to superconductors, namely, the superconducting diode 
effect [1], nonlinear superconducting optics [2], and nonreciprocal Meissner effect [3]. 

Stimulated by the recent experiment [4], we propose an intrinsic mechanism to cause the superconducting 
diode effect (SDE) [1]. SDE refers to the nonreciprocity of the critical current. We clarify that the SDE is 
understood by the nonreciprocity of the Landau critical momentum and the change in the nature of the helical 
superconductivity. The intrinsic SDE unveils the rich phase diagram and functionalities of noncentrosymmetric 
superconductors. 

Second, we show that superconductors with the space-inversion symmetry breaking host giant nonreciprocal 
optical responses, such as photocurrent generation and second harmonic generation [2]. Divergent behaviors are 
attributed to the nonreciprocal superfluid density and the Berry curvature derivative, characteristic of 
parity-breaking superconductors. These indicators quantify the performance of superconductors in nonlinear 
optics. 

The nonreciprocal correction to the superfluid density also leads to the nonreciprocal Meissner effect, 
namely, asymmetric screening of magnetic fields due to the nonreciprocal magnetic penetration depth. 
Performing a microscopic analysis of an exotic superconductor UTe2, we show that the nonreciprocal Meissner 
effect is useful to probing parity-mixing properties and gap structures in superconductors [3]. 

 
 

References 
1. Akito Daido, Yuhei Ikeda, Youichi Yanase, Phys. Rev. Lett. 128, 037001 (2022) 
2. Hikaru Watanabe, Akito Daido, Youichi Yanase, Phys. Rev. B 105, 024308 (2022) 
3. Hikaru Watanabe, Akito Daido, Youichi Yanase, Phys. Rev. B in press.  
4. F. Ando, Y. Miyasaka, T. Li, J. Ishizuka, T. Arakawa, Y. Shiota, T. Moriyama, Y. Yanase, and T. Ono, Nature 584, 

373 (2020). 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Gate Voltage induced Magnetization dynamics based on magnetoelectric effect 
 

M. S. de Sousa1, M. Sigrist2, and W. Chen1 
1Department of Physics, PUC-Rio, Brazil 

2Institute for Theoretical Physics, ETH Zurich, Switzerland 
*corresponding author: wchen@puc-rio.br 

 
Abstract: Two mechanisms are proposed to generate magnetization dynamics based on magnetoelectric effect. 
Firstly, in multiferroic materials of a single magnetic domain, applying an oscillating electric field can cause a 
coherent rotation of the magnetic order. Secondly, in geometrically confined magnetic heterostructures with an 
interface spin-orbit coupling, if the ferromagnet only partially covers the sample, then a spin torque can be 
induced solely by a gate voltage without any bias current. 

 
In multiferroic materials with an in-plane spiral magnetic order and a ferroelectric orders, such as BiFeO3, it 

is known that a single magnetic domain can reach millimeter size [1]. Moreover, applying an in-plane electric 
field can efficiently change the spiral wave length [2]. We propose that applying an oscillating electric field in 
part of the sample can generate a coherent rotation of the long range spiral order in the whole magnetic domain. 
This coherent rotation can be converted into electric current via spin pumping or induction [3], as shown 
schematically in Fig (a) below. On the other hand, in geometrically confined magnetic heterostructures where 
the magnetization only occupies part of the sample, such as the Co/Pt, Co/GaAs, Co/Bi2Se3 bilayer thin films 
with ~10nm size shown in Fig (b) below, we propose that a gate voltage can induce a spiral torque without the 
need of any bias current, of which we call a magnetoelectric torque. The torque on the magnetization S is found 
to be damping-like S×(S×x) defined with respect to the direction of the edge x, and is a generic feature that can 
be realized by usual metallic thin films [4] or graphene [5]. 

 
References 
1. Johnson, R. D. et al., “X-Ray Imaging and Multiferroic Coupling of Cycloidal Magnetic Domains in Ferroelectric 

Monodomain BiFeO3,” Phys. Rev. Lett. , Vol. 110, 217206, 2013. 
2. Rovillain, P. et al., “Electric-field control of spin waves at room temperature in multiferroic BiFeO3,” Nat. Mater., Vol. 

9, 975, 2010. 
3. Chen, W. and Sigrist. M, “Dissipationless Multiferroic Magnonics,” Phys. Rev. Lett., Vol. 114, 157203, 2015. 
4. Chen, W. and Sigrist. M, “Magnetoelectric torque and edge currents caused by spin-orbit coupling,” Phys. Rev. B., Vol. 

104, 155309, 2021. 
5. de Sousa, M. S., Chen, W., and Sigrist, M. “Magnetoelectric torque and edge currents in spin-orbit coupled graphene 

nanoribbons”, Phys. Rev. Research Vol 3, 033021, 2021.   



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Non-Hermitian chiral phononics through laser-induced synthetic magnetic fields in 
nano-optomechanical networks 

 
J. del Pino1,2, J. J. Slim1, and E. Verhagen2,* 

1Center for Nanophotonics, AMOLF, Science Park 104, 1098 XG Amsterdam, The Netherlands 
2Institute for Theoretical Physics, ETH Zürich, 8093 Zürich, Switzerland 

*corresponding author: verhagen@amolf.nl 
 
Abstract: We explore the interplay between non-Hermitian dynamics and the breaking of time-reversal 
symmetry in networks of nanomechanical resonators coupled by light. Optomechanical radiation pressure 
interactions induce both particle-conserving as well as squeezing interactions in the reconfigurable networks. We 
observe chiral transport of coherent and thermal excitations, and discover a non-Hermitian Aharonov-Bohm 
effect in which the non-Hermitian dynamics of the network, including spontaneous breaking of PT symmetry, 
are controlled by a new geometric phase. 
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In the presented work, new nanocomposites based on magnetic objects organized on silica nanohelices are 
designed, synthesized and characterized for the study and optimization of induced magnetochiral dichroism 
(MChD). MChD is a cross-effect manifesting as a differential absorption of non-polarized light according to the 
direction of an external magnetic field. As well as being of interest for novel magneto-optical technologies, 
MChD is a hypothesis for the origin of the homochirality of life. Requiring a system which is simultaneously 
chiral and magnetic, MChD has only been rarely observed. To facilitate the fabrication of magnetochiral 
materials, we use a composite approach where a magnetochiral response is induced in achiral magneto-optical 
objects by interaction with a chiral silica nanoplatform [1,2].  

 
Figure. Silica nanohelices partially covered with TPPS porphyrin and the circular dichroism of these 
composites. Opposite signals are observed for helices turning left or right.  
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Abstract: The magnetic helicoidal dichroism, obtained through the interaction of an extreme ultraviolet vortex 
beam carrying orbital angular momentum with a magnetic vortex, has been experimentally observed. Numerical 
simulations based on classical electromagnetic theory show that this dichroism is based on the interference of light 
modes with different orbital angular momenta, which are populated after the interaction between light and 
magnetic topology. This observation sets the framework for the development of new tools to investigate ultrafast 
magnetization dynamics. 
 

The use of light beams possessing orbital angular momentum (OAM) is becoming more and more frequently 
a tool for manipulating physical systems and probing their properties. The wavefronts of such beams develop a 
distinctive corkscrew shape determined by an azimuthal angular dependence of exp(𝑖ℓ𝜙) for the electric field 
phase, which is associated with OAM. Indeed, the analogy between quantum mechanics and paraxial optics 
suggests that modes with such an azimuthal dependence are eigenvalues of the angular momentum operator Lz, so 
carrying an OAM of ℓℏ per photon [1]. This property goes beyond being a mere mathematical curiosity, since 
OAM beams can experimentally be generated, even in the extreme ultraviolet (XUV) range [2]. 

In this framework, it has been theoretically predicted that OAM beams should allow for novel kinds of 
dichroism experiments, paving the way for new spectroscopic tools in the fields of orbital physics and magnetism 
[3]. In particular, after the scattering of an OAM beam from magnetic structures featuring non-uniform 
magnetization configurations, like magnetic vortices, the far field intensity profile will encode the vortex 
symmetries in a way that depends on the sign and value of ℓ [4], giving rise to magnetic helicoidal dichroism 
(MHD). 

During the talk, I will show the experimental verification of this effect carried out at the DiProI end-station [5] 
of the FERMI free-electron laser, using p-polarized 52.8 eV photons (matching the Fe M-edge) and measuring the 
resonant scattering in reflection geometry close to the Brewster extinction condition. As shown by the sketch in 
Fig. 1, well-defined OAM values were imposed on the XUV beam by using spiral zone plates. The sample 
consisted in a 15 µm wide Fe-Ni disk, whose shape was designed to form a clean remanent magnetic vortex with 
reconfigurable clockwise (CW) or counter-clockwise (CCW) circulation. The MHD for opposite OAM values 
(ℓ = ±1 in Fig. 1) was obtained by taking the difference divided by the sum of two scattered intensity images 



collected for CW and CCW magnetic vortices [6]. The measured patterns well compare with the results of 
numerical simulations, and the effect has been proven to have the right symmetry for representing a proper MHD 
signal. In the future, this technique can be applied to time-resolved measurements of ultrafast magnetization 
dynamics, especially for non-uniform complex spin textures, e.g. in topologically protected magnetic structures. 

 
Figure 1 Sketch of the experimental setup. An OAM beam is generated via a spiral zone plate which focuses the impinging 
collimated XUV beam and imparts the proper azimuthal phase dependence. The OAM beam then interacts with the magnetic 
vortex prepared inside the Fe-Ni disk, and the scattered intensity is collected by a CCD camera. The inset shows the difference 
divided by the sum of two scattered intensity images obtained for CW and CCW magnetic vortices, measured for ℓ = −1 
and ℓ = 1. The results can be compared with the corresponding MHD calculations. 
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Abstract:  The electromagnetic helicity of the free electromagnetic field and the static magnetic helicity are

shown to be two different embodiments of the same physical quantity. The total helicity is the sum of two terms:

A term proportional to the difference between the number of left-handed and right-handed photons of the free

field,  and  another  term  that  measures  the  screwiness  of  the  static  magnetization  density  in  matter.  This

unification enables studying the conversion between the two embodiments upon light-matter interaction.

The electromagnetic field changes during light-matter interaction. In the Figure, the field in (a)

before the interaction (gray bullet) is different from the field in (b) after the interaction (gray cloud).

Accordingly, fundamental quantities of the field, such as energy, momentum and angular momentum

may also change, and the consequences that such changes cause to the object (in green in the Figure)

are  well-know.  For  example,  when  the  field  looses  momentum (angular  momentum),  the  object

experiences and optical force (torque). The average optical helicity (polarization handedness) of the

field typically changes as well. But, until very recently, there was no known material counterpart for

the helicity of light, so, no known material mechanism capable of storing (part of) the helicity lost by

light in the interaction. 

Figure 1. Sequence of a light-matter interaction during which the average value 

of helicity changes for the electromagnetic field. The question ``Where can the 

helicity go?  will be the focus of my presentation.’’

In my recent publication [1], I show that the optical helicity of the free electromagnetic field and

the screwiness of the static magnetization density in matter are two different embodiments of the same

physical quantity, the total helicity. The total helicity is the sum of two terms: A term that measures

the difference between the number of left-handed and right-handed photons of the free field,  and

another term that measures the screwiness of the static magnetization density in matter. This latter



term turns out to be proportional to the magnetic helicity. This unification establishes the theoretical

basis for studying the conversion between the two embodiments of total helicity upon light-matter

interaction. 

Both  manifestations  of  helicity  are  separately  relevant  in  quite  diverse  areas  of  physics.

Electromagnetic  helicity  is  particularly  relevant  in  chiral  light-matter  interactions,  and  magnetic

helicity  is  relevant  in  areas  such  as  cosmology,  magneto-hydrodynamics,  and  condensed  matter.

Consequently,  their  unified  understanding  has  the  potential  for  simultaneously  impacting  several

different fields. For example, the new link between optics and magnetism is apparently relevant for the

physics of all optical control of magnetization with circularly polarized radiation.
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Abstract: Optical vortex beams are inherently chiral due to their helical wavefront. The engagement of this 
optical chirality in chiroptical effects with chiral media in an analogous fashion to that of circularly polarized 
light requires certain conditions to be met. This talk outlines such requirements with a view in mind of currently 
untapped future applications in chiral metamaterials.      
 
The chirality of light has historically been synonymous with circular polarization: electromagnetic field vectors 
which trace out either a right-handed or left-handed helix on propagation (see Fig 1). Through optical activity 
and chiroptical studies, this chirality of light associated with the circular polarization has been the bedrock of 
probing the dissymmetric and asymmetric structures of chiral matter. Beyond the traditional studies of optical 
activity and chiroptical phenomena in molecular and chemical systems [1,2], the field has now flourished in 
more exotic chiral materials including plasmonic nanostructures and metamaterials [3–7]. The emergence of 
structured light and singular optics has recently led to a reappraisal of optical chirality, where exotic phase and 
polarization structures give rise to novel measures of light’s chirality [8].  
 

  
Figure 1: Top row: right-handed 1 = −  and left-handed 1 =  circularly polarized light. The field vectors trace out a 
chiral helix on propagation. Middle row: Bi-layer rosette-shaped structure metamaterial. Antisymmetric current mode (A) is 
excited by the 1 = −  wave and the symmetric current mode (B) is excited by the 1 = +  wave. (Figure adapted with 
permission from [9,10]) Bottom row: right-handed and left-handed optical vortex beam chiral wavefront (phase inset). 



In this talk we are specifically concerned with phase-structured beams of the kind known as optical vortices or 
twisted light. Such beams have attracted an extraordinary amount of research effort since the pioneering study of 
Les Allen et al. [11] in 1992 where it was shown that beams possessing the phase structure expi  , where 
 is the topological charge and  the azimuthal angle, gives such modes a well defined optical orbital 

angular momentum of  per photon in the direction of propagation. Propagating with a helical structure, the 
wavefronts of optical vortices are inherently chiral (see Fig 1), with the handedness being determined by the sign 
of the pseudoscalar .  
 
Naturally the question arises whether the optical chirality of these twisted beams can exhibit optical activity and 
chiroptical effects with chiral materials in a similar manner to circularly polarized light. After a tentative start in 
the early 2000s, the field of structured light and chirality has grown exponentially over the last few years [8]. 
The aim of this talk is to present the newly established fundamental requirements necessary for the chirality of 
optical vortices to exhibit optical activity with chiral media, highlighting the significant potential of application 
in chiral metamaterials and plasmonic structures, which to date has largely been untapped.   
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Abstract: A cylindrical synthetic antiferromagnet is proposed as a potential candidate to generate nonreciprocal 
spin waves. It is demonstrated that such a system presents a notable spin-wave asymmetry induced by the 
combined action of the antiferromagnetic state and the curvature. Analytical expressions are proposed for the 
case of thin cylindrical shells. These results are relevant from a fundamental and practical point of view since the 
chirality of the spin waves is a crucial ingredient to visualize future magnon-based logic applications. 
 
Magnetochiral effects have been reported in curved nanostructures1–5, where, for the case of circular nanotubes 
(NTs), the physical origin is the classical dipole-dipole interaction. Indeed, a notable SW asymmetry has been 
theoretically reported in thin ferromagnetic NTs when the spin waves propagate along the axis while the 
equilibrium magnetization is a vortex state2. A characteristic of spin-wave nonreciprocity in NTs is that under 
increasing the radii, the frequency shift (frequency difference of two counterpropagating waves evaluated at a 
fixed wave vector) decreases because the system tends to a planar nanostructure, where the nonreciprocity 
vanishes2-4. Nonetheless, by taking advantage of the chiral dipolar coupling between two oppositely magnetized 
cylindrical layers, it is possible to preserve the nonreciprocal features even when the curvature is not relevant. 
The dynamic matrix method is utilized to calculate the temporal evolution of the magnetization so that the 
system is not limited to thin nanotubes4. The transition from a curved structure to a planar one is studied, where 
it is found that the proposed architecture preserves the dynamic chiral properties as the curvature of the NT is 
reduced, which is a remarkable difference from an isolated tube, where the SW asymmetry tends to zero as the 
curvature decreases.  
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Centers of Excellence, Grant AFB180001 CEDENNA, CONICYT. 
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Ultrafast optical manipulation of magnetic order is one of the most active field of 
research in present days. Recent experimental demonstration of skyrmion nucleation 
with ultrafast laser [1] has already proved the experimental feasibility of the 
theoretical concept. The underlying physics, however, is still not very clear and 
mostly based on phenomenological arguments. Majority of studies are done with 
classical magnetization dynamics which completely ignores the electronic 
interactions and fails to capture the proper channel of energy transfer from laser to 
the magnetic system. TDDFT based studies on the other hand are quite successful in 
dealing with the electronic interaction but fails to capture the slow magnetization 
dynamics. Here we present a unified approach which creates a bridge between the 
two approaches [2]. By combining quantum evolution of states with classical 
magnetization dynamics we managed to capture both fast sub-picosecond dynamics 
governed by electronic interactions as well as the slow magnetization dynamics that 
can survive for several picoseconds leading to a steady chiral formation. We identify 
the emergent interactions appearing at different timescales and also estimate the 
lifetime of quasi-stable chiral configurations. We show how the end configurations 
can be controlled with the laser parameter which shows good qualitative agreement 
with the experimental finding. Our results shows that this chiral formation is 
intrinsically different from the thermally excited magnetization dynamics which is 
widely used to explain ultrafast demagnetisation. 
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Abstract: Chiral compounds are an ideal material platform for exploring the relation between structural 
symmetry and electronic spin transport. Here, we show that a charge current flowing in chiral single-crystalline 
Tellurium nanowires acquires a net spin polarization, which generates a large and gate-tunable unidirectional 
magnetoresistance (up to 7%). The electrically generated spins are parallel to the chiral axis of Te and point in 
opposite directions in left- and right-handed nanowires. Our results pave the way for chirality-based spintronic 
devices.  
 
 

Chiral materials are an ideal playground for exploring the relation between symmetry, relativistic effects 
and electronic transport. For instance, chiral organic molecules have been shown to behave as efficient spin 
filters,1 but their poor conductivity limits their potential for applications. Conversely, inorganic materials such as 
Tellurium have received much less attention for investigating fundamental and applied phenomena such as 
spin-to-charge conversion, even though they offer an optimal combination of crystal structure, strong spin-orbit 
coupling, and good conductivity.  

Here, we report a chirality-dependent and gate-tuneable charge-to-spin conversion in chiral single 
crystalline Te nanowires (NWs)2. We find that the resistance of the NWs depends on the relative orientation of 
electrical current and applied magnetic field. This effect, called unidirectional magnetoresistance (UMR), 
demonstrates the electrical generation of a spin polarization oriented parallel to the chiral axis and pointing in 
opposite direction for different crystal handedness. This charge-to-spin conversion arises from the radial spin 
texture of the valence band of Te, which dominates the transport in our hole-doped NWs. In addition, an 
electrostatic gating enables the tuning of the charge-to-spin conversion, leading to a modulation of the UMR 
amplitude by a factor of 6. The all-electrical generation, control, and detection of spin polarization in chiral Te 
NWs opens the path to exploit chirality in spintronic devices. 
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Abstract: Light-matter interactions in chiral structure can induce strong polarization selectivity. Specif-
ically, an optical activity in a form of polarization rotation and a circular dichroism may be controlled
by the the mirror symmetry breaking of the unit-cell geometry. We design and experimentally in-
vestigate plasmonic metasurfaces with spatially varying chiral geometry and demonstrate how this
architecture may lead to a geometric Berry phase. Our designed structure produces a polarization-
dependent diffraction of nearly linear states. We experimentally examine the diffraction orders and
show that they are topological in nature. Moreover, the influence of various geometrical factors is also
investigated.

I. INTRODUCTION

Over the last decade, topological photonics?, ? gained much interest in the emerging fields of nano-photonics,?, ?

plasmonics and optical communication.? In physics, topology is manifested by an invariant property of a para-
metric space defining a system.? When the state of the system is varied along a closed contour on its parametric
manifold a non-zero measurable phase can be achieved. This phase depends on the topological invariant? and is
commonly referred as the Berry phase in quantum systems?, ? or as a Pancharatnam-Berry (PB) phase in optics.?, ?

The PB phase stems from manipulating of the light polarization state represented by the Poincaré sphere.?, ?, ? It
is weakly affected by a wavelength variation and solely depends on the geometry of the structure, which makes it
favorable for a variety of nano-photonic applications.?, ?

Previously, uni-directional chiral photonic topological edge-states?, ?, ? were demonstrated in dielectric photonic
crystals.?, ? Those states exhibited a unique property of almost lossless propagation due to their robustness to
backscattering. The interaction of light with metallic subwavelength structures involves excitation of collective
surface-confined electronic oscillations known as surface plasmon (SPs).?, ? It was shown that SPs could be conve-
niently controlled by using metasurfaces – periodic structures with specifically designed unit-cell functionality.?, ?

Moreover, some recent works proposed using topological metasurfaces?, ?, ? to manipulate the SP propagation and
distribution by altering the polarization state on the unit-cell level. In particular, nanogratings comprising of sub-
wavelength grooves whose orientation rotated in space were shown to generate near-fields with space-variant linear
polarization that resulted in SP propagation direction that depended on the incident light handedness. This effect
was attributed as the plasmonic spin-orbit interaction.?, ? However, some photonic applications require a use of
linear or elliptical eigenstates. Therefore, a structure, capable of driving the system via an arbitrary path on the
Poincaré parametric space should be suggested.

In this paper we propose using a space-variant unit-cell chirality of the metasurface to achieve a geometric phase
for linear polarization. Instead of spatially-rotating local birefringence, the chirality parameters of the unit-cell are
manipulated along a horizontal direction. The designed grating provides an alternative way to drive the light-state
on the Poincaré sphere where the initial and the final polarizations are almost linear. The resulting topological
diffraction orders are observed and analyzed by the leakage radiation microscopy (LRM) technique.? The effects
of the geometric parameters of the structure, light incidence angle as well as the role of the plasmonic resonance
are carefully studied in the manuscript. We believe that the concept presented here may be further extended to
general topology-based light-matter interaction that may find numerous applications in future photonic devices in
optics communication, sensing, information processing and more.
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Fig. 1: Visual representation of the proposed concept on the Poincaré sphere. The spatially varying unit-cell
chirality drives the system state through different paths connecting linear polarization states.

II. CONCLUSION

The presented results clearly indicate a novel and intriguing way to manipulate light by means of plasmonic
metasurfaces based on topological effects. The presented phenomena enables additional degrees of freedom in
light-matter interaction and provides an efficient way to shape the phase of light in the vicinity of our nanostructure.
We believe that numerous nanophotonic applications may be bsaed on our proposed concept in such areas as optics
communication, sensing, optical circuitry and more.
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Abstract: The generation of energetic (hot) electrons and the photo-heating effect are intrinsic properties of any 
optically excited plasmonic nanocrystal [1,2]. High-energy hot electrons and phototemperature contribute to kinetic 
processes observed in plasmonic photodetectors, colloidal nanocrystals, and metastructures [1,2].  This talk will focus 
on the theory of hot electron generation and also present related applications for plasmonic photochemistry and chiral 
plasmonic photocatalysis [3,4,5]. 
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Abstract: Skyrmions and merons are stable quasiparticles of interest to fundamental physics, and with potential 
applications to data storage and quantum computing. Here in this talk, I will demonstrate orbital angular 
momenta contributed purely through the geometrical chirality leads to the generation of plasmonic spin merons. 
I will also address various other spin quasiparticles. The experiments are carried out through time-resolved 
two-photon photoemission electron microscopy.  

 
 

The generation of vortices in the optical near-field has made much progress. These near-field vortices are 
typically generated through the excitation of surface plasmons (SPs) at the metal-dielectric interface as the result 
of collective free electron resonances induced by external electromagnetic waves. SP vortices have been 
generated in a wide variety of plasmonic geometries, such as plasmonic Archimedes spiral using circular [1,2] 
and radial [3] polarizations, and metasurface using linear polarization [4]. 

On the other hand, plasmonic Archimedes spiral under linear polarized excitation was found to generate 
focusing of surface plasmon polaritons (SPPs) [5]. Here we perform detailed investigations both numerically and 
experimentally to show such view is not correct. We employ an interferometric time-resolved photoemission 
electron microscope (ITR-PEEM) to record a movie of the plasmonic fields with < 10 nm spatial resolution and 
< 100 as pump-probe pulse delay/frame. The temporal evolution of the SPPs clearly show near-field OAM 
created purely through the geometric chirality provided by the plasmonic structure, rather than from light. 

To reveal the geometric chirality contributed OAM, we capture the SPP flow and interference at 255 nm/fs 
by recording a movie with <10 nm spatial and ~100 as/frame pulse delay scan resolutions by ITR-PEEM. In our 
experiment, a pair of identical, interferometrically scanned pump and probe light pulses illuminate the sample 
within the field-of-view of the microscope to excite the nonlinear two-photon photoemission (2PP) of electrons. 
PEEM images the spatial distributions of emitted electron at each pump-probe pulse, which are proportional to 
the integral of a superposition of the optical field and the SPP field it creates at the coupling structure. 

By illuminating the broken Archimedean coupling structure with y-linearly polarized λ=550 nm light, the 
oppositely propagating SPP waves emanating from each side carry its geometric charge to form a plasmonic 
vortex at its center. Scanning the pulse delay and acquiring microscopic images records a movie of the fields 
and their interferences. Such movie contains the dynamical information from interference between the in-plane 
(x,y) pump induced SPP wave and the probe optical fields that is modulated at ωL, and an unmodulated 
z-component.  

An interferometric time-resolved photoemission electron microscope is used to investigate the creation of 
near-field orbital angular momentum purely through the geometrical chirality of the device. The PEEM imaging, 
electromagnetic simulations, and analytical model verify that illuminating the Archimedean structure with a 
geometric charge m=2, creates a plasmonic vortex at its core [6]. We further show by varying the plasmonic 
coupling structural geometries, lattice of merons [7] and twisted spin skyrmions [8] can be generated. 
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Abstract: Many-body correlation among quantum emitters through radiation generates cooperative emission of 
light, i.e., superfluorescence that is a burst of directional and coherent light. Recently, our theory have revealed a 
peculiar enhancement of the correlation among remote emitters sharing the radiation modes in a geometrically 
specific dielectric environment. This study applies the above theory for proposing the model to demonstrate a 
chiral selective superfluorescence of the emitter ensemble enhanced due to the localized surface plasmon 
resonance in metallic structures with chirality. 
 

Superfluorescence is a cooperative emission of light from quantum emitters, whose intensity is proportional 
to N2, where N is the number of emitters, and pulse duration time is inversely proportional to N [1]. The quantum 
correlation among emitters through radiation plays an essential role in this phenomenon. The conventional 
theories treat the emitters located at the same phase position in light. On the other hand, our recent study has 
revealed that remote emitters exhibit a peculiar enhancement of their correlations by sharing the radiation modes 
in a specific dielectric environment [2]. This result indicates that it is possible to design the synchronization 
dynamics by the spatial configuration of emitters and dielectric environment for realizing desired 
superfluorescence properties. 

 
Based on the above findings, we studied the chiral interaction between quantum emitter ensemble and 

metallic structures with chiral configuration. We supposed a system featured a chiral emitter ensemble that was 
combined with a spirally stacked metallic structure. First, we considered that the chiral directions of the emitter 
ensemble and the spiral metallic structure are parallel. In this case, a strong superfluorescence occurs and its 
intensity was several orders of magnitude larger than that in the absence of the metallic structures. This result 
indicates a greatly enhanced correlation growth by localized surface plasmon resonance (LSPR), and that it beats 
the Purcell effect. Then, we examined the case that directions of chirality of emitters and metallic structures were 
opposite to each other, i.e., anti-parallel combination, where we carefully designed so that the effect of electric 
field enhancement by LSPR was perfectly the same between the parallel and anti-parallel combination. The 
result showed that the intensity of superfluorescence for the anti-parallel combination was reduced, which 
indicates that the enhancement of superfluorescence differently occurs according to the chiral combination.   

 
If we calculated the fluorescence in the absence of the correlation terms, perfectly the same time profiles 

appear for both parallel and anti-parallel cases. Thus, it is clear that the chiral selective superfluorescence is 
attributed to the different correlation growth according to the chiral combination of emitters and metallic 
structures. To elucidate this effect, we examined the local polarization of the field radiated from the emitters. As 
a result, we found that the polarization distributions of the different layers were aligned in this cooperative 
process. However, this alignment was weaker in the anti-parallel case than it was in the parallel case, which 
causes chiral selective superfluorescence.  

 



To the best of our knowledge, this is the first study of how the chiral interaction affects the many-body 
correlations of quantum emitters. We hope that our finding will contribute to further study of the basic principle 
of the chiral interaction between correlated many-body systems and their environment. 
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Abstract: One cannot find 3D subwavelength details of a ME scatterer retrieved from far-field data. The main 
point is that there are no solutions of Maxwell’s equations with two local sources, electric and magnetic currents, 
which are supposedly linked by electromagnetic forces. The “first-principle”, “microscopic-scale” ME effect of 
a structure composed by “glued” pairs of electric and magnetic dipoles raise questions on the ways of local 
probing the dynamic ME parameters, since the near field structure of such a probe should violate both the spatial 
and temporal inversion symmetries. When the basic concepts of bianisotropy are analyzed from the EM far-field 
characteristics, we just only have the far-field "illusion of bianisotropy". Since the observed effects of ME 
coupling are not associated with the near-field manipulation properties caused by intrinsic magnetoelectricity, the 
question arises whether ME point scatterers of electromagnetic radiation really exist. 
 

At present, special subwavelength resonators are considered as structural elements in chiral and 
bianisotropic metamaterials. There is a general consensus that these scatterers behave like "artificial atoms" with 
strong electrical and magnetic resonances and a mutual coupling between these responses. Since the observed 
effects of magnetoelectric (ME) coupling are not associated with the near-field manipulation properties caused 
by intrinsic magnetoelectricity, the question arises whether ME point scatterers of electromagnetic (EM) 
radiation really exist. One of the effective ways to enhance the interaction of EM radiation with matter is to 
bound both dipole-carrying excitations and photons to a 3D-confined subwavelength resonant region. We show 
that such mesoscopic structures with electric and magnetic dipole-carrying excitations behave as point scatterers 
with intrinsic magnetoelectricity. Coherent oscillations of electric polarization and magnetization can be viewed 
as quasistatic oscillations with electrostatic (ES) and magnetostatic (MS) scalar wave functions. The ME 
resonance effect arises due to the coupling of two, ES and MS, oscillations in a subwavelength resonator. Near 
fields of such a resonator – called as ME near fields – are generated by simultaneous time reversal and inversion 
symmetry breakings. For EM radiation, subwavelength regions with quasistatic ME resonances, are regions of 
singular states. Our purpose is to study ME fields and EM problems associated with these fields. In this 
connection, we put forward the concept of ME-field electrodynamics. Like the axion-field electrodynamics and 
the axion-polariton problem, we are talking about modified Maxwell equations with a presudoscalar source term 
and the quantum field theory for massive particles. While the axion fields are boson scalar fields, the ME fields 
are fermionic fields. These fields are characterized by energy eigenstates with rotational superflows and 
quantized vortices.  
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Abstract 

Various scenarios of magnetic domain wall chirality 
switching in multiferroics media are considered: 
magnetic, and electric fields, as well as the mechanical 
stress. It is shown that the bending of a magnet leads to 
the domain wall chirality reversal. The comparison 
with the experiments in iron garnet films enables us to 
estimate the critical strain gradient of chirality reversal 
and explain the preferred chirality of the domain walls 
observed in the magnetoelectric experiments. 

1. Introduction 
In the last decade the domain wall chirality, i.e. the sense of 
magnetization rotation across the domain boundary, became 
an issue of special interest for scientists dealing with the 
magnetic films and multiferroics [1]–[8].  In thin films the 
spin-polarized current-driven propagation of domain walls 
was shown to be chirality dependent: the direction of 
motion is opposite for the wall with opposite senses of 
magnetization rotation [2], [3]. In multiferroics, the media 
with multiple order parameters, the chirality serves as an 
indicator and even as a mediator of coupling between three 
subsystems of multiferroics: the magnetic, the electrical and 
the mechanical ones.  
The reversal of chirality, i.e. the switching from clockwise 
to counter-clockwise direction and vice versa, can 
exemplify the switching between two states in conventional 
computer memory. In the nanoscale limit, when the state of 
the domain wall can be represented as a superposition of 
two configurations with distinct chiralities, this additional 
degree of freedom enables the implementation of a new 
class of qubits based on nanoscale magnetization 
distribution [9]. In this context the control of domain wall 
chirality is interesting both from fundamental and applied 
perspectives. 
 In the present paper we consider various scenarios 
of chirality switching induced by stimuli that correspond to 
the various multiferroic order parameters: the magnetic and 
electric fields as well as inhomogeneous mechanical stress.   

2. Multiferroic coupling in a domain wall 
Due to the spatial magnetization modulation in the 

domain wall the symmetry of the crystal is locally reduced. 
For the Neel type domain wall, whose magnetization rotates 

in the plane perpendicular to the domain wall plane, this 
magnetization modulation points out the polar direction  
[10] (fig.1). 

The relation between electric and mechanical fields and 
the domain wall micromagnetic structure is due to the 
additional contribution to the free energy density, beyond 
the exchange, anisotropy and magnetostatic terms 
conventional for micromagnetism. This energy term is linear 
with respect to the spatial derivative of magnetization and 
can be described as follows [11]:  

 ( ){ }multiF γ= i ⋅ + × i×p m m m m , (1)  

where p is a unit vector pointing out the polar direction, m is 
the unit vector of magnetic order parameter, γ is the 
corresponding coupling constant.  
   

 

Figure 1: The rotation of magnetization across the 
domain wall, described by MiijMk combination, locally 
reduces the symmetry of the crystal and determining the 
polar direction in the domain wall region.  

 
The polar vector p in eq. (1) is related to the 

effective electric field of various origins:  

- In ferroelectrics and media with magnetoelectric 
coupling p is directed along the electric 
polarization or the external electric field. This 
type of coupling is responsible for the electric 
field-driven magnetic domain wall motion [12]–
[15] and  electric field-induced bubble domain  

p p 



nucleation [16]–[18];  

- In thin magnetic films and 2D magnetic 
materials p is directed along the normal to the 
film surface [19]. It is responsible for the 
formation of monochiral spin structure and 
domain structure with the Neel type boundaries 
of fixed chirality  [6], [19]–[21], as well as 
Neel-type skyrmion bubbles  [22]; 

- Finally, there is another possibility to induce the 
effective electric field in the material: the 
gradient of stress due to the flexoelectric effect 
induces electric polarization in the crystal.  The 
polar vector p is directed along the strain 
gradient in this case. 

In the following we will briefly review the 
experimental and theoretical reports on magnetoelectric 
properties of domain walls in iron garnet films (for 
details see the special review [23]) as well as the domain 
wall structure transformation with chirality reversal 
under the influence of electric and magnetic fields [15]. 
In more details we will consider the inhomogeneous 
stress as a special type of multiferroic field that also can 
induce the domain wall chirality switching.  

 

2.1. The magnetic and electric-field induced domain 
wall chirality reversal 

 
The local reduction of symmetry due to the 

magnetization modulations leads to the appearance of 
electric polarization associated with the domain wall. In this 
context the domain wall can be considered as a narrow 
charged stripe (less than 100 nm in width) with a linear 
density of bound charges ρ.   
These bound charges can be probed by Coulomb attraction 
or repulsion of the domain wall and electrically charged tip 
electrode (fig. 2a) [13], [15] or in a non-disturbing way, 
using a single molecule optical probe detecting an electric 
field ~ 100 kV/m in the vicinity of the domain wall [24].  
Since the electric polarization depends on the internal 
structure of the wall, its magnetoelectric properties can be 
controlled by an external magnetic field directed in plane of 
the magnetic film perpendicularly to the domain wall 
(Fig.2a,b).  
 
In accordance with the theoretical model developed in [15], 
at certain direction of the external magnetic field the 
magnetoelectric effect increases and saturates due to the 
micromagnetic structure transformation, while for opposite 
direction the value of the effect crosses zero point, changes 
the sign, and saturates in the negative value range (fig. 2c). 
This sign reversal corresponds to the magnetic field-induced 
chirality switching, as it is shown in the pictograms 
presenting the schematic micromagnetic structure (the insets 
of fig. 2с). The magnetic field is normalized on the value of 
magnetic anisotropy field: h=Ms/2Ku, where the Ms is 
spontaneous magnetization of the film, Ku is a uniaxial 
anisotropy, while the linear charge density in the graph 

(Fig.2c) is normalized on the value DE/(πγ), where D is the 
surface energy of the magnetoelectric interaction (i.e. the 
free energy density eq.1 integrated over the domain wall 
width), and E is the effective electric field, a parameter of 
the model that shows the growth induced symmetry 
violation in magnetic film.  
This electric field leads to the vertical shift of the 
dependence from zero point so that the finite magnetic field 
h0 is necessary to switch the chirality of the domain wall (in 
the experiment it is about 25 Oe [23]). This critical magnetic 
field value as well as the effective field E~1 MV/cm, 
obtained by fitting experimental data with theoretical curve  
[15], enable us  to estimate the magnetoelectric coupling 
constant in eq(1), γ  is about 20% of the surface energy of 
the domain wall σ=√(AKu), where A is the exchange 
stiffness. In the following estimates of the possibility of 
strain gradient-induced chirality reversal we refer to this 
value as a reference one.  
  

 
а)     b) 

 
c) 

Figure 2: The magnetic field-controlled magnetoelectric properties 
of domain walls:  The schematics of the experiment: a) the 
electrostatic attraction and b) repulsion to the tip electrode;  
c) linear charge density of the domain wall as a function of 
magnetic field that transforms the domain wall from clockwise 
(CW) Neel to counter-clock wise (CCW) via Bloch wall state. The 
insets are the schematics of the magnetization distribution (see for 
details Vakhitov et al [15]). 
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2.2. The stress gradient-induced chirality reversal 

To estimate the influence of inhomogeneous strain in iron 
garnet film in the absence of experimental data we will 
resort to the microscopic consideration involving the shifts 
of ions on the scale of a primitive cell.  
Since the magnetoelectric effect in iron garnet films,  
described by phenomenological term eq.(1), manifests itself 
in magnetic inhomogeneities like domain walls and bubble 
domains, the most probable microscopic mechanisms 
behind the magnetoelectric properties of iron garnet films is 
an antisymmetric exchange (Dzyaloshinskii–Moriya 
interaction, DMI) [25]. The  DMI existence in iron garnet 
films was recently reported in experiments on domain wall 
motion [26], [27] and spin wave propagation [28].  
Although the crystal unit cell of R3Fe5O12  contains 160 
atoms (24 rare earth (R) cations, 40 Fe cations, and 96 
oxygen anions), the relevant atoms for Moriya model are the 
complexes of two magnetic ions of Fe in octahedral and 
tetrahedral positions linked by oxygen ligands (Fig. 3a). In 
spite of different environment, the two Fe ions are very 
similar: they both have 8 valence electron configurations 
3d64s2, and very close values of magnetic moment (4.2 μB 
and  4.1 μB for Fetetr and Feoct, respectively), thus for 
estimation of the effect of inhomogeneous strain the simple 
three-ion Moriya  model can be used.  
 

 
Figure 3: The cubic unit cell crystal structure of iron garnet crystal 
(the complex of two magnetic Fe ions with oxygen ligand is 
shown in zoomed area).  
 
The DMI energy per unit cell is a sum of antisymmetric 
exchange interaction terms of these Fe-O-Fe complexes:   

( )_ _i i oct i tetr
i

W = ⋅ ×∑ D s s ,   (2) 

where the Si_oct  and Si_tetr  are the spins of ions in octahedral 
and tetrahedral positions, respectively; Dzyaloshinskii 
vector D according to [29]  is proportional to the shift  of 
the ligand ion from centrosymmetric position (fig.4):    

0i oct tetrV= ×D r r .    (3) 

Due to inversion symmetry of the ideal iron garnet structure 
(bulk crystal, no deformations), the sum in eq. (2) is zero. 
However the strain gradient leads to the decompensation of 
contribution from the three ion complexes (the angles 

between the bonds r1 and r2 in Fe-O-Fe complexes initially 
related by inversion symmetry transformation are not 
exactly equal any more, fig. 4).  
 

 
a)                              b) 

Figure 4: The microscopic consideration of DMI in rare earth iron 
garnets:  a) the three-ion Moriya model: dark red circles denote the 
magnetic cations, light blue circles denote the negatively charged 
ligands which intermediates an exchange interaction between the 
magnetic ions, r are the radius-vectors of the ligand-magnetic ion 
bonds. Due to the inversion symmetry of the crystal the 
contribution to DMI from two three ions complexes compensate 
each other; b)  The decompensation of the contribution due to the 
strain gradient (the upper ion triangle is shrunk more than the 
bottom one). The dashed arrows and lines denote the positions 
before the shift of the ions.  
 
In this case the sum (2) is nonvanishing:  

( )1i i i
i

W δ += ⋅ ×∑ D s s    (4) 

where HDi is an increment in Dzyaloshinskii-Moriya vector 
due to the strain-induced shifts Hr of ions in Fe-O-Fe 
complexes:  

( ) ( )(0 _ _ _Fe oct Oxygen Fe tetr Fe tetr OxygenVδ δ δ δ δ= − × + − +D r r r r r

 

( ) )_ _Fe oct Fe tetr Oxygenδ δ+ × −r r r .     (5) 

 
where the ions shifts Hr  are defined by the value of strain 
gradient, and V0 can be estimated as 1 meV/Å2 from the 
analogous interaction in BiFeO3 [30].  
 
The constant of magnetomechanical coupling γ can be 
found as a summation over the unit cell:  

2
0

2

( )
4

oct tetr oct tetrNV
a

γ ε
− +

= i
r r r r ,                  (6) 

 
where N = 96  is a number of oxygen ions in unit cell,  
a = 12,4 Å is a lattice constant, iε is  a strain gradient. 
According to previous paragraph 2.1 the minimal γ needed 
to switch the domain wall chirality is 20% of the domain 
wall surface energy (in iron garnet films the surface energy 
is about 0.01 erg/cm2). Thus, the corresponding strain 
gradient iε can be calculated from eq. (6) and have a value 
3·10-5/Å, which corresponds to the bending deformation 
with curvature radius 3.3 μm.   
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3. Discussion 
One may think that the value of strain needed for chirality 
reversal is rather high and hardly achievable in bulk 
materials. However, in epitaxial films due to the misfit of 
lattice with the substrate this strain gradient could be easily 
realized. In the iron garnet film samples used in 
experiments [12]–[15] the misfit Δa/a is an order of 10-3, and 
with the typical relaxation length 10 nm it gives us at the 
substrate/film interface the strain gradient about 10-5/Å. 
Remarkably, it is close to the value predicted in 2.2.  This 
gives us a clue why centrosymmetric crystal iron garnet 
exhibits magnetoelectric properties in the form of epitaxial 
film. It has also become clear why the domain walls in 
spontaneous state have a preferred chirality demonstrating 
the Coulomb attraction to the positively charged tip (fig. 1 
a) [12].    
Moreover,  with the advent of 2D materials and single layer 
multiferroics [31] much larger deformation gradients 
became possible: a nanotube of CrI3 monolayer with 
curvature radius ~10 Å can serve as an example [32]. One 
can envisage a 2D film-based device in the form of strained 
membrane with two stable states corresponding to the 
opposite magnetic chiralities. The 2D materials allow 
stacking various single layer materials with atomically flat 
surfaces and minimum dangling bonds in van der Waals 
heterostructures [33], [34] providing a way for engineering 
of infinite cycle life spintronic devices.  
 

4. Conclusions 
In summary, the gradient stress can be an additional tool for  
domain wall chirality control in magnetic materials. Due to 
the symmetry analogy of electric polarization and strain 
gradient the bending of a magnet leads to the domain wall 
chirality reversal. Based on the data of magnetoelectric 
experiments in iron garnet film the estimates of the critical 
strain gradient is shown to be an order of 10-5 Å-1 
corresponding to the curvature radius of the bent film an 
order of several micrometers. These values are achievable 
in epitaxial film with the film-substrate misfit and can be 
easily exceeded in the ultrathin films of 2D materials.   
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Abstract: Microscopic origin of chirality and possible electric-field induced rotation and its inverse responses 
are investigated on the basis of the tight-binding model for elemental Te. We found that the nearest-neighbor 
spin-dependent hopping is the characteristic element of chirality in Te, and is responsible for the electric-field 
induced lattice rotation and its inverse process. By these findings, we discuss a possible experimental approach 
to achieve absolute enantioselection for chiral crystals. 

 
 

Chirality is three-dimensional geometric property, which is characterized by the absence of any mirror nor 
inversion symmetry operations. Ten of thirty-two crystallographic point groups belong to this category, and they 
possess a time-even pseudoscalar quantity, i.e., an electric toroidal monopole, G0 [1,2]. 

Although a monopole seems to be featureless, the pseudoscalar nature cannot be described by a point-like 
degree of freedom, implying that it has an internal degrees of freedom. Indeed, we can decompose G0 as 

 or , where  and  are independent electric and magnetic dipoles. In these 
expressions, the outer products are axial vector which suggests that chiral crystal is able to convert between axial 
and polar quantities through such internal degrees of freedom. 

In order to elucidate such a parity conversion property in chiral crystals, we construct the tight-binding 
model for the typical chiral system of elemental Te, and investigated the microscopic expression of G0 and 
possible parity conversion responses, namely, electric-field induced rotation and its inverse responses based on 
the model [3]. We found that the nearest-neighbor spin-dependent imaginary hopping is one of the microscopic 
expression of G0 and is responsible for the electric-field induced lattice rotation and its inverse process. 

The conjugate field of G0 (the spin-dependent imaginary hopping) is the combined fields such as the electric 
current and magnetic field which must be parallel with each other. Along this line, we discuss that the sign of the 
product of these quantities can control the preferred handedness of chiral crystals. 

We would like to thank Y. Yanagi, M.-T. Suzuki, H. Ikeda, Y. Togawa, J. Kishine, K. Izawa, H. Amitsuka, 
T. Yanagisawa, H. Hidaka, and S. Hayami for fruitful discussions. This work was supported by JSPS KAKENHI 
Grants Numbers JP19K03752 and JPJP20J21838. 
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Abstract: The interplay between chirality and magnetism is of great interest in physics, chemistry, and 
mathematics since they share a common ground of circulating possession. Here, we present a series of 
engineered materials that exhibit a wide range of chiral phenomena in spectroscopy, imaging, optoelectronics, 
and nonlinear optics. We also investigate chiral interactions with nearby objects, such as quantum dots and 
two-dimensional materials. Finally, we share the recent observation of an excitonic magneto-chiral effect in 
twisted van der Waals bilayer crystals. 
 

Objects such as our hands that are not superimposable on their mirror images are structurally chiral. Each 
handedness should have the same probability of occurring in nature because they contain the same energy. 
Mysteriously, all living organisms on the Earth consist of only left-handed amino acids and right-handed sugars, 
but not their mirror counterparts. The phenomenon is the homochirality of life, and it is also the ultimate form of 
asymmetric synthesis. On Pierre Curie’s symmetry principle, homochirality should correspond to a symmetry 
breaking in its physical cause. Among all the four fundamental physical forces, weak interaction, albeit small, is 
the only one that breaks the parity-inversion symmetry. With the breaking of time-reversal and parity-inversion 
symmetry simultaneously, we recently demonstrated an excitonic magneto-chiral effect in analogy to the weak 
interactions but is much stronger. We first purposely induced chirality by twisting two monolayer atomic crystals, 
forming an atomic-scale artificially arranged structures that break the symmetry along the wave propagation 
direction. Previously, we have also observed such strong chiral responses at the visible and near-infrared 
wavelengths in other artificial nanostructures. We then coupled the chirality with ferromagnetism, achieving a 
record-high magneto-chiral anisotropy. The magneto-chiral effect can unambiguously give rise to enantiomeric 
excess in photochemical reactions. In stark contrast to the 2001 and 2021 Nobel Prizes in Chemistry using an 
existing chiral object (catalyst) to transfer chirality, the magneto-chiral effect can create a chiral seed by 
immensely accessible means of optics and magnetism. Such an unprecedented electromagnetic control over the 
enantioselective process deems to have a profound impact on the bio, chemical, and pharmaceutical industries. 
 

S.L. would like to acknowledge the funding supports from Texas A&M University, Governor's University 
Research Initiative (GURI), and Mr. Holly Frost.   
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Abstract: Compared to other magnetic phases, magnetic spirals are widely underrepresented as they are often 
regarded useless for spintronics applications. I briefly review some of our recent progress in “helitronics”, i.e., 
spintronics with helical or spiral magnetic phases. We explored magnetic spirals as natural lanes for guiding 
skyrmions, studied the multifaceted effects of electric currents on magnetic spirals, and analyzed the spin and 
electron pumping properties of rotating spin spirals. 

 
 

Frustrated magnetic systems may exhibit long-ranged magnetic spirals as the ground state. They are 
stabilized as a compromise between the dominant ferromagnetic exchange interaction and other interactions such 
as, for example, (i) an antisymmetric exchange interaction (Dzyaloshinskii-Moriya interaction) in systems with 
low symmetry, or (ii) long-ranged RKKY interactions with alternating sign. This type of long-ranged lamellar 
order can feature interesting multi-scale physics1 but is stronger pinned as other spatially less extent objects such 
as skyrmions. The latter is in the focus of interest of many spintronics studies,2,3 while the seemingly boring 
spiral phases are considered rather useless and only recently shifted back into the focus of possible spintronics 
applications.4 However, our recent investigations of various setups that include spiral/helical magnetic order 
reveal that this phase and its dynamics are far from trivial and helitronics is a promising direction for possible 
applications and fundamental studies. 

As a first example, let us consider skyrmions on racetracks: In such a shift-register memory type of device, 
magnetic skyrmions are aligned on a magnetic strip and the distance between neighboring skyrmions is either 
small or large, encoding a logical 1 or 0.2,3 Despite the topological protection of skyrmions this setup has a 
number of drawbacks discussed in the literature,2,5 such as the loss of information due to skyrmion diffusion or 
skyrmions escaping the racetrack which requires highly advanced nanostructuring techniques.5 Alternatively, 
skyrmions embedded in a magnetic helix are naturally confined to lanes with very high confinement potentials.6 
Our recent theoretical study, Ref. 7, showed that the confinement to helical lanes is indeed a very promising 
route to suppress the predatory skyrmion Hall effect and achieve large skyrmion velocities, but also shows 
strong non-linear effects in the skyrmion’s current-velocity-relation as deformations are far from being 
negligible. Moreover, we found a protocol for the applied current density which reliably sheds individual 
skyrmions from simple manufactured material defects. 

However, this idea requires an additional symmetry breaking. Its aim is to lift the inherent instability of the 
spiral/helical phase which appears for any infinitesimally small applied current.8 In our previous study, Ref. 8, 
we found by large-scale numerical simulations and in experimental observations that the helical phase of chiral 
magnets unpins for a large enough current density which enforces a reorientation of the lamellar order. While the 
combing process is fascinating by itself, dominated by the transverse motion of skyrmion-charge carrying 
dislocations in the bulk and the longitudinal drift of a translation invariant orientation entering from the edge, 
these processes are accompanied by a multitude of various instabilities, such as the inherent longitudinal 



instability for infinitesimally small currents, the permeability transition for dislocation defects on helical lanes,   
up to the Walker breakdown of the helix at large currents and, finally, full parallel polarization at very large 
currents. 

Moreover, not only the helical phase can be manipulated by currents, but in Ref. 9 we also studied the 
inverse effect, namely, the spin polarization, electron current, and spin current that are induced by the 
translational/rotational motion of an atomically short spin spiral. The motivating picture behind this study was 
the working principle of the Archimedean screw,10 in which the rotational motion in a system with a 
screw-rotational symmetry is equivalent to a translational motion. Theoretically, we find that, similar to a 
quantum mechanical Thouless pump where adiabatic periodic changes of a system parameter can pump 
quantized electron charges, the rotating spiral pumps spin and charge. However, in contrast to true Thouless 
pumps or Archimedean screws, the efficiency quickly drops for larger wavelengths of the spiral as the electronic 
bands are gapless, connected by spin-polarized helical channels, and therefore only quasi-quantized. 
Additionally, the dependence on the Fermi level turns out to be highly non-trivial and so is the impact of 
disorder, which opens new scattering channels that can even lead to sign changes is the pumped currents. 
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Abstract: Recent developments in nanotechnology allow us to access microscopic spin relaxation processes to 
lattice in nanomechanical systems. This talk will discuss the interconversion phenomena between spin and 
motion in ferromagnetic systems, aiming to reveal microscopic angular momentum conversion mechanisms.  

 
Spin relaxation to a lattice in magnetization processes is one of the fundamental topics in condensed matter 

physics. However, most of the conventional setups are fixed to the laboratory, and thus, it is difficult to access 
the relaxation processes directly. To overcome this situation, G. Zolfagharkhani et al. demonstrated 
nanomechanical detection of itinerant electron spin flip with micromechanical torsional resonator [1], where 
mechanical torque is measured as a backaction of the spin flip. This suggests that a 
ferromagnetic-nanomechanical hybrid system is a promising setup to reveal microscopic angular momentum 
conversion mechanisms.  

In this talk, we discuss interconversion phenomena between spin and motion in various hybrid systems with 
both theoretical and experimental results. In particular, we will introduce our recent results on spin 
elastodynamics in ferromagnetic thin films [2,3,4,5], magnon transport in ferromagnetic-mechanical resonators 
[6,7], motion-induced spin transfer in a ferromagnetic bilayer [8], and a theoretical proposal for a nano-rotor 
driven by spin injection in a ferromagnet/carbon nanotube hybrid system [9].   
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Abstract: Magnetization dynamics in magnets driven by light/microwave electromagnetic fields are attracting a 
great deal of research interest nowadays from the viewpoints of both fundamental science and technical 
application. We discuss our recent theoretical studies on dynamical manipulation of magnetism in spin-charge 
coupled metallic magnets via application of electromagnetic waves, i.e., the microwave-induced switching of 
magnetic topology and the photoinduced magnetic phase transition to a nonequilibrium 120-degree spin ordered 
phase in the triangular Kondo-lattice model. 
 
The Kondo-lattice model describes metallic magnets with localized spins Si coupled to conduction electron via 
exchange interactions called Kondo coupling JK. The Hamiltonian is given by, 
 

                       (1) 
where the last term represents the Zeeman interaction with an external magnetic field Hext=(0, 0, Hz). The 
localized spins Si are mutually coupled through effective interactions mediated by the conduction electrons, 
which results in the emergence of rich magnetically ordered phases including topologically nontrivial ones, e.g., 
skyrmion crystals (SkXs). Because the effective interactions are governed by nesting of the Fermi surface of 
conduction electrons, several types of long-wavelength magnetic orders characterized by the nesting vectors QQ  

Fig. 1 (a) Schematics of the Kondo-lattice magnet irradiated with circularly polarized electromagnetic waves.  
(b), (c) Simulated results of the microwave-induced magnetic topology switching. 



appear in this system. In particular, various types of SkXs can appear as various superpositions of multiple 
magnetic helices. Taking this typical model, we theoretically demonstrate the microwave-induced switching of 
magnetic topology [1] and the photoinduced nonequilibrium 120-degree spin order [2]. 

When the model parameters are set to be t1=1 (the nearest-neighbor hopping), t3=0.85 (the third-neighbor 
hopping), JK=0.5 (the Kondo coupling), P=-3.5 (chemical potential, corresponding to the electron filling of 
n~0.2), the system exhibits three magnetic phases, that is, SkX with Nsk=2, SkX with Nsk=1, and nontopological 
state with Nsk=0 successively emerge as Hz increases (Nsk is the skyrmion number). We examine what happens 
when the system is irradiated by circularly polarized microwave field, H(t)=HZ(cosZt, sinZt, 0) [Fig.1(a)]. We 
numerically simulate microwave-induced magnetization dynamics. Figure 1(b) shows time profiles of net 
magnetization S = 6iSi/N and skyrmion number Nsk, while Fig.1(c) shows snapshot maps of l Si when Z=0.005 
and Hz = 0.005. We find a clear change of skyrmion number from Nsk=-1 to Nsk=-2, indicating the occurrence 
of microwave-induced switching of magnetic topology. Its physical mechanism is ascribed to an effective static 
field perpendicular to the circular-polarization plane [3].  

We next examine a system irradiated by circularly polarized light field. Here we start with a ferromagnetic 
ground state by tuning the model parameters and the electron filling. We simulate the spin and charge dynamics 
driven by the light electromagnetic field and find the occurrence of photoinduced magnetic phase transition from 
ferromagnetic to 120-degree order. We reveal that the process of this photoinduced magnetic phase transition 
contains three important stages, that is, the photoexcitation of conduction electrons, the band-gap formation due 
to the dynamical localization effect, and the relaxation of the excited conduction electrons through dissipations. 

Fig. 2 (a) Initial ferromagnetic state before photoirradiation. (b) Photoinduced 120-degree spin order. 
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Abstract: This talk introduces recently developed [1-5] multiscale quantum-classical hybrid formalism, where 
time-dependent nonequilibrium Green functions (TDNEGF) describe quantum-mechanically conduction 
electrons while they interact with dynamical noncollinear magnetic textures of localized magnetic moments 
(LMMs) described by the classical Landau-Lifshitz-Gilbert (LLG) equation.  
 

The TDNEGF+LLG formalism can be applied to a variety of problems of interest to spintronics and 
magnonics where current-driven spin torque induces the dynamics of LMMs, or LMMs are driven by external 
fields and generate pumping of spin and charge currents carried by conduction electrons which, in turn, affect 
the dynamics of LMMs themselves via torque. In particular, using example of magnetic-field driven annihilation 
of topological solitons [3] observed in recent experiments [6], TDNEGF+LLG approach not only reproduces a 
burst of short-wavelength spin waves from the experiment [6] but it also predicts highly unusual pumping of 
electronic spin current in the absence of any bias voltage. That is, prior to the instant of annihilation, its power 
spectrum is ultrabroadband, so it can be converted into rapidly changing in time charge currents (via, e.g., the 
inverse spin Hall effect) as a source of THz radiation of bandwidth ~27 THz where the lowest frequency is 
controlled by the applied magnetic field. The nonequilibrium electrons also exert nonlocal damping onto LMMs, 
where the magnitude of such damping does not follow previous phenomenological theories [7] based on 
spin-motive force formula. 
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Abstract: Here I present a model which uses 3D finite-difference-time-domain (FDTD) approach together with 
Landau-Lifshits_Gilbert (LLG) equation to find the exact solutions for magnetisation dynamics in ferromagnetic 
thin films integrated with metal-dielectric structures. Several case studies are demonstrated, in which the model 
is validated against analytical and experimental methods. 
 

There is a growing need in high frequency tunable microwave materials for applications in the areas of 
microwave electronics, transformation optics, photonics. Due to their intrinsic RF phenomena, such as FMR, 
ferromagnetic thin films have always been of great interest and led to a great amount of experimental research 
very often supported by numerical simulations. While purely magnetostatic solvers, such as OOMMF or Mumax, 
have always been the standard benchmark tools and usually provide a precise description of the magnetisation 
processes in thin-film ferromagnetic structures, these systems are however limited in applications where full 
electromagnetic solutions are required, especially when the material properties are extremely non-uniform (e.g. 
dielectric/metal interfaces). In such cases one needs to consider a modelling approach where a full solution of 
Maxwell equations is needed alongside the materialistic equations, such as e.g. Landau-Lifshits-Gilbert (LLG) 
providing the relation between the magnetisation and the magnetic field [1]. Here we propose such a model 
which uses 3D finite-difference-time-domain (FDTD) approach together with LLG to find the exact solutions for 
magnetisation dynamics [2]. As a benchmark testing we demonstrate application of such model for different 
classical phenomena such as Faraday effect, and then explore the dynamic characteristics of thin films in 
different applications. In particular we consider propagation of magnetostatic/spin waves in metallised 
magneto-dielectric thin films and magnetic structures and demonstrate their dispersion characteristics. The 
results are compared with the standard analytical solutions and the simulations by using Mumax3. We also 
discuss the advantages of the model and its limitations for using in realistic prototype materials. 

As an example I present results of several case studies in which the magnetic response is modeled alongside 
the electric fields and in which the correct solutions cannot be found without considering the both components 
together. In particular I demonstrate the use of ferrites where full wave solution cannot be avoided. Due to their 
non-linear effects, such as non-reciprocity, ferrites are often used as circulators, isolators, filters, band-pass 
limiters, etc. In some cases the solutions can be found analytically (e.g. waveguide based isolators [3]), however 
most often the practical devices are created through tedious trial and error approach. Here I demonstrate an 
example of a YIG loaded microwave patch antenna. The advantage of such antennas is in the fact that they can 
be tuned using the applied magnetic field, without modifying the geometrical structure of the device. Figure 2 
summarizes the results of 3D FDTD-LLG simulation as well as verification in an experiment. Here a 12x15x1.4 
mm patch antenna, comprised of two  ‘copper’ (non-magnetic) plates, 2 dielectric slabs (0.6mm, ), and 
the magnetic medium slab (0.2 mm ),  of the same dimensions sandwiched between them, as shown on 
figure 1(a). The patch is excited via a microstrip line (2.2 mm) with a continuous plane wave or a gaussian pulse 
(10 ps). In the pulsed excitation the reflected signal is analysed within a time interval of 20 ns. The measured 



amplitude of the reflected signal is Fourier transformed and normalised (by the exciting signal) to produce an 
absorption reflection spectrum (S11). The dispersion of magnetodynamic modes were investigated for different 
external magnetic fields, which were applied along the principal directions of the patch, and the absorption 
spectrum was measured as function of the amplitude, figure 1(b).  It was found that at zero or low values of the 
applied field the spectrum contained the absorption lines of the electromagnetic resonance modes corresponding 
to the Eigen-modes of the unperturbed patch resonator. Increasing the magnetic field led to formation of the 
additional, FMR peaks, which followed the standard Kittel dependence ( ) of a uniform isotropic 
ferromagnet. When the field was increased further a splitting of absorption lines was formed corresponding to 
the coupled hybridized modes. The splitting depended on the magnitude of the magnetisation, and was found 
profound on the branches where the RF magnetic field was perpendicular to the applied magnetic field. It was 
also observed that the magnitude of the absorption peaks corresponding to the magnetodynamic excitations was 
considerably larger than those of the original FMR peaks or EM peaks.  To investigate the magnetodynamic 
modes experimentally, a patch resonator with the dimensions described above has been created. To represent a 
dielectric-magnetic medium we used a 30 micron YIG film grown on 0.6 mm GGG substrate. The measurements 
were carried out in the frequency range of 0 to 20 GHz, and the field range of 0 to 0.3 Tesla. The absorption 
reflectivity spectrum (S11) has been obtained as a function of applied field values at different orientations with 
respect to the patch principal directions. Figure 1c shows some of the selected lines taken at the fields in the 
region of the crossover with the first resonance mode of the patch. Similar to the calculated results the 
experimental absorption lines exhibit an effect of mode splitting in this region. The splitting magnitude depends 
on the magnetisation value. Insets of figure 1c demonstrate the splitting for two samples with different 
magnetisation values of YIG, 60 G (top) and 140 G(bottom).  

 

 
Figure 1: YIG loaded patch antenna. a) schematic design of the model used, b) 3D FDTD-LLG simulation of S11 as 
function of applied field. c) Experimental reflection curves (S11) measured from a patch resonator loaded with 
YIG/GGG structure for different values of the magnetic applied field (50G, 330G, 740G, 1070G, 1400G, 1730G, 
2060G, 2390G, YIG: Ms=137 G). The lines are displaced for clarity. Insets demonstrate the magnetodynamic mode 
splitting for samples with Ms= 60 G (top) and Ms=137 G (bottom) 
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Abstract: We investigate a microscopic origin of chirality based on the realistic tight-binding model for 
elemental Tellurium. Expressing the model in terms of the symmetry-adapted basis, we found the dominant 
components in both the local and itinerant terms corresponding to the time-even pseudoscalar property, i.e., 
chirality. Here we show their microscopic expressions and discuss the essential coupling to them that is the 
origin of both the electric-field induced rotation and rotation-field induced electric polarization. 
 
 Chiral materials exhibit characteristic responses, such as the current-induced magnetization observed in a 
typical chiral crystal of elemental Te [1, 2]. Moreover, the theoretical proposal is given that the temperature 
gradient induces lattice rotation in Te [3]. All these responses are common in chiral materials, and they can be 
viewed as parity conversion between polar and axial vectors. This must be caused by a time-even pseudoscalar 
quantity that characterizes the chirality of materials [4].  
 Then, a question arises: what is the microscopic description of the pseudoscalar quantity, or chirality? To 
clarify it, we have developed a method to construct the tight-binding models based on the symmetry-adapted 
multipole basis Zα, H = Σα zα Zα, as shown in Fig. 1(a). Zα are the orthonormal multipole basis classified by 
symmetry and are convenient to express multiple degrees of freedom of electrons in solids [5]. In particular, the 
time-even pseudoscalar quantity corresponds to the terms involving electronic toroidal monopole, G0 [4, 5]. The 
coefficients are determined so as to reproduce the first-principles band dispersion. For example, the comparison 
for Te is shown in Fig. 1(b). 
 Using this new method, we constructed a realistic tight-binding model for Te and identified the microscopic 
expressions of both the local and itinerant G0. Both terms are derived from the spin-orbit coupling and the latter 
corresponds to the nearest-neighbor spin-dependent hopping [6]. By optimizing the weight of each multipole, zα, 
we have achieved the accuracy less than 10-4 of the mean squared error between the normalized energy 

Fig. 1. (a) The tight-binding Hamiltonian expressed by the linear combination of the symmetry-adapted 

multipole basis Zα. G0 represents the electric toroidal monopole (time-even pseudoscalar). (b) The 

comparison of the band dispersions between our tight-binding model and that of the first-principles 

calculation. (c) Inter parity coupling between the lattice rotation ωz and the electric dipole Qz via G0. 



eigenvalues of our tight-binding model and that of the first-principles calculation as shown in Fig. 1(b). As a 
result, we have found that both the local and itinerant G0 give dominant contributions in the model Hamiltonian. 
As shown in Fig. 1(c), we also found that the local G0 dominantly contributes to the coupling between the 
electric dipole and pure lattice rotation that causes both the electric-field induced lattice rotation and 
rotation-field induced electric polarization. 
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Abstract 
We report on light induced chiral structures in azo-polymers through a single or two photon absorption process. 
Such chiral structured materials reflect the spatial intensity profile, wavefront and polarization of the irradiated 
light field, and they will provide us new fundamental physical insights for future studies of interaction between 
light fields with orbital angular momentum and materials. 
 
Photo-induced mass transport of azo-polymers occurs owing to an optical gradient force, anisotropic 
photo-fluidity, and trans-cis photo-isomerization, and thus, the resulting surface reliefs in azo-polymers reflect 
the spatial intensity form and polarization of the irradiated light [1,2]. These surface reliefs offer a variety of 
applications, such as rewritable optical circuits, and rewritable optical data storages. 
Optical vortex carries an orbital angular momentum (OAM) and a ring-shaped spatial intensity profile, arising 
from its helical wavefront with an on-axis phase singularity [3,4]. To date, it has been discovered that an optical 
vortex forces the orbital motion of the irradiated azo-polymers to form a single-arm chiral relief with the assist of 
the spin angular momentum (SAM) arising from the helical electric field of the circular polarization [5-7].  
Also, optical vortex induced two-photon-absorption enables the formation of chiral surface relief of 
azo-polymers without any undesired Airy rings and with high spatial resolution beyond the diffraction limit [8]. 
Interestingly, the optical vortex induced two-photon-absorption further creates a flower-shaped chiral surface 
relief with azimuthal 3-8 petals, corresponding to the topological charge of the incident optical vortex, 
manifesting the modulational instability associated with nonlinear light-matter interaction in the azo-polymer 
film. 
In this presentation, we introduce these exotic chiral structures of azo-polymers by irradiation of optical vortex 
via a single or two photon absorption process. These exotic chiral surface reliefs will offer entirely new 
fundamental physical insights for the interaction between OAM and materials, and they will also pave the way 
towards the development of high-density optical data storages with the freedom of chirality, chiral plasmonics 
and chiral metamaterials. 
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Abstract: In metals without inversion symmetry, a current can induce magnetization, and it is called kinetic 
magnetoelectric effect or Edelstein effect. We theoretically propose a gigantic kinetic magnetoelectric effect in 
chiral topological insulators. We interpret our results in terms of topological surface currents. In chiral 
topological insulators without inversion symmetry, the current flows in a chiral manner along the surface, 
inducing orbital magnetization. We demonstrate the presence of said effect in a topological insulator, identifying 
Cu2ZnSnSe4 as a potential candidate. 

 
A current flowing in a solenoid induces a magnetic field, whose orientation depends on the handedness of 

the solenoid. A similar effect has been proposed in metals with broken inversion symmetry, and this effect is 
called kinetic magnetoelectric effect or orbital Edelstein effect [1-4]. In metals with helical crystal structure, a 
current induces a magnetization, depending on the handedness of the crystal. For example, tellurium has a chiral 
crystal structure, consisting of one-dimensional helical chains [5], and there exist right-handed and left-handed 
crystals. Thus, it is expected to induce magnetization by a current. Indeed, a related experiment has been 
reported in tellurium [6], and ab initio calculation has been performed on current-induced orbital and spin 
magnetization in tellurium [7].  

The magnitude of the effect in metals is small. Namely, this effect is caused by the deviation of the 
electronic distribution function out of equilibrium due to the current, but this deviation is very small in metals. 
Here we theoretically propose a gigantic kinetic magnetoelectric effect in topological insulators. In topological 
insulators, the bulk is gapped but the surface is metallic. Therefore, the current injected into chiral topological 
insulators will flow along the surface in a chiral way (Fig. 1(a)). Unlike in metals where the current loop made 
by the chiral current is small, in topological insulators, the current loop by the chiral current encircles the whole 
crystal, and leads to a large kinetic magnetoelectric effect. We describe the results in terms of topological surface 
currents [8]. We construct a theory of the kinetic magnetoelectric effect for a surface Hamiltonian of a 
topological insulator, and show that it well describes the results by direct numerical calculation. This kinetic 
magnetoelectric effect depends on the details of the surface, meaning that it cannot be defined as a bulk quantity. 
We propose that Chern insulators and Z2 topological insulators can be a platform with a large kinetic 
magnetoelectric effect, compared to metals, because the current flows only along the surface.  

Now thousands of topological materials have been known, thanks to a high-throughput search for 
topological materials combined with materials database. However, it is limited for topological materials with 
high crystallographic symmetries such that topological invariants are expressed in terms of irreducible 
representations at high-symmetry points. Thus, chiral topological insulators are generally outside of the 
high-throughput search, and it is a nontrivial issue how to search for chiral topological insulators, showing this 
effect. In the present work, we demonstrate the presence of said effect in a topological insulator, identifying 
Cu2ZnSnSe4 as a potential candidate (Fig. 1(b)(c)) [8].  
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Figure 1. (a) Schematic figure of the kinetic magnetoelectric effect. (b) Crystal 
structure of Cu2ZnSnSe4. (c) Its surface Fermi surface. 
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Abstract: Topological photonic crystals made of compound semiconductors are a fascinating platform to 
develop topological nanophotonic devices with active functionalities. In this contribution, will discuss recent 
progress in IIIV-semiconductor topological nanophotonics incorporating optical gain media and quantum 
emitters. We will review several ways to realize topological nanocavities and topological slow light waveguides, 
both of which can significantly enhance light-matter interactions with embedded light emitters. These photonic 
structures enable the realization of topological nano/microlasers and quantum light sources capable of robust 
operation. 
 

Consideration of topological properties of optical bands has led to the plethora of novel pathways of light 
trapping in photonic structures [1,2]. An important guiding principle there is the bulk-edge correspondence [3], 
which predicts the emergence of topological confined modes at the interface of two topologically-dissimilar 
photonic materials. Relying on this universal mechanism, topological photonic crystals with different 
characteristics have been developed so far, such as those emulating quantum Hall  [1][4], quantum spin Hall [5] 
and quantum valley Hall systems [6]. In particular, the latter two systems can be realized without breaking 
time-reversal symmetry and thus even with conventional semiconductor materials, leading to the fast 
development of semiconductor topological nanophotonics with strong relevance to practical applications [7]. 
Furthermore, the access to semiconductor materials straightforwardly indicates the extension of topological 
photonics to that incorporating active emitters, offering a new playground for studying non-Hermitian 
topological physics and active nanophotonic devices with novel functionalities [8]. 

In the last several years, we have been working on topological nanophotonics based on semiconductors and its 
fusion with active light emitters. Figure 1 summarizes the topological photonic crystal structures that we have 
built so far. We demonstrated a topological nanocavity emerging at the boundary of two photonic crystal 
nanobeams made of GaAs and its application to topological nanolasers (Fig. 1(a)) [9]. Another topological 
nanocavity was realized at the corner of a higher-order topological photonic crystal based on a two-dimensional 
Su-Schrieffer-Heeger system (Fig. 1(b)) [10]. We also developed GaAs valley photonic crystal waveguides that 
suppress light backscattering at sharp waveguide turns (Fig. 1(c)) [11]. These structures embed InAs quantum 
dots as active light emitters or optical gain media. We also developed a design principle for a slow light 
topological waveguide based on valley photonic crystals [12] and experimentally demonstrated its slow and 
robust light waveguiding (Fig. 1(d)) [13]. The significant increase of the density of states in the slow light 
regime can largely enhance light matter interactions and, therefore, the performance of the active optical devices 
as well [14]. More recently, we have also theoretically discussed the possibility of single-mode high power 
semiconductor lasers leveraging topological light confinement [15]. In the talk, we will review the progress of 
active topological nanophotonics based on the above-mentioned compound semiconductor photonic crystals.  
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Figure 1. (a) Topological photonic crystal nanocavity laser. (b) Corner state nanocavity in a higher-order photonic 
topological insulator. (c) GaAs valley photonic crystal waveguide. (d) Topological slow light waveguide.  
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Abstract: We report on a minimal dielectric optomechanical membrane metasurface with chiral patterning. Low 
frequency membrane modes combined with optical chirality are used for polarization modulation and fast 
polarimetry. Excitation of high frequency mechanical GHz modes reveals a more complex landscape, where 
both mechanical and optical asymmetric Bloch waves can interact. From the mechanical side, surface acoustic 
waves can be manipulated according to their excitation frequency in a combination of symmetric and 
asymmetric, ordinary and negative refraction at the metasurface edges.  
 

Flat artificial materials have shown an unprecedented level of mastery and control of waves, starting 
from the optical domain [1] up to the manipulation of mechanical waves in the acoustic range [2]. Here 
we report on metasurfaces where photonic resonances are combined with mechanics in order to enable 
dynamical effects of light, mechanical wave control and the complex combination of photonic and 
phononic Bloch waves. The basic device we investigate consists in a 220nm suspended GaAs slab 
patterned with “L-shaped” holes, which represents one of the simplest chiral geometries. Our bare 
metasurfaces show a strong polarization rotating power, which we probe with cross-polarized reflectivity 
experiments (see Fig. 1 - Static). The suspended metasurface is also a mechanically compliant membrane; 
by actuating its fundamental drum mode (simulated profile in Fig. 1 (d)), we obtain dynamical 
polarization rotation, given by the complex 
interferometric combination of light directly 
reflected by the metasurface with photons reflected 
from the underlying substrate [3].       
With a maximum operating frequency exceeding 1 
MHz [4] and the possibility of using the device as 
a fast polarimeter exploiting a thermally-mediated 
back-action effect, our device can be useful for a 
wide range of photonic applications.  
 

While at lower frequency the pattern can be 
considered as an effective medium for the 
mechanics, which can be used to induce 
asymmetries and tailored for applied devices 
especially in sensing [4], at higher mechanical 
frequency the nanostructuration can enable 
complex wave manipulation effects. Exciting the 
system with surface acoustic waves directly 
integrated using metallic interdigitated transducers 

 
Figure 1: Static and dynamic MS response. The L-shape pattern 

in a GaAs slab (a) shows a wide resonance in the cross-polarized 

reflectivity (b) which rotates the polarization, here starting from 

linear horizontal (c). When mechanically actuated (d), the 

polarization is dynamically rotated (e-f). 



and exploiting natural GaAs piezoelectricity, interferometric mapping in the reciprocal space show strong 
asymmetries in the isofrequency contours in the GHz range (Fig. 2 (a)). Group velocities can be extracted and 
the refracted angle Tr for a certain exciting wave with incident angle Ti (equivalent to a set k||) has been plotted 
in Fig. 2 (b). According to the sketch of Fig. 2 (c), one can expect a rich phenomenology for waves impinging on 
the chiral mechanical metasurface from an unpatterned slab. For ±45° incidence, wave refraction is symmetric 
and ordinary, that is both angles are positive and changing Ti sign changes the sign of Tr as well (Fig 2 (d)). For 
±28° the situation dramatically changes: refraction is negative and asymmetric, that is there is no set relationship 
between Tr upon a change of sign of Ti (Fig. 2 (e)).      

 Complex mechanical wave 
manipulation at GHz frequency has a 
strong relevance for hybrid systems 
and for enabling on chip phononic 
interconnect. Combining the high 
frequency mechanics and optics can 
lead to complex combinations of Bloch 
waves of very different nature. 
Preliminary results show the possibility 
of modulating light at GHz frequency 
exciting particular mechanical modes. 
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Figure 2: Mechanical asymmetric negative refraction. The isofrequency contours of 

the mechanical metasurface band structure at 1.15 GHz (a), gives a asymmetric trend 

of incident and refracted angles (b) as in the system sketched in (c). Changing the 

excitation angle, the device can show a rich phenomenology, from symmetric 

ordinary refraction (d) to asymmetric negative refraction (e).   
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Abstract: We present an accurate first-principles study of the spin-dependent plasma frequency of iron and 
cobalt using density-functional theory in an all-electron full-potential framework. The results are compared to 
the results obtained with standard pseudopotential approaches and experimental data obtained from photo-
emission, absorption, and electron energy loss spectra. Using our new implementation, we calculate plasma 
frequency for two spin channels separately. Our results explain the significant difference between observed 
contributions from majority and minority electrons to plasmon resonance in cobalt nanoparticles. 

 
Recent research in plasmonics has shown an inconsistency between theoretical predictions and experimental 
measurements of optical properties of cobalt nanoparticles [1] (see fig. 1), specifically, plasmon resonance at 
280 nm that could not be reproduced theoretically. One possible explanation of this resonance is different 
contribution of spin-up and spin-down electrons into optical properties (see fig. 1,2) . By adopting a Drude-
like form of the imaginary part of the dielectric function, plasma frequency and relaxation lifetime can be 
extracted from the experiment. However, this requires assumptions about the role of the surface and relative 
contribution of different spin channels. 
 
Ab initio simulations of dielectric properties can provide additional insight and validate the assumptions. 
Despite a significant progress in modeling optical properties of solids, this problem is only partly solved 
even for bulk materials. To the best of our knowledge, currently there is no tool to separately model optical 
responses for different spin channels neither in metallic crystals nor metallic nanoparticles.  
 
In this research we present an implementation of the spin-dependent plasma frequency in an all-electron full-
potential density-functional theory framework. This implementation is performed in the numeric atomic 
orbital electronic-structure package FHI-aims [2]. We apply our approach to cobalt and iron bulk crystals. 
The obtained plasma frequencies vary significantly for spin-up and spin-down electrons, which confirms the 
hypothesis about different contributions of majority and minority electrons into the absorption spectrum of 
metals. We use generalized gradient approximation exchange-correlation functional in the form of Perdew, 
Burke, Ernzerhof [4]. The results for cobalt are presented in table 1. 

 



 

structure 

Lattice constant Plasma frequency, eV 

ab initio experiment 𝜔𝜔𝑝𝑝𝑝𝑝
↑ ,eV 𝜔𝜔𝑝𝑝𝑝𝑝

↑ ,eV 𝜔𝜔𝑝𝑝𝑝𝑝,eV 

a, A c, A a, A c,A spin-up spin-down total 
hcp 2.493 4.033 2.503 4.057 5.03/4.89 3.44/4.63 6.09/6.73 
fcc 3.513 - 3.543 - 5.44 5.05 7.42 
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Fig. 1. Theoretically derived (black) using data 

from [1] and experimentally measured (red) 

absorption spectra for cobalt nanoparticles. From 

paper [1] 

Fig. 2. Two plasmon model for cobalt nanoparticle absorbance. Blue 

line shows the contribution of spin-up electrons and red – spin-down. 

Green line shows the total spectrum. Insert: a cartoon  of projected 

density of states typical for cobalt. From paper [1].  

Table 1. Calculated lattice constants and plasma frequencies for hcp and fcc cobalt compared to experimental values. Zero-point 

vibrational effects are removed from experimental results for lattice constants for a direct comparison with the calculated values. Plasma 

frequencies squared are calculated separately for spin-up and spin-down electrons and then summed up to give the total value of plasma 

frequency squared. The respective values for hcp structure are represented as 𝜔𝜔𝑥𝑥𝑥𝑥/𝜔𝜔𝑧𝑧𝑧𝑧 
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Abstract: We discuss how mode-attraction picture of hybridization between energy levels of a periodically 
driven system can appear for linear excitations around dynamics stationary states. We develop a general 
formalism based on a master equation for open systems and provide an example in the context of cavity 
magnonics, where we show that magnetic excitations in systems driven far from the equilibrium may show level 
attraction with cavity photons.  

 
 

Excitations in open systems away from the 
equilibrium can show features that cannot be observed 
near the ground state. One example is a hybridization 
between energy levels of a driven system knows as level 
attraction. Level attraction is characterized by a region 
where the energy levels coalesce in a region bounded by 

two exceptional points [1]. This regime has been recently 
observed in several experiments in dissipative cavity 
magnonic systems [2]. The appearance of exceptional 

points has been demonstrated in a variety of PT-symmetric systems with balanced gain and loss. The energy 
levels near the exceptional points are susceptible to external parameters, which can be used for mode control and 
enhanced sensing. 
 

We discuss a theory of mode attraction in periodically driven systems far away from equilibrium [3]. Our 
analysis is based on the master equation for open systems with memory. We show that dynamics of linear 
excitations above stationary dynamic state in these systems can be understood on the basis of a generalized 
Floquet theorem for non-Markovian kinetic equations [4]. Regions of stability and instability can be associated 
with mode repulsion and attraction. This approach is equally applicable to quantum and semi-classical dynamics 
and can be used in combination with numeric methods. 

 
To illustrate potential applications of our method, we consider realization of level attraction in a microwave 

cavity magnonic system where nonlinear steady states are excited by driving a magnetic specimen with a 
circularly polarized magnetic field. This regime is characterized by a stationary magnetization precession, which 
is usually referred to as the P-mode [5]. Stable P-modes play a role of the equilibrium state for the elementary 
excitations around them. Linear excitations around stable P-modes form two side bands around the driving 
frequency (see Figure 2). We show that when the lower side band couples to the cavity mode, it forms a 
mode-attraction type hybridization picture. In our formalism, cavity photons are considered as probes that can 
read out magnetization dynamics trough a generalized susceptibility given by the nonequilibrium retarded Green 

Figure 1. Level attraction (left) and repulsion (right) 
between magnons and cavity photons, adapted from [3]. 



function. The coupling between cavity photons and magnons in the attraction regime can be characterized by a 
complex effective strength, known as disspative coupling. 

 
We also discuss how P-mode cavity magnonics can be 

extended to linear excitations above discrete magnetic 
breathers in Heisenberg spin chains with 
Dzyaloshinskii-Moriya interactions. Thus, our analysis 
highlights a systematic approach to mode attraction and 
exceptional points in periodically driven systems that can 
be used for developing cavity magnonics with 
non-equilibrium steady states. 
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Figure 2. (a) Magnetic specimen inside a microwave 
cavity resonator. (b) Schematic picture of an excitation 
around a P-mode stationary trajectory of spin precession 
(dashed line), and (c) P-mode at the frequency of the 
driving field and two side bands. 
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Abstract: Emergent geometry-driven responses in curvilinear antiferromagnets offer new possibilities to tailor 
chiral and anisotropic properties of the ground state and non-collinear textures. This includes a possibility to 
tailor weak ferromagnetism and Dzyaloshinskii-Moriya interaction by means of selection of sample’s shape. 

 
Antiferromagnets (AFMs) emerged as a versatile material science platform, which enabled numerous 

fundamental discoveries, including the observation of monopole quasiparticles in frustrated systems and 
collective quantum effects, such as spin superfluidity and Bose–Einstein condensation of magnetic excitations. 
Primary advantages of antiferromagnets are their terahertz operating frequencies, the absence of stray fields, 
magnetic field robustness, all of which result in numerous advantages including those in spintronics and 
spinorbitronics. The field of curvilinear magnetism is well explored for ferromagnets, where magnetic responses 
are tailored by local curvatures. By contrast, the topic of curvilinear AFMs is at its infancy. In experiment, 
curvilinear AFMs are mainly represented by the molecular magnets and metalized DNA molecules. The shape 
anisotropy stemming from magnetostriction plays the major role in the ordering of the Neel vector in perovskite 
zig-zag stripes and nanodots, determining the easy direction as the parallel or perpendicular to the boundary. 

 
Here, we discuss the theoretical aspects of geometry-driven properties of curvilinear antiferromagnets. In a 

general case, an intrinsically achiral one-dimensional curvilinear AFM spin chain behaves as a chiral helimagnet 
with geometrically tunable DMI, orientation of the Neel vector and the helimagnetic phase transition. The 
broken symmetry of the bent lattice leads to the weakly ferromagnetic response. The helix-shaped spin chain 
possesses two ground states: the so-called homogeneous and periodic ones with respect to the motion along the 
chain. The energetically favorable state is determined by the direction of the geometry-driven DMI vector. In 
contrast to ferromagnets, there is no easy axis anisotropy competing with the geometry-driven one. Furthermore, 
AFMs exhibit geometry-driven responses stemming from the single- and inter-ion anisotropies, which includes 
the homogeneous DMI of the longitudinal symmetry and tilt of the anisotropy axis.  
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Abstract: We are realizing nanoscale adaptive magnonic networks in a complex system comprised of a large 
number of coupled spin-waveguides with embedded memory functionality, which transform the input of 
electrical data into spatiotemporal patterns in a high-dimensional space using nonlinear interference of 
spin-waves.  
 

Today, scientists are actively looking for a replacement for conventional electronics. One of the promising 
areas is spintronics - where information is transmitted not directly by electrons, but by means of spin. This 
approach allows operations to be completed faster and significantly improves the energy efficiency of devices. The 
propagation length of spin-waves in amorphous yttrium iron garnet (YIG) is sufficient for the use of this material 
in electronics and it combines well with existing materials both during operation and in production. The quanta of 
spin-waves [1] are magnons: the dynamic eigen-excitations of a magnetically ordered body. Analogous to electric 
currents, magnon-based currents can be used to carry, transport and process information. The use of magnons 
allows the implementation of novel wave-based computing technologies free from the drawbacks inherent to 
modern electronics, such as dissipation of energy due to Ohmic losses [2].  

We are realizing an adaptive magnonic networks in a complex system (Figure 1) comprised of a large number 
of coupled spin-waveguides, which transform the input of electrical data into spatiotemporal patterns in a 
high-dimensional space using nonlinear interference of spin-waves.  

 

 
Figure 1. Magnonic network with a coupled spin-waveguides with a microscopic magnetic-film elements placed at 

the intersection of the waveguides. 
 
The fabrication of these waveguides (Figure 2) is divided on three main stages: with an electron beam setup 

we expose the waveguides pattern, than it should be etched with argon in order to get rid of all the extra YIG 
film. Next step is sputtering golden antennas to excite the spin-waves, and sputtering the golden connector pads 
to connect the chip with the DC generator as well. Final step is to place the embedded memory elements (the 
phase change materials like germanium-antimony-tellurium GST) on the interconnection’s parts of the 
waveguides.  



 

  
Figure 2. (a) Fabrication stages. (b) Optical microscope picture of the waveguides and connector pads. 
 
The emitted spin-waves could be detected by using micro-focus magneto-optical Brillouin light scattering 

(BLS) spectroscopy [3]. This technique enables spatial mapping of spin-waves with sub-micrometer spatial 
resolution.  
 

 

 

Figure 3. (a)The Brillouin light scattering (BLS) spectroscopy setup. (b) Spin-wave propagation spatial map.  
 

Study of the spin-wave interference in a system of two intersecting YIG waveguides in the strongly 
nonlinear operation regime, which is necessary for the implementation of neuromorphic computation, should be 
done thoroughly. The waveguides will be fabricated from YIG films with an electron beam lithography. 
Waveguides with different thicknesses and widths will be tested. Next step is to consider the possibilities to 
control the dynamical response of the building blocks by using microscopic magnetic-film elements placed at the 
intersection of the waveguides. After these steps, the research on next-generation spin-wave guides fabricated in 
the form of chains of magnetic nanoparticles has to be studied.  
References 
1. Kruglyak V. V., S. O. Demokritov and D. Grundler, Magnonics”, J. Phys. D, 43, 264001, 2010. 
2. Chumak A. V., Vasyuchka V. I., A. A. Serga and B. Hillebrands, “Magnon spintronics”, Nature Physics, Vol. 11, 

453–461, 2015. 
3. Demokritov S. O. and V. E. Demidov, “Micro-Brillouin Light Scattering Spectroscopy of Magnetic Nanostructures”, 

IEEE Trans. Magn., 44, 6 – 12, 2008. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Optical Chirality Enhancement through Scalable Nanoantenna Designs  
 

B. M. Reinhard1,2,* 
1Department of Chemistry, Boston University, Boston, Massachusetts, United States 
2The Photonics Center, Boston University, Boston, Massachusetts, United States 

*corresponding author: bmr@bu.edu 
 
Abstract: Rationally designed nanoantennas can enhance optical chirality density and intensify 
light-matter interactions. It remains, however, challenging to generate resonant structures in the 
ultraviolet (UV) spectral range where important molecular absorptions lie. This presentation summarizes 
our recent efforts to engineer strong near-field chirality in the UV through scalable nanoantennas. 

 
 

Chirality is an important aspect of chemical stereochemistry, but chiroptical properties of molecules are 
typically small, providing weak cross-sections in circular dichroism (CD) spectroscopy. Superchiral optical 
fields [1] can enhance chiral light – molecule interactions and boost molecular CD signals and, thus, aid the 
detection and characterization of molecular chirality. In this presentation, metal and dielectric nanoantenna 
designs for the tunable generation of optical near-field chirality will be discussed [2-4]. We limit our analysis on 
achiral antenna designs to avoid the need to identify and distinguish weak molecular CD signals in a strong 
antenna response. 

A particular focus will be on structures resonant in the UV where the electronic absorption bands of 
molecules are localized. The UV range remains difficult to access with noble metal plasmonic or high refractive 
index nanostructures and require alternative approaches. In addition to outlining the electromagnetic design of 
nanoantennas generating superchiral optical fields in the UV, scalable fabrication strategies for their 
experimental realization will be discussed and evaluated. Practical applications of the nanostructures in sensing 
or molecular characterization requires the ability to generate the nanomaterials economically in large quantities. 
The performance of the nanoantennas will be characterized by evaluating the dissymmetry factor for selected 
test molecules.   
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Abstract: We report on the functionality of different photonic crystal waveguides as quantum chiral light-matter 
interfaces. In particular, we motivate the different metrics by which such an interface can be measured and then 
systematically study the performance of the different structures, including photonic crystal waveguides with 
broken symmetries or topological natures. Finally, we consider the connection of these metrics to quantum 
devices that rely on chiral light-matter interactions. 

 
 

Chiral quantum light-matter interactions between quantum emitters embedded in waveguides and passing 
photons [1] enable non-reciprocal photonic devices and are the basis of proposed quantum photonic protocols 
ranging from spin-photon interfaces [2] to quantum logic gates and networks [3]. Despite these intense research 
efforts, what waveguide geometry ‘best’ supports chiral interactions remained unclear, and even what ‘best’ 
means.  

Here, we consider different waveguide geometries and their performance as chiral light-matter interfaces, 
including conventional, broken-symmetry and topological photonic crystal waveguides [4]. We motivate the 
different properties that such an interface should have, focusing on both the interactions themselves and the 
practical feasibility of integrating quantum emitters in the structures. This allows us to explore the different 
tradeoffs, for example between the degree of directionality and interaction enhancement or even subsequent 
losses. Overall, photonic crystal waveguides designed based on topological considerations are found to 
outperform those of a more conventional nature. 
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Abstract: Photogalvanic effects, especially, those in non-centrosymmetric crystals, have gathered attention. 
Recently, we have theoretically proposed their magnetic versions, namely, photogalvanic spin currents in magnetic 
insulators. In this conference, we discuss a new mechanism of photogalvanic spin current through magnetic 
resonance, focusing on van der Waals magnets, Cr trihalides (CrI3 and CrBr3). We demonstrate that the resulting 
spin current is several orders of magnitude larger than those of previous works. The magnetic-resonance mediated 
spin current would open new routes of opto-spintronics.  

 
 

Linear and nonlinear optical responses of solids have been intensively studied in the last decades. Scientists 
can tackle such photo-induced nonequilibrium phenomena thanks to the recent development of intense laser 
techniques and theories for nonequilibrium physics. Among various optical phenomena, photogalvanic effect 
[1,2,3], i.e., electric current rectification by external electromagnetic waves, is one of the representatives and it has 
attracted attention from the views of both fundamental and application sciences. Solar cell is a typical device using 
photogalvanic effect and its basic structure is given by a bilayer junction consisting of n-type and p-type 
semiconductors. This inversion-asymmetric structure is the origin of rectifying the current. Besides this kind of 
junctions, recently, inversion-asymmetric (non-centrosymmetric) bulk crystals have also gathered attention as a 
new platform of the photo rectification. Theoretically, the photocurrent in the non-centrosymmetric systems is 
described by Berry curvature [3] of the systems and is predicted to be large enough.  

Based on this background, we have theoretically proposed spin-current versions of photogalvanic effect by 
applying THz or GHz waves (or lasers) to non-centrosymmetric magnets [4,5,6]. Low-frequency GHz or THz 
waves are necessary since magnetic excitations (magnons, spinons, etc.) are generally located from these 
frequency ranges. This AC-field induced spin current dynamics is ultrafast compared to the typical time scale (less 
than GHz scale) of electronics and spintronics. The Joule heating is expected to be suppressed in the spin-current 
photogalvanic effect compared with usual photogalvanic one because the former does not accompany any high-
energy electron transition process. Therefore, the spin-current 
photogalvanic effect potentially opens a new route of opto-
spintronics.  

A few years ago, we theoretically developed microscopic 
theories for spinon and magnon versions of spin-current 
photogalvanic effect, in which single photon makes two magnetic 
particles (up-spin and down-spin magnons/spinons) excited [4,5]. 
These mechanisms are analogous to usual photogalvanic effect, 
where two particles (electron-hole pair) are simultaneously excited 
by single photon (see Fig. 1). Very recently, we have proposed a 
different type of spin-current photogalvanic effect, a spin current 

 
Fig. 1: Schematic image of spin current 
photogalvanic effect in Refs. [4,5]. 



driven by magnetic resonance [6], in which single magnon is excited by single photon (See Fig. 2 (B)). We stress 
that this spin current is directional, while in the case of spin pumping [7], an established method of generating spin 
current with magnetic resonance, the generated magnons diffusively expand to all the direction (See Fig. 2 (A)). 
We theoretically demonstrate that the spin current rectification by magnetic resonance indeed occurs in the 
antiferromagnetically ordered phase of bilayer Cr trihalides (CrI3 and CrBr3) and the required external AC 
magnetic field is several orders of magnitude smaller than those of previously proposed spin current rectification 
[4,5]. This spin current is thereby more accessible with currently available THz-laser or GHz-wave techniques.  

In this conference, we will report these mechanisms of photo-induced spin current, by focusing on their 
essential differences.  
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Spin current buildup and decay in magnetically active structures (spintronic emitters) can lead to coherent THz  
radiation [1]. In this work [2] we demonstrate via numerical micromagnetic/electromagnetic simulations, that 
metastructures of spintronic THz emitters are capable of molding the vectorial distribution and the phase of the 
emitted THz fields. The simulations evidence the generation of  THz fields with tunable magnetic or chiral properties 
by appropriate material engineering,, especially cylindrical vector and magnetoelectric beams are producible. The 
magnetization distribution within the metastructure is decisive for the properties of the near field region and allows to 
control the subwavelength features in the fields at distances smaller than 10 microns away from the metastructures. It 
is shown how the metastructures can be designed to generate fields with certain magnetoelectric contributions. The 
results point to a new way for the generation of structured broadband THz fields with possible applications in the 
fields of optoelectronics, ultrafast magnetism, and superconductivity. 
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Abstract: The study of the possibilities of controlling the characteristics of magnon transport using an electric 
field is an exciting and essential direction of modern magnetic science. Previously, such control was carried out 
using the influence of the electric field on the medium’s magnetization. Here, we report the first experimental 
observation of the magnon Aharonov-Casher effect, which consists of the geometrical accumulation of the phase 
of the magnons as they pass through an electric field region. 
 
 

Exploring the possibilities to control magnon transport characteristics through an electric field is becoming 
an important direction in the field of magnonics and magnon spintronics [1-2], which use the spin currents 
carried by magnons—quanta of spin waves—to transmit and process information. Such control can be 
accomplished by manipulating the magnon phase using the hybridization of spin and electromagnetic waves in 
multiferroic structures or employing magnetoelectric effects in various magnetic materials [3].  

Another possibility, exciting both from a purely scientific and practical point of view, is the application to 
magnons of the Aharonov-Casher effect [4]. This quantum effect, which consists of the geometrical 
accumulation of the wave function phase of particles carrying magnetic momentum as they pass through an 
electric field region, has already been observed for real particles [5] and theoretically predicted for 
quasiparticles such as magnons [6]. Moreover, it is believed that this effect can be used to create and control 
persistent currents of a magnon Bose–Einstein condensate [7]. However, the first attempts [8] to manipulate 
the magnon phase using an electric field did not allow one to distinguish the Aharonov-Cacher effect from the 
contribution of magnetoelectric effects. 

We report the first experimental evidence for the Aharonov-Cacher magnon effect obtained in an experiment 
with surface and backward volume spin waves propagating in an in-plane magnetized ferrimagnetic film of iron 
yttrium garnet (YIG, Y3Fe5O15).  

An electric field of up to 6 kV/mm was applied perpendicular to the film plane. The Aharonov-Casher phase 

accumulation ( )AC 2

1
d

lc
 =  μ E l occurs when a magnetic dipoleμmoves along a path l  in an electric 

field E . In addition, it was shown in Ref. [9] that the electric field can only influence a magnon if the magnon 
wave vector k is not perpendicular to the product μ E . The latter fact limits the possible spin-wave 
geometries available for the experimental observation of the Aharonov–Casher effect. For the backward 
volume spin-wave geometry, when the magnon wave vector is oriented along the magnetization direction, the 
Aharonov–Casher effect becomes minimal if it is not even vanishing. In contrast, the surface spin-wave 
geometry would allow magnons to be influenced by the electric field at maximum because their wave vectors 
are parallel to μ E . 

In the first step, by observing the electrically induced phase shifts of the backward volume waves, we 
determined the contribution of linear and quadratic magnetoelectric effects for the used YIG film. In the next 



step, the measured magnetoelectric coefficients were used to approximate the phase shifts of the surface spin 
waves. It turned out that this approximation can be successfully performed only if there is an additional phase 
shift that depends on the magnon wave number, the spin-wave propagation path length, and the electric field 
strength. This shift reached a value of 1.2 , comparable to the shift caused by the magnetoelectric effects. We 

interpret this phase shift as an Aharonov-Casher phase AC

180
kEl 


 =

 , where 14 17 10 kV − −  is an 

empirical Aharonov–Casher coefficient. 
The resulting good agreement between the calculations and the experimental data indicates that the 

electric field influences the surface magnons through the Aharonov–Casher effect. Therefore, the results of this 
experiment confirm the magnonic Aharonov-Casher effect and open the way for its further investigation in 
connection with artificially excited spin waves and magnon condensates. 
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Abstract:. We demonstrates the connection between the reduced rotational symmetry of a chiral structure unit-cell to 
the existence of the Kramers-Kronig relations between the chiral spectral parameters in the k-space and found that the 
reduction in rotational symmetry affects the locality condition, which unavoidably leads to the deviation from the 
Kramers- Kroning Further, we experimentally investigated plasmonic metasurfaces comprising topological edge 
states. In particular the structure was composed of two domains with an abrupt change in unit-cell geometry 
defining a topological dislocation. We discussed line and point dislocations with trivial and non-trivial 
topological phases. 
  
Introduction: Chirality is a geometrical property of objects with broken mirror symmetry [1,2]. Chiral 
molecules or nanoparticles are known to exhibit optical activity [3] manifested by a different optical response for 
illumination of circularly polarized light of different handedness. Specifically, the optical activity is manifested by the 
circular birefringence, i.e. by the effective index difference, ∆n between the right-hand circular polarization (RCP) and 
the left-hand circular polarization (LCP) [4,5]. This induces two measurable spectral effects - the optical rotation 
dispersion (ORD) – wavelength-dependent rotation of the polarization ellipse primary axis; and the circular dichroism 
(CD) – the ellipticity due to the differential absorption of the RCP and the LCP states. CD spectroscopy has been used 
for investigation of chiral molecules structure for optical applications. We operate a leakage-radiation microscopy 
system to probe the near field plasmonic modes and measure the polarization effects of the grating. Using our system, 
we captured and analyzed the plasmonic modes at both air/gold and gold/glass interfaces. The k-space mapping of the 
chirality parameters allows us to analyze the optical activity of the metasurfaces fully. We experimentally find that the 
reduction in rotational symmetry affects the locality condition, which unavoidably leads to the deviation from the 
Kramers- Kroning. We also demonstrate the study of localization of plasmonic modes on topological dislocations 
obtained by an abrupt change in the geometry of unit-cells in a plasmonic metasurface comprised of nanoscale 
array of rectangular apertures and experimentally demonstrate mode localization in line defects and point 
singularities in the topology. These results are confirmed by numerical simulations of the near field distributions 
along the topology boundaries. We present structures with line dislocations supporting dark and bright modes. 
Moreover, we show that in structures with point dislocations the localization strength can be further manipulated 
by modifying the topological order of the structure. 
 



 
Figure 1: Basic k-space measurement using LRM. (a) - Optical setup scheme(b) - Scanning electron microscopy (SEM) 
image of the fabricated sample. Inset shows the enlarged image of the structure. (c) Raw image of the intensity 
distribution in the k-space with the SP modes marked by the circular lines  
Summary: We demonstrated the connection between the reduced rotational symmetry of a chiral structure 
unit-cell to the existence of the Kramers-Kronig relations between the chiral spectral parameters in the k-space. 
Further, we experimentally investigated plasmonic metasurfaces comprising topological edge states. In particular 
the structure was composed of two domains with an abrupt change in unit-cell geometry defining a topological 
dislocation. We discussed line and point dislocations with trivial and non-trivial topological phases. 
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Abstract: We study the motion of the skyrmion driven by the spin wave (SW) in the presence of a transverse 
magnetic field. We show that the external magnetic field induces an asymmetric skyrmion propagation when 
SWs are injected from opposite sides. Based on this findings, we propose the concept of a SW-driven skyrmion 
diode. The asymmetry skyrmion velocity is explained by computing the spin-wave transport coefficients. Our 
results offer a new insight to design skyrmion devices embracing chiral SWs. 
 
    A diode, a device allowing unidirectional signal transmission, lies at the heart of modern information 
technology as a fundamental element of logic operations. In addition to the electric diodes with p-n junctions that 
have been widely studied, many new types of diodes were recently proposed, such as optical diodes, heat diodes, 
and magnetic diodes. 

 
Fig. 1. (a) The B dependence of the skyrmion velocity. (b) The average velocity of skyrmion v as a function of the 

amplitude of the excitation field h0. Here, we set B = 0.5 T. 
Fig. 1(a) shows that the velocity of skyrmion in x direction is very slow compared to that in the -x direction 

under the external magnetic field B > 0.5 T, which suggests a skyrmion diode. Fig. 1(b) shows the skyrmion 
average velocity v as a function of the amplitude h0 of the excitation field. It can be seen that the behavior of 
skyrmion motion is indeed similar to the current–voltage curve of a diode for SWs being injected from the left 
and right. In this work, we predict a spin-wave-driven skyrmion diode effect by studying the asymmetric motion 
of skyrmions under transverse magnetic fields. We show that the external magnetic field leads to a shift of the 
spin-wave dispersion and induces an asymmetric skyrmion propagation when spin waves are injected from 
opposite sides. We numerically compute the spin-wave transport coefficients to quantify the number of reflected 
magnons, which explains the skyrmion velocity asymmetry. Our results offer a new insight to design skyrmion 



devices embracing chiral spin waves. 
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Abstract:  
Magnetic skyrmions present a fascinating research field witnessing rapid progress in fundamental and applied 
sciences1. Practical technologies require nanoscale skyrmions with ambient stability, with electrical manipulation and 
detection capabilities. Here, we establish a material platform where skyrmion properties can be smoothly tuned by 
modulating parent interactions2, which induce transitions in key microscopic characteristics3-4. Next, we present a 
thermodynamic marker associated with skyrmion formation and stability, which evolves with temperature5-6. We 
conclude with efforts to electrically manipulate skyrmions in nanowire devices7-8. 
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Abstract: Spin waves represent the collective excitations of the magnetization within a magnetic material, 
providing characteristic dispersion curves that can be manipulated by design and external stimuli. Spin waves 
exhibit strongly localized flat bands in arrays of magnetic nanowires and quantum spin systems, which is 
demonstrated experimentally and theoretically for a chiral magnonic crystal. It is further revealed that magnon 
modes are detectable only in one direction, allowing for unidirectional steering of spin waves. 
 
Bulk and surface spin waves can be excited in a thin film with positive or negative group velocities, and by 
incorporating some symmetry-breaking mechanism, magnetochiral features arise1. The proposed chiral 
magnonic crystal consists of a thin film with periodic interfacial Dzyaloshinskii-Moriya interaction (i-DMI)2,3. 
Here, we investigate the role of the periodic i-DMI in the spin-wave spectrum of ultrathin CoFeB films. Periodic 
i-DMI is achieved by depositing a 1-nm thick CoFeB film over an array of heavy-metal stripes. Using inelastic 
Brillouin light scattering (BLS), we experimentally show that the presence of a periodic i-DMI produces the 
formation of localized flat magnonic modes and indirect bandgaps. We further observe a strong nonreciprocal 
character in the spin-wave amplitude of the second mode, which practically suppresses the propagation for one 
direction of the wave vector, allowing for unidirectional magnonics. We support the data with calculations based 
on the Landau-Lifshitz equation, the plane-wave method, and micromagnetic simulations using the software 
MUMAX3.   

We acknowledge financial support from FONDECYT, Grants 1210607 and 1201153 and Basal Program for 
Centers of Excellence, Grant AFB180001 CEDENNA, CONICYT. 
 

References 
1. Barman, A. et al., “The 2021 Magnonics Roadmap”, J. Phys.: Condens. Matter, Vol. 33, No. 413001, 2021. 
2. Gallardo, R. A. et al., “Flat bands, indirect gaps, and unconventional spin-wave behavior induced by a periodic 

Dzyaloshinskii–Moriya interaction”, Phys. Rev. Lett., Vol. 122, No. 067204, 2019. 
3. Gallardo, R. A., Cortés-Ortuño, D., Troncoso, R. E., and Landeros, P., “Spin-waves in thin films and magnonic crystals 

with Dzyaloshinskii–Moriya interactions”, Three-Dimensional Magnonics: Layered Micro- and Nanostructures, Ed. G 
Gubbiotti (Singapore: Jenny Stanford Publishing) pp 121–60. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Metamaterial enhanced IR spectroscopy for solid, liquid, gas, and chiral materials 
 

Takuo Tanaka1, 2, 3 
1RIKEN Cluster for Pioneering Research, Japan 
2RIKEN Center for Advanced Photonics, Japan 

3 Institute of Post-LED Photonics, Tokushima University, Japan 
*corresponding author: t-tanaka@riken.jp 

 
Abstract: Metamaterial enhanced infrared spectroscopy techniques are discussed. 2D metal-insulator-metal (MIM) 
metamaterial absorber was applied for sensing of solid monolayer of organic molecule. Metamaterials and 
nanofluidic hybrid device was proposed to introduce analytes solved in liquid solvent into the hot spots of MIM 
and 10-4 molecules/Å2 sensitivity was demonstrated. For gas samples, 3D MIM metamaterial absorber was proposed 
and 20 ppm concentration of carbon dioxide and butane were detected. Chiral metamaterial absorber for enhancing 
the vibrational circular dichroism spectrum was also demonstrated. 

 
High-sensitive sensing techniques for biological and chemical materials becomes imperative in our daily lives. 

Among the wide range of techniques, vibration spectroscopy, including infrared (IR) absorption spectroscopy and 
Raman scattering spectroscopy, is one of the most promising analysis methods due to its intrinsic label-free and 
noninvasive detection characteristics. However, the weak signals caused by the inherently low absorption or 
scattering of the natural substance severely limits its practical applications. In this talk, I would like to discuss 
about broadband metamaterial absorbers which is made of metallic structure and their contribution to the high-
sensitive infrared spectroscopy techniques. 

Recently, metallic metamaterial absorber was applied for improving the sensitivity of IR spectroscopy. Owing to 
its plasmonic enhanced electromagnetic field and plasmonic−molecular coupling, atto-molar (10-18 mol) level molecular 
sensitivity was realized [1]. For liquid samples, to introduce target molecules into the hot spot region of metamaterials, 
we proposed a metamaterial device that incorporates with nanofluidics and demonstrated an ultra-high sensitivity of IR 
absorption detection [2]. The structure consists of metal square-disks array and metal mirror separated by a nano fluidic 
channel as shown in Figure 1(a). When the molecule whose absorption is overlapped with the resonant mode of the 
metamaterial is introduced to the nanofluidic channel, strong interaction between molecules and metamterial is excited 
and it creates the reflection light within the absorption band of the metamaterial (Fig.1(b)). The sensitivity was achieved 
at molecule density of ~10-4 molecules/Å2, which is improved by 2 orders compared to reported plasmonic induced IR 
detection methods. Moreover, when we introduced pure water into the device, we confirmed the presence of a strong 
H-bond network and the scaling behavior of water molecules confined in 10-100 nm regime [3-4]. Our method can 
provide the capability for in-situ probing molecules and chemical reactions under nanoconfinement. 

Signal strength from molecules also depends on the density of the hot spots of metamaterial. In order to increase 
the density of hot spots, we designed and fabricated the vertically aligned MIM (v-MIM) structure with a nano-
gap of 25 nm channel which enabled the delivery of small molecules into hot-spot region as shown in Figure 2 [5]. 
This metamaterial was applied to carbon dioxide and butane detection designing to exhibit a resonance at 4033 
cm−1 and 2945cm-1 which spectral overlap with the C=O and –CH2 vibration mode, respectively. The mutual 
coupling of these two resonant modes creates a Fano resonance, and their distinct peaks are clearly observed in 
the corresponding transmission dips. In addition, owing to its small footprint, such a v-MIM structure enables us 
to increase the integration density and allows the detection of a 20 ppm concentration with suppressed background 



and high selectivity in the mid-infrared region. 
 

 

Chirality is another important information of the three-dimensional (3D) structures of bio-molecules such as 
proteins, amino acids, and so on. As a technique for detecting 3D structure of molecules, vibrational circular 
dichroism (VCD) spectroscopy has been developed and used. However, since VCD signals are usually 103 ~ 104 
weaker than the vibrational absorption spectra, much higher enhancement of the signals are strongly demanded. 
To solve this problem, we fabricated Au nano-rods pair array structure on a Si substrate and measured the VCD 
spectra of D- and L-alanine molecules. Figure 3 shows the schematic of the fabricated chiral metamaterials and 
measured chiral response of D- and L-alanine [6]. 
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Fig. 1: Metamaterial and nanofluidic hybrid device and 

background suppressed IR spectrum of liquid sample. 

 
Fig. 2: 3D v-MIM metamaterial for gas sensing. 

 
Fig. 3: (a)-(d) Fabricated chiral metamaterials and their SEM images, (e) Measured chiral response 

of D-/L-alanine. 
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Abstract: Circular dichroism (CD) spectroscopy is very useful for studies of biomolecular conformation but 
suffers from very weak signals. Several theoretical and experimental papers reported schemes for CD enhancement 
using enhanced local fields produced by plasmonic nanostructures. We report enhancement of visible wavelength 
CD of chiral nanocrystals by Mie resonances of amorphous selenium nanospheres. The spatially averaged CD 
enhancement factor was estimated to be 4.7 ± 1.5 fold, while the peak enhancement at particular locations on the 
nanospheres is probably >10.  

 
 

CD, the difference in absorption of left- and right-handed circularly polarized light, is an important 
spectroscopic technique for deducing (chiral) biomolecular conformations and their dynamics. However, typically, 
in biomolecules, the CD is orders of magnitude (∼10–3–10–4) smaller than the absorbance itself, making the 
measurement of CD challenging, especially when studying small quantities of chiral molecules. In an attempt to 
improve the sensitivity of CD measurements, focus has been given to the study of enhancement of chiroptical 
effects (and CD specifically) using different schemes, mostly using plasmonic systems: chiral near fields and 
plasmon resonance enhancement, but also by strictly tailoring the illuminating light field (superchiral fields) and 
by inserting the chiral molecules in photonic crystals.  

Mie resonances in dielectric material particles embedded in a chiral medium were also suggested as a viable 
route to enhanced differential circular scattering cross section (1). Recently, it has been shown theoretically by 
Dionne and co-workers that combinations of high-order electric and magnetic Mie resonances in nanoscale spheres 
(NSs) with high dielectric constant may significantly enhance CD of molecules located at certain domains of their 
surface (2). They emphasized that it is crucial to use overlapping (in frequency) electric and magnetic multipole 
resonances in phase, in order to achieve a spatially average enhancement of the electromagnetic density of chirality, 
that is, the chirality of the local fields near the NS’s surface. While the proposed material in ref. (2) is silicon, 
colloidal synthesis of silicon NSs with controlled size and relatively small size distribution is highly challenging. 
On the other hand, amorphous selenium NSs have been suggested recently as a high dielectric medium to exhibit 
electric and magnetic multipolar Mie resonances in the mid-visible to near-IR regime (3). Amorphous Se NSs are 
relatively easy to synthesize in colloidal dispersions with control of size and consequent control of Mie resonance 
wavelengths. Here we will decribe a modified synthesis for the production of amorphous Se NSs and consequent 
procedure for attachment of chiral α-HgS nanocrystals (NCs) with high enantiomeric excess to their surface. We 
will show that the main CD line of HgS at ∼550 nm is moderately enhanced on average by the attachment to Se 
NSs. To effectively enhance the CD of a material this way, the chiral material’s electronic transition must not just 
overlap the electric and magnetic Mie resonances of the dielectric NSs; the material also has to be held in the 
vicinity of the NS and ideally at specific locations (angles) relative to the incident radiation propagation direction. 
Enantio-selectively synthesized α-HgS NCs are ideally suited for CD enhancement demonstration in the visible 
range: they have a strong CD line around 550 nm, which is characterized by a very weak absorption threshold 
(band gap) (4). Both HgS and Se form fairly strong bonds with thiol groups. We thus tested 3 different thiol bearing 



molecules as cross-linkers between the Se NSs and HgS NCs, where two were alkanedithiols, 1,4-butanedithiol 
(BDT) and 1,9-nonanedithiol (NDT), and the third, acetylthiocholine (ATC), has one thiol group (expected to 
attach to the HgS) while the other end had a positively charged amine group, expected to be electrostatically 
attracted to the negatively charged carboxylate groups which exist in the partially hydrolyzed polyvinylpirrolidone 
(PVP) coating the Se NSs’ surface. 

Comparing CD spectra quantitatively between the free HgS NCs and those attached to the Se NSs, we obtained  
a modest factor of ∼3–6 average enhancement of the CD signal measured for HgS NCs, by magnetic dipole and 
quadrupole Mie resonances (and electric dipole) of the Se NSs, both occurring at a wavelength of ∼550 nm.  

Because part of the HgS NCs should experience CD enhancement factors >10, it should make the measurement 
of the CD spectrum a of single HgS NC attached to a Se NS feasible. 
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Abstract: A generic theory about skyrmion crystal (SkX) formation in chiral magnetic thin films is presented. We 
show that a chiral magnetic film can have many metastable states with an arbitrary skyrmion density up to a maximal 
value when the relative Dzyaloshinskii-Moriya interaction strength is large enough. We reveal critical role of a 
magnetic field in SkX formation and explain why a film prefers a stripy (helical) state such that SkXs become 
metastable at low temperature. 

 
 

 It is an experimental fact that skyrmion crystals (SkXs) form thermodynamically under the 
assistance of an optimal magnetic field and near the Curie temperature to date. Once formed, 
however, SkXs can be stable and metastable in very large temperature-field regions. For example, 
a SkX can exist at zero magnetic field and a field much higher than an optimal value by cooling a 
SkX first in the optimal field to a low temperature followed by removal or rise of the magnetic 
field. A SkX disappears during the zero field warming and high field warming. A SkX is a thermal 
equilibrium state only in a narrow magnetic-field range and near the Curie temperature. The 
phase region for stable SkXs is normally larger in a thinner film than that of a thicker film or a 
bulk material. Outside the range, SkXs can only be metastable states. At zero field and a 
temperature much lower than the Curie temperature, the thermal equilibrium phase becomes a 
collection of stripe spin textures known as a helical state. Existing theories have not provided a 
satisfactory answer to the field effects and the thermodynamic path dependences of various 
experimentally observed phases.  

 In this work, the roles of magnetic field in SkX formation is revealed. We use micromagnetic 
simulator MuMax3 to find possible stable and metastable skyrmion structures in chiral magnetic 
film of thickness d modelled by magnetic energy E,  

 

where A, D, Ku, H, Ms, Hd and P0 are exchange stiffness constant, Dzyaloshinskii-Moriya interaction 

coefficient, the magneto-crystalline anisotropy, perpendicular magnetic field, the saturation 
magnetization, the demagnetizing field and the vacuum permeability, respectively. We show that 
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K K MP � . In the absence of a magnetic field, the magnetic ground state of a film with N>1 

is a long stripe skyrmion [1,2]. A collection of an arbitrary number of skyrmions up to a critical 
value is metastable, widely known as helical states. The energy and morphology of these 
metastable states depend on the skyrmion density and the magnetic field perpendicular to the 
film. At zero field, the energy increases with skyrmion number or skyrmion density. Thus, the 
film at thermal equilibrium below the Curie temperature and at zero field should be helical states 
consisting of a few stripe skyrmions. At non-zero field, the film with Qm skyrmions has the lowest 
energy. Qm first increases with the field up to an optimal value then decreases with the field. 
Figure below shows the skyrmion number dependence of energy for A=0.4pJ/m, D=0.33mJ/m2, 
Ku=0.36mJ/m3, and Ms=0.15MJ/m. 

 

Figure Caption: Skyrmion-number dependence of energy at various magnetic fields of P0H=0T (the squares and the black curve), 0.1T (the circles and the 

red curve), 0.2T (the up-triangles and the blue curve), 0.3T (the down-triangles and the green curve), 0.39T (the diamonds and the violet curve), 0.5T (left-

triangles and the yellow curve), 0.6T (right-triangles and the cyan curve), and 0.7T (the stars and the brown curve) (the left panel). The film size is 200nm 

×200 nm×8 nm. Arrows denote the Qm for μ0H = 0, 0.1, 0.2, 0.3, 0.39, 0.5 and 0.6T, respectively. Corresponding structures are shown in the right panel. 

The structures varies from a highly ramified stripe skyrmion of Qm=1 for P0H=0T, to the mixture of helical ordered stripe skyrmions and SkX of Qm=31 for 

P0H=0.2T, and to beautiful SkX of Qm =141for P0H=0.3T. Equally nice SkX for P0H=0.5, 0.6T with a smaller Qm demonstrates importance of a field in 

SkX formation. 

 For κ above a critical value, Qm near the optimal field is large enough such that the average 
distance between two neighbouring skyrmions is comparable with skyrmion stripe width, and 
skyrmions form a SkX. For κ below the critical value, the system prefers a stripy phase or a 
mixing phase consisting of stripes and circular skyrmions even in the optimal fields. This 
understanding allow us to manipulate all kinds of skyrmion structures [3]. It explains also why SkXs in 
most materials become metastable at low temperature even at the optimal fields. 
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Abstract: We theoretically study the magnon-skyrmion interaction and find that a magnonic frequency comb 
(MFC) can be generated above a threshold driving amplitude, where the nonlinear scattering process involving 
three magnons prevails. The mode spacing of the MFC is equal to the breathing-mode frequency of the skyrmion 
and is thus tunable by either electric or magnetic means. The theoretical prediction is verified by micromagnetic 
simulations, and the essential physics can be generalized to a large class of magnetic solitons. 

 
 

We show that a strong microwave driving can induce a hybridization of the driving mode with the breathing 
mode of a magnetic skyrmion, generating a magnonic frequency comb [1]. The threshold of the driving 
amplitude and the excitation window of the driving frequency have been well modeled by our Hamiltonian 
formalism involving the sum-frequency and difference-frequency processes of three magnons. We envision that 
the essential physics should also hold for other magnetic solitons with low-frequency internal modes, such as 
antiskyrmions, domain walls, and vortices. Terahertz frequency combs induced by nonlinear magnon-solition 
interaction in antiferromagnets are also an interesting issue. Our results open a novel avenue to study the 
frequency comb physics in magnetic systems combining the advantages of magnons and general magnetic 
textures. 
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Abstract: We demonstrate the polarization shaping abilities of metasurfaces on circularly polarized field. By 
tailoring the magneto-electric coupling effects in meta-atoms, we can achieve beam deflectors for circularly 
polarized fields bounded at moving free electrons, nonreciprocal phase shifters for spoof surface plasmon 
polaritons, as well as nonreciprocal absorbers for circularly polarized propagating waves. The underlying 
mechanism is explained by the coupled mode theory established for magneto-electric metastructures. Our 
findings may offer an alternate approach to lightweight, reconfigurable, and deployable metadevices. 

 
 

Moving free electrons carry circularly polarized evanescent fields. While the spectral tunability of 
free-electron radiation is extremely high, their polarizability is much harder to control. By tailoring the 
magneto-electric coupling and phase distributions, we demonstrate that anomalous free-electron radiation 
phenomenon can be achieved from gradient bianisotropic metasurfaces. The phase gradient from bianisotropy 
can provide extra degrees of freedom for the polarization shaping of free-electron radiation, going beyond the 
common spectral and angular shaping. The observed anomalous free-electron radiation obeys a generalized SP 
formula derived from Fermat’s principle [1]. 

Transmission lines (TLs) based on spoof surface plasmon polaritons (SSPPs) have aroused widespread 
concern due to its advantages in field confinement and near-field enhancement. However, SSPPs devices thus far 
are passive and reciprocal. We propose and experimentally demonstrate the nonreciprocal phase shifter based on 
SSPPs TL in the microwave frequency, by applying an external magnetic field to steer the guidance of circularly 
polarized fields. The symmetrical forward and backward SSPP modes are split, leading to different propagation 
constant and nonreciprocal phase shifting. The proposed nonreciprocal phase shifter achieves a 42° phase shift 
difference between forward and backward directions from 12 to 15 GHz. Experimental verification is 
implemented at microwave frequencies and the measured results match well with the simulation ones.  

A coupled mode model for nonreciprocal resonators is established. By tuning the nonreciprocal coupling 
strength, the forward input fields can be perfectly reflected when the backward inputs are totally absorbed, 
resulting in a nonreciprocal circular absorber. The circular dichroism in reflection can achieve as high as 99% 
without any polarization conversion.  
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A new, effective spintronics was developed using the Chiral-Induced Spin Selectivity (CISS) 
effect [1]. Utilizing this effect we demonstrated a magnetless memory [2,3,4]. Also, local spin-based 
magnetization generated optically at ambient temperatures [5]. 

I will show that the same effects can detect local (at the nano-scale) chirality using optical and 
electrical measurements in real time. Hall probe supplies electrical readout probing the CISS [6,7]. 
Further, nano-floret is used to measure chirality of adsorbed species by electrical readout [8].  
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Abstract: We show that egg-shaped like deformed Néel skyrmions can be stabilized by magnetostatic interaction 
in a hybrid structure composed of a multilayered nanodot hosting a skyrmion and the in-plane magnetized thin 
stripe made of soft ferromagnetic material. Using micromagnetic simulations we described the skyrmion’s 
symmetry-breaking mutual magnetostatic interactions in this system and unusual skyrmion properties. At the end, 
we presented a proof-of-concept technique for unconstrained transport of skyrmion along a racetrack composed 
of hybrid systems. 
 

Magnetic skyrmions are stable nanometric-size spin textures with potential for memory, spintronic and 
magnonic applications due to the unique properties governed by their nontrivial topology1–4. We show that egg-
shaped like deformed Néel skyrmions can be stabilized by magnetostatic interaction in a hybrid structure 
composed of a multilayered nanodot hosting a skyrmion and the in-plane magnetized thin stripe made of soft 
ferromagnetic material (see Fig.1). The skyrmion state generates a nonuniform stray magnetic field, which affects 
the magnetization in the adjacent layer. The disturbed magnetization order in the adjacent layer induces a reverse 
counter–stray magnetostatic field, which exerts a significant effect on the skyrmion static configuration, breaking 
its circular symmetry and enhancing an influence of DMI. 

 

 
Fig. 1. A visual representation of the system under consideration. The Pt/Co/Ir multilayer dot is located 

slightly above the Py stripe. In the dot an egg-shape Néel-type skyrmion state is stabilized by the magnetostatic 
coupling to the in-plane magnetized stripe. The arrows indicate the direction of magnetization. 



We show that such hybrid nanostructures can host skyrmions at smaller values of DMI then an isolated dot. 
While for larger DMI values, the skyrmion grows even larger and loses its circular symmetry. We explained that 
these effects are the result of the magnetization texture imprinted by the skyrmion upon the stripe, and its mutual 
interaction on the skyrmion. Interestingly, changing the effective anisotropy or magnetization orientation in the 
stripe can be used to control the size and the deformation of the skyrmion in the nanodot. Finally, we outlined 
opportunities for further development of hybrid structures towards applications, and demonstrate the proof-of-
concept of the skyrmion racetrack memory which exploites properties of mutual interactions in a hybrid structure 
for skyrmion transport.   

Our results demonstrate a promising hybrid structure for applications in magnonics and spintronics. 
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Abstract: We theoretically investigate with the help of the finite element method the interaction between 
aluminum pillars erected on top of a silicon substrate in the low frequency range. We investigated the resonant 
modes of a finite linear chain of N pillars and demonstrate the propagation along the chain of pillars deposited 
on the half-infinite substrate. Different configurations of the chain will be investigated from periodic, linear and 
bent, to random distributions. 

Pillared phononic crystals and meta-materials are an emerging class of artificial structured materials 
consisting of pillars standing on a substrate or a plate1, 2. In most cases, in the low frequency regime, pillars of 
sub-wavelength dimensions are considered as single entities, resonating independently from their close 
neighbors. In this work, we propose to study the coupling of two aluminum pillars as a function of the distance 
between the two pillars. We then investigate the case of a finite linear chain of N pillars and analyze the modes 
of resonances of the chain as a function of the number of pillars. We focus our attention on the compressional 
modes and discuss the conditions of propagation along the chain. We have demonstrated the propagation along 
the chain in the case of both a half infinite silicon substrate and a thin membrane. In the latter case, we used the 
spring-mass resonator model to control the propagation in a thin elastic layer. In what follow, we present the 
case of a half infinite medium. 

We first studied the eigen-modes of a pair or a chain of pillars on a substrate and demonstrated that the 
coupling between pillars occurs essentially through their compressional resonances. This coupling manifests in 
the lifting of the degeneracy of the compressional resonances and the spreading of the corresponding 
eigenmodes over the pillars. In contrast, the bending resonances remain at the same frequency and do not 
contribute to the coupling. 

In the case of a chain of pillars, we calculated the eigen-modes using the super cell presented in Fig. a, 
applying periodic boundaries along the directions x and y. We first consider a distance of l = 50 nm between the 
cylinders and increase the number N of pillars constituting the chain (Fig. b). One can see that the number of 
eigenmodes is equal to the number of pillars and their frequencies spread along a passband ranging from 1.1 to 
1.2 GHz when N increases. This property thus offers a new opportunity to propagate the surface acoustic waves 
along the chain, by coupling the compressional modes whose frequency can be tuned with the geometrical 
parameters of the pillars. Fig. c represents the evolution of the eigenvalues of a chain constituted by five pillars 
as a function of pillar separation and the corresponding eigen-modes are presented in the inset. Moreover, one 
can follow the evolution of the width of the passing band for 5 pillars and how it decreases when the inter-pillar 



distance (l) increases. Currently, we study how the excitation of the compressional resonance in one pillar can be 
transmitted through a linear chain, possibly in presence of zigzag, defects or disorder along the chain. 

 

 

Fig. 3. (a) 3D-schematic view of the elementary unit cell for the eigen-modes calculation of a linear chain of pillars. (b) Evolution of the 

eigen-modes as a function of the number of pillars separated by 50 nm from each other. (c) Evolution of the compressional eigen-modes 

as a function of the distance l between the pillars for a chain of 5 pillars. 

Another outcome of this work on pillars’ coupling will be to calculate the scattering of a surface acoustic 
wave by an array of pillars and evaluate how the scattered wave deviates from a sum of waves emitted by 
individual pillars. This would have important consequences in the design of a meta-surface constituted by an 
array of graded pillars for the purpose of focusing or refracting functionalities. The propagation and control of 
elastic waves in the hypersonic range offer new opportunities of application in the telecommunication area. 
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Abstract: We numerically investigate the focusing properties of an acoustic metasurface consisting of a line of 
pillars of elliptic shape on a thin plate. We report on the influence of the ellipticity parameter on both monopolar 
compressional and dipolar bending modes of the pillars. We show that a line of pillars with a gradient in their 
ellipticity allows to focus the transmitted elastic wave at different targeted points. 
 

Metasurfaces are planar metamaterials of sub-wavelength thickness, whose design gives rise to unusual 
properties as compared to the equivalent homogeneous material. The structuration of the surface allows for 
example the appearance of resonant modes in the subwavelength regime. In the acoustic domain, these materials 
can act as filters for certain frequency ranges, or allow to control the transmission direction of an incident plane 
wave, either by deflecting it according to a chosen refraction angle, or by focusing it at different targeted points 
of the surface. To achieve this latter functionality, a recent study proposed the design of a metasurface consisting 
of a row of cylindrical pillars, of the same radius but of variable height1, 2. This latter geometrical parameter 
allows, for a specific pillar height value, the superposition of the second bending and the first compressional 
resonances. This feature is fundamental to allow the transmission phase shift at resonance to reach 2 which 
cannot be achieved when the two resonances are separated. A gradual change in the height of the pillars around 
this reference value allows to obtain a span of the phase shift over 2 while maintaining a high level of 
transmission. But the fabrication of such a metasurface on micrometer scale is a very difficult technological 
challenge. As a consequence, we propose a different approach based on the utilization of pillars of elliptical 
shape and of constant height. In this numerical study, we show that the ellipticity can be used as the adjustable 
parameter to bring the bending and compressional modes in superposition. The design of the proposed 
metasurface consists of an array of resonant pillars of different ellipticity parameters, allowing to realize a 
gradient phase shift fully covering a 2π range. The summary should describe the approach and the article's major 
contributions, emphasizing the importance and significance of the results with proper cited reference to be listed 
in the reference section at the end of the article. The paper length should not exceed 2 pages. Equations, figures, 
tables and references should follow a sequential numerical scheme in order to ensure a logical development of 
subject matter. 

We present a structure allowing to focus a transmitted Lamb wave A0 at any point of the surface M(x0,y0). 
To do that, a line of 21 elliptic pillars spaced by 150m is arranged along the x direction perpendicular to wave 
propagation. The phase profile (x) along this direction is determined according to the relation: 

𝛷 𝑥 −  𝛷 𝑥 = 0 =  
2𝜋
𝜆
   𝑥 − 𝑥0 2 + 𝑦0

2 −  𝑥0
2 + 𝑦0

2   
 

 
Where  = 445m is the wavelength of the A0 Lamb mode at 7.48MHz. The phase of the central pillar (x = 0) 

is set to -, corresponding to the strongest resonant status. The discrete theoretical phases (x) of the 20 other 
pillars of the line are calculated from the previous equation as a function of their positions x and compared to the 



numerical calculation of the phase as a function of e2. A span of the phase shift over 2 is obtained for e2 values 
ranging from 10m to 210m. The figure shows the focusing effect at a point M with coordinates (0, F) where F 
is the focal length fixed to  = 445m. The figure shows the displacement field uz distribution, and the 
transmitted intensity around the focal point which shows a significant focusing effect with a sub-wavelength 
FWHM ( /2).  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure: left: Illustration of the focusing effect of an incident plane-wave (= 445m) by an array of 21 
pillars with elliptic shape bases. The focal point is targeted at F = . Right: Intensity along the x axis (red line) 
crossing the focusing spot. 
 

We proposed a type of pillared elastic metasurface consisting of a line of gradient resonant pillars with 
elliptic shape base of subwavelength dimension, on a homogeneous plate, which is able to provide a 2 phase 
range manipulation and high transmissions. A particularly striking advantage of this structure is that, due to their 
constant height, it is possible to fabricate a microscale sample using nanofabrication facilities. The experimental 
validation is ongoing. 
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Abstract: In this work, we report on a model which describes the thermal conductance of a finite superlattice 
deposited on a semi-infinite substrate. This problem has been challenging because in the thin limit, transport of 
phonons is essentially ballistic, while in the thick limit it is diffusive. This model incorporates coherence in the 
small superlattice thickness limit and recovers the incoherent case where resistances add, in the thick limit. 
 
Thermal conductivity modeling of a superlattice has been a challenging task as coherence is the main issue 
limiting the validity of popular models. One of the first models was developed by Simkin and Mahan1 where 
they predicted a minimum in the lattice thermal conductivity as a function of the superlattice period.  In the 
coherent limit where the superlattice is thin, we have used Green's function method to compute the transmission 
of the system in the harmonic limit2,3. From the transmission, one can then obtain the thermal conductance. In 
the thick superlattice limit, the effect of anharmonicity can become important, and usually the relaxation time 
approximation to the solution of Boltzmann transport equation (BTE) is used. This is a semi-classical 
approximation which requires the full phonon dispersion of the superlattice, but the computation of the 
relaxation times is very challenging, especially if the superlattice period is thick. The transition from 
coherent-ballistic to incoherent diffusive has been observed in finite GaAs-AlAs superlattices where the period 
thickness was held fixed and the number of layers was increased4.     
In this work, we have developed a model which recovers the two limits. This model is based on a description of 
the transmission function which includes anharmonicity in a simple way, and essentially tends in the thick limit 
to the mean free path by sample thickness. The challenging part has been to place the cutoff between the two 
regimes in terms of the period thickness and the number of periods as a function of the temperature. Results will 
be compared to available experimental data to validate the model.  
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Abstract: In this talk, we will discuss our recent advances on controlling sound wave via spinning media. 

First, we study the torque and force a spinning cylindrical column of fluid experiences in evanescent acoustic 
fields, and show that the resulting discontinuity can scatter sound in unusual ways, e.g., a negative radiation 
force. In another example, we develop a generalized scattering cancellation theory (SCT) to cloak spinning 
objects from static observers. Our work extends the applicable realms of SCT to moving objects. 
 
 

The propagation of waves in time-varying and/or moving media is expected to lead to enhanced control of 
optical or acoustic waves and a plethora of intriguing applications. In this talk, we will discuss our recent 
advances on sound propagation in spinning fluids (air or water).  

In the first example, we will show that a spinning cylindrical column of fluid in the same medium possesses 
intrinsic spin angular momentum. We will further study the torque and force it experiences in evanescent 
acoustic fields, and show that the resulting discontinuity can scatter sound in unusual ways, e.g., a negative 
radiation force, although it has no imaginary part (associated to intrinsic absorption) in its parameters [1]. 

In another example, we study the peculiar scattering features of spinning objects and deverloped a 
generalized scattering cancellation theory (SCT) to cloak the spinning objects and hide them from static 
observers. The technique is based on rotating shells with different angular velocity. Our work extends the realm 
of SCT and brings it one step closer to its practical realization that involves moving objects[2]. 

Our studies provides new perspectives on controlling sound propagation via spinning media that goes 
beyond static media. 
 

The research reported in this talk was supported by King Abdullah University of Science and Technology 
(KAUST) Office of Sponsored Research (OSR) under Grants No. OSR-2016-CRG5-2950 and No. 
OSR-2020-CRG9-4374, as well as KAUST Baseline Research Fund BAS/1/1626-01-01. 
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Abstract: Guiding classical waves has been always playing an essential role in a wide range of fields. However, 
a compact and robust way to route energy flux travelling along an arbitrary path in a uniform medium is difficult 
to achieve. Here, an ultrathin, broadband elastic metagrating is proposed for suppression of parasitic diffraction 
and guiding waves along an arbitrary path. 
 

Trapping and guiding elastic-waves in an open waveguide have been enabled by tailoring well-engineered 
defects [1, 2] or topological transports [3, 4] in elastic metamaterials. Yet, the inherent narrow operation bands, 
scattering boundary leakage and large footprints still pose insurmountable obstacles for the feature 
popularization. A physical realization of ultrathin waveguide for omnidirectional wave-trapping and efficient 
guiding in a uniform medium remains a fundamental challenge. Here we demonstrate, analytically and 
experimentally, a generic framework of ultrathin waveguides constructed by elastic metagratings for full-angle 
elastic-wave trapping and routing [5]. Remarkably, the metagrating-based waveguide can totally suppress the n=1 
and all higher-order diffraction modes, but except for the 0th order, which features a highly desired capability of 
ultrathin footprint, broadband reliability and omnidirectional incident range. An analytical slab-waveguide 
model is further presented to predict the diffracted patterns of elastic-wave guided-mode under a full-angle point 
source excitation. This ultrathin meta-waveguide strategy opens a new design paradigm for wave steering and 
vibration control devices in acoustics and elastodynamics.  
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Abstract: Artificial wings composed of rigid and flexible materials enable flapping flight accompanied by sound. 
Understanding the acoustics of natural insect wings allowed explaining basic mechanisms of sound generation 
by artificial wings. This work proposes to use metamaterial surface patterns for controlling the acoustic and 
aerodynamic characteristics of a wing. For this, we developed multi-parameter and machine-learning 
optimization procedures aimed at increasing the lift and manipulating the produced sound by tuning the pattern 
design.  

 
 

Flexible wings are characterized by challenging aerodynamics that has recently attracted the interest of many 
researchers due to rapid developments of unmanned flying micro-robotic vehicles that can hover. Hovering 
flight requires flexible wings, which also have a number of aerodynamic, mechanical and acoustic advantages as 
compared to rigid counterparts. Flexible wings are composed of rigid elements (analogous to veins in natural 
wings of insects) that enable overall structural stability and stiffness and are joint by flexible membranes 
responsible for large deformations during flight. Intricate patterns of veins of natural flyers ensure the necessary 
balance between the wing rigidity and flexibility – the critical factor enabling hovering and forward flights [1]. 
However, a complete understanding of this balance for artificial wings has not been achieved yet due to a great 
variability of patterns and intrinsically complex aerodynamics of flexible wings that is challenging to model [2]. 

This talk will focus on our recent studies aimed to explore the influence of a periodic (metamaterial-type) 
surface pattern on aerodynamic and acoustic properties of an artificial flexible wing and to analyze how the 
pattern geometry can be used to control these characteristics.  

We consider periodic (an)isotropic honeycomb and re-entrant patterns with the geometry described by five 
parameters (Fig. 1a). To explore this five-dimensional design space, we developed a multi-parameter 
optimization procedure and used machine-learning algorithms to study the influence of a pattern on the flight 
characteristics (specifically, the lift and the generated sound functionals) and to optimize the pattern design in 
terms of these characteristics. Our approach exploits the advantages of the finite-element (FE) analysis that can 
be used to solve the three-dimensional air-wing interaction problem governed by the full set of the Navier-Stokes 
and elasticity equations in a computationally efficient way [3,4]. Substantial reduction in the simulation costs – a 
known bottleneck for vibroacoustic studies – is achieved by pre-selecting the relevant parameters based on 
eigenfrequency studies and by further tuning the pattern geometry by means of machine-learning algorithms.  

 



 
Fig. 1. (a) Models of artificial wings with metamaterial patterns on a top surface; (b) FDM-printed wings 

made from TPU with re-entrant and honeycomb surface patterns; (c) 3D-printed TPU can behave as a flexible or 
rigid material depending on the number of printed layers: (left) the material thickness is 2 layers (left) and (right) 

the material thickness is 10 layers [4]. 
 

Despite the fact that increasing lift and reducing sound are contradictory requirements, we have proved that 
the considered metamaterial patterns allow achieving this goal. To validate our findings, we manufactured the 
patterned wings by means of a mass-market fused deposition modeling (FDM) 3D-printing technique form a 
flexible thermoplastic polyurethane (TPU), see the 3D-printed wing samples in Fig. 1b. The rigid or flexible 
behavior of different parts of a wing is achieved by increasing or decreasing the number of printed layers, 
respectively (Fig. 1c).  

The dynamic characteristics of the printed wings were tested experimentally under free and forced 
excitations by measuring the induced out-of-plane velocities using a Laser Doppler Vibrometer (Polytec 
OFV-5000 with the OFV-534 compact head). The experimentally extracted eigenfrequencies are in excellent 
agreement with the predicted values, and the wings have shown no damage under long-term resonance excitation. 
This validates the robustness of the 3D-printed patterned wings and makes them promising for flying devices. 

To conclude, we have developed and tested a computationally efficient approach to design artificial flexible 
wings that combines the advantages of the FE-modelling and machine learning techniques. By considering a 
class of the metamaterial lattices used as a surface pattern on artificial wings, we have shown that the 
multi-parameter analysis problem can be efficiently solved in a realistic setting. We believe that our findings will 
inspire further research on patterned 3D-printed flexible wings.  
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 Acoustic focusing is a major issue in many applications such as medical diagnosis, underwater 
acoustics, non-destructive testing, and many other fields. As recently reviewed by Ma et al [1], the 
focusing of acoustic waves can be achieved thanks to traditional methods using acoustic lenses or 
using speaker/transducer arrays and time-reversal mirrors. In underwater acoustics, these acoustic 
devices are usually made of stiff materials such as rigid polymers, or even glass, having an acoustic 
index close to that of water, which thus leads to thick lens with a rather high curvature radius. This 
can be a problem in many applications. In this talk, we will present two ways to focus sound using a 
raw material consisting of porous polymer. One device is a gradient index lens [2] and a second one is 
a classical curved lens made of a homogeneous material but having a high acoustic index, so as to get 
the thinnest and flattest possible device. These devices enter the category of acoustic metasurfaces 
whose thicknesses have to be lower than the incident acoustic wavelength. 
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Abstract: The dimension of the playground of coherent thermal conduction is limited to the thermal phonon 
mean free path. In this talk, we demonstrate that the dependence of the cumulative thermal conductivity on the 
thermal phonon mean free path for semiconductor membranes can be reconstructed by combining systematic 
thermal conductivity measurements with theoretical analyses for a series of semiconductor membranes with slit 
structures. We introduce this method with examples measured for Si and SiC membranes. 
 
   Coherent heat conduction has been studied mainly in one-dimensional periodic or aperiodic semiconductor 
structures with smooth interfaces [1]. The wave nature of phonons is preserved within the thermal phonon mean 
free path, which leads to interference of phonons and changes the thermal transport properties. Recent advanced 
nanostructuring technology enables the realization of coherent heat conduction in two-dimensional periodic 
structures, i.e., phononic crystals, formed in semiconductor membranes at low temperature [2, 3]. It is thus 
important to investigate thermal phonon mean free paths in membranes to design phononic crystals supporting 
coherent heat conduction. 
   We will explain how the thermal phonon mean free path function F can be reconstructed using an example 
of a Si membrane with a thickness of 145 nm. Series of samples with different slit widths were fabricated and 
in-plane thermal conductivities were measured (Fig. 1a). Then, the thermal conductivity dependence on the slit 
width w was analyzed by means of a theoretical method developed by Hao et al. [5] to obtain F (Fig. 1b). The 
details of measurements and model will be explained in the talk. In addition to Si, we also show the case of SiC. 

 
Fig. 1. (a) Scanning electron microscope image of a Si membrane with slit structures. (b) Reconstructed 
cumulative thermal conductivity for a 145-nm-thick Si membrane at 4, 150, and 300 K [4]. 
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Abstract:  Thermoacoustic  amplifiers  are  analyzed in  the  framework of  nonreciprocal  Willis  coupling.  The

closed form expressions of the effective properties are derived, showing that an applied temperature gradient

causes the appearance of a nonreciprocal Willis coupling. These Willis couplings cause a coalescence point in

the k space, which deviates from Re(k) = 0 (with k the wave number) and is thus a zero-group-velocity point, as

well as the opening of an amplification gap at low frequency. 

Swapping source and receiver has long provided identical frequency responses due to reciprocity features. In

acoustics and elasticity, the reciprocity of wave propagation can be broken by using spatiotemporal dependent

material properties[1], by combining nonlinear properties with an asymmetry[2], or by introducing an external

bias[3].  Among the various possibilities offered by the introduction of an external bias in acoustic systems,

thermoacoustics,  although  effective[4],  is  often  neglected.  Thermoacoustics  is  concerned  with  the  thermal

interaction between an acoustic wave and the surrounding waveguide wall[5]. Meanwhile, Willis materials have

received an increasing interest since the publication of the seminal work[6], thanks to their analogy with bi-

isotropic  electromagnetic  metamaterials.  The  Willis  coupling  parameters  couple  the  potential  and  kinetic

energies  in  the  acoustic  conservation  relations,  therefore  enhancing  the  ability  to  control  waves  in  these

metamaterials compared to other materials that do not exhibit such coupling. In this presentation, we derive the

closed form expressions of the effective properties of one-dimensional periodic arrangement of thermoacoustic

amplifier following Ref. [7]. The procedure relies on the Padé’s approximation of the total transfer matrix that

links the state vectors at both sides of the unit cell and directly provides both even and non-reciprocal Willis

coupling terms. The closed form expressions of the effective properties are derived from Padé’s approximation

of the total transfer matrix that links the state vectors at both sides of the unit. 

A first-order Taylor expansion of the transfer matrix elements is sufficient to derive the effective properties

notably both the even and non-reciprocal Willis couplings. The odd Willis coupling is absent, while the even

Willis coupling is found to be only related to the asymmetry of the temperature gradient that is applied to the

unit  cell,  already in the first-order expansion.  Even and non-reciprocal  Willis  couplings are found of equal

modulus but opposite sign, which suggests that the even coupling appears as a counter reaction to the non-

reciprocal  coupling  and  that  the  thermoacoustics  fundamental  equations  describe  specific  forms  of  Willis

materials. We show that both Willis couplings are almost purely imaginary at low frequencies, thus enabling a

zero-group-velocity point and more importantly the opening of an amplification band at vanishing frequency, see



Fig.1.  The system effectively possesses a coalescence point in the k-space that resembles a PT -broken phase.

The effective parameters and scattering properties of a single unit and a 15 units system are validated against

experimental results. These results pave the way for a better physical understanding of Willis couplings in non-

reciprocal systems, for easing the engineering application of Willis materials, and for various applications of

such systems to further control the acoustic waves at very low frequencies. Concurrently, this work also aims at

promoting thermoacoustics as an excellent mean to design non-reciprocal systems. Reader can refer to Ref.[8]

for more details.

Figure 1:  Real and imaginary parts of

the  dispersion  relations  of  a

thermoacoustic  engine.  The  inset  of

the subfigure (a) shows a zoom on the

real  part  of  the  dispersion  relation  at

low  frequency.  The  results  depicted

with  solid  curves  are  calculated  with

the  effective  properties,  the  dashed

curves  represent  the  numerical

evaluation  with  the  Transfer  Matrix

method,  and  the  circles  depict  the

measurements.
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Abstract: We demonstrate phase transitions of non-Abelian charged nodal lines in a classical spring-mass 
system. The nodal lines with non-Abelian charges are braided by tunning the spring constants allowing for 
topological phase transitions from nodal lines to a link. Here, we analyze the stability and instability of nodal 
lines using Euler class that provides a clear insight on possible phase transitions in a system with multi-gap 
topologies. 

 
 

One of the rising concepts of topological physics is the multi-gap topology [1-3] which goes beyond the 
single-gap topology. A multi-gap system may exhibit degeneracies by different pairs of bands, which can be 
Weyl points [2,3] or nodal lines [4]. Such degeneracies carry non-Abelian charges [5], and their phase transition 
can be analyzed using Euler class that characterizes their stability/instability [2,3,6]. The multi-gap topology has 
been theoretically [2] and experimentally [3] realized in many systems. To construct a higher building based on 
the multi-gap topology, a simple but experimentally viable system is required. 

Here, we propose a spring-mass phonon wave system with nodal lines to realize such a multi-gap system. In 
our system, each orthorhombic unit cell consists of eleven massless springs and one mass, as shown in Fig. 1a. 
By using appropriate spring constants, this system reveals nodal lines, a set of one-dimensional shaped 
degeneracies in three-dimensional momentum space [7,8], as shown in Fig. 1b. 

 

  

Fig. 1. (a) Unit cell of the spring-mass system. Red and green sticks indicate the inter-site springs that connect 
first and second nearest neighbors, respectively. Blue sticks are for the anisotropic on-site potential to avoid the 
triple point degeneracy. (b) A state of nodal lines generated by appropriate spring constants. (c) Nodal link by 
phase transition from (b), realized by tunning the spring constants. 

 
 
Each nodal line carries non-Abelian charges [5]. If two adjacent nodal lines by the same pair of bands have 

the same (opposite) charges, they are stable (can be pair-annihilated). Braiding one nodal line around the other 
nodal line originating from a different band gap flips both signs of non-Abelian charges [2,3]. Such braiding can 



be performed by tunning the spring constants. Thus, the nodal lines in Fig. 1b can be transformed into a nodal 
link (see Fig. 1c). The stability and instability of nodal lines can be described using following Euler class [2,3,6]: 
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,                 (1) 

where D is a domain parameterized by ka and kb. If a given domain D contains two nodal line piercings and their 
non-Abelian charges are opposite (the same), the result becomes 0 (±1) meaning the nodal lines can be 
pair-annihilated (are stable). Using the Euler class, we can predict the allowed phase transition of the nodal link. 

In summary, we have realized the phase transition of non-Abelian charged nodal lines in a spring-mass 
system. Our system gives a practical tool for the multi-gap topology, a recent novel scientific field. The 
realization and phase transition of the nodal lines can be manipulated by adjusting the spring constants. 
Furthermore, our system can be extended to other lattice systems as needs arise. Thus, we believe that this 
simple and tiny system will be useful for the enhancement of the multi-gap topology. 
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Abstract:  This work shows how to design active acoustic metamaterials composed of periodic and aperiodic

arrangements of sensor-driver pairs in the general case in which the sensor-drivers pairs strongly interact with

each other. The method will  be illustrated in examples showing how to use active metamaterials  to realize

transformation acoustic devices including full omidirectional acoustic cloaks.  Extensions of the sensor-driver

architecture to scenarios in which the driver produces a different physical field than the sensed field will also be

discussed. 

It is generally accepted that active metamaterials could theoretically be engineered to have a

wide  range  of  physical  properties  not  achievable  with  conventional  passive  materials.  A

promising  strategy  to  implement  active  metamaterials  is  to  employ  periodic  or  aperiodic

arrangements of unit cells composed of sensors-driver pairs. In this approach the sensors in

each  cell  convert  the  impinging  external  excitation  into  electrical  signals  manipulated  by

carefully  designed electronics. The resulting signals are converted by the driver into the cell

response  to  the  external  excitation.  Appropriate  choices  of  transfer  functions  between  the

sensors  and  drivers  give  in  principle  outstanding  degrees  of  freedom  for  engineering  the

scattering characteristics of the cells.  This strategy has been demonstrated theoretically  and

experimentally in a number of remarkable applications in electromagnetics [1], acoustics [2,3],

and elastics  [4],  but all  these applications involved very few and/or uncoupled cells.  In bulk

structures made of many sensor-driver pairs, these pairs tend to be strongly coupled and it is

still unknown how to take this coupling into account in metamaterial designs. 

This presentation will show how to derive quasi-closed-form expressions of the sensor-driver

transfer functions that  take inter-cell  coupling into account  to achieve desired metamaterial

properties  in acoustics.  The method relies  on the equivalency  between the response of  the

active cells  and the scattering from small  cylinders [5].  The method will  be illustrated in an

example  on  how  to  implement  bulk  transformation  acoustic  devices  with  exotic  material

properties. Extensions of the sensor-driver architecture in which the driver produces a di)erent

physical *eld than the sensed *eld will also be discussed. In particular, we will show how to use

sensor-driver  cells  to  design  metasurfaces  that  convert  sound  into  light  and  employ  these

metasurfaces to realize new acoustic imaging devices [6]. 
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Different ICT devices ranging from sensors to CMOS 
circuits rely on engineering of electron, photon and phonon 
transport on different length scales. In this communication, 
we focus on mastering these energy/particle channels at the 
nanoscale in order to realize and enhance the performance of 
detectors and solid-state refrigerators. We especially discuss 
on electro-thermal transport and phonon engineering 
methodologies and physics for radiation detectors and 
micro-coolers. Realizations of room temperature nano-
thermoelectric IR-detectors [1,2] and low temperature 
microrefrigerators [2,3,4] will be shown and discussed.  
 
Thermal radiation detectors (bolometers) are utilized in 
different application fields from chemical sensing to thermal 
imaging. Our main focus here will be on nano-
thermoelectric detectors [1,2], where photon absorption can 
be boosted by nano-structured low heat capacity absorbers 
and thermal transduction can be enhanced by the 
methodologies of nano-scale thermoelectrics. Low heat 
capacity enables small thermal time constant and we will 
demonstrate fast and efficient thermal detector IR pixels 
operating at 300 K. In general, our results show that nano-
thermoelectrics provides an attractive route towards high-
performance and scalable IR-detection operating close the 
fundamental thermal fluctuation noise limit [2].   
 
For the electronic micro-coolers we will show how phonon 
engineering can be adapted to significantly enhance 
refrigeration performance in an approach that provides fully 
scalable electronic cooling platform. We will show 
experimental results and also discuss the ultimate 
performance limits. In the experimental proof-of-concept the 
refrigerated mass is suspended directly from refrigerating 
thermionic semiconductor-superconductor (Sm-S) junctions. 
Here the detrimental heat from due to phonons is defined by 
the Kapitza resistance at the junctions. We demonstrate 
significant thermal isolation and show electro-thermal 
cooling of ~40 % [3]. Our can provide a route to scalable 
solid-state refrigeration stages, which take away the 
necessity of using expensive and rare 3He for sub-1 K 
cryogenics [3,4,5]. The refrigerator concept benefits from 
phonon transport hindering, e.g., by using lithographically 
defined constrictions [4]. Multistage junction coolers can be 
designed to reach large total temperature drops with realistic 
device parameters [5].  
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Abstract: We measured the Brillouin spectrum on an elliptical optophononic micropillar resonator based on 
AlAs/GaAs superlattices designed to confine light and sound simultaneously. The ellipticity has associated two 
polarized optical modes used to discriminate the reflected laser and the Brillouin signal. 

 
 

Inelastic scattering of light by acoustic phonons has potential for the tailored generation of frequency combs, 
laser-line narrowing, and all-optical data storage. These applications require strong optical fields and a large 
overlap between the optical and acoustic modes to be efficient. The main obstacle in Brillouin scattering 
measurements on objects of a few µm size is stray-light rejection. This limits the accessible acoustic phonons to 
few tens of GHz. Maximizing the signal-to-noise ratio in a free-space Brillouin scattering measurement has 
already been done by introducing a spatial mode mismatch between the incoming laser beam and the optical 
micropillar mode [1]. Here, we used the signal polarization to filter out the collected laser. 

 
We designed an optophononic elliptical micropillar resonator based on AlAs/GaAs superlattices to 

simultaneously confine light and sound with an acoustic mode at 18 GHz (Fig. 1(a)). This design results in 
enhanced optomechanical interactions [2,3]. Due to the pillar ellipticity, the degeneracy of horizontally (H) and 
vertically (V) polarized cavity mode is lifted (fig. 1(b)), leading to polarization-dependent reflection coefficient 
rH and rV. The splitting between the two optical modes depends on the ellipticity and size of the pillar. 

 
Fig 1: (a) SEM micrography of an elliptical micropillar with a diameter of 5x1 µm. (b) Measured cavity reflectivity for 
horizontally polarized (blue) and vertically polarized (red) incident light as a function of the laser-cavity detuning energy for 
a micropillar with major and minor axis respectively equal to 4 and 2 µm. 

 
We present a novel strategy to maximize the signal-to-noise ratio in a free-space Brillouin scattering 



measurement. We developed a polarization filtering technique based on the rotation of polarization induced by 
the elliptical micropillar. The filtering relies on a mode matching between the incoming laser beam and the 
optical micropillar modes. By resonantly exciting the pillar with a mode-matched beam of polarization projected 
on both H and V, the reflected laser and the Brillouin signal undergo a different rotation of polarization. 

 
Fig. 2:  Measured Brillouin spectrum on a micropillar with major and minor axes equal to 4 and 2 µm, respectively. 
The incident laser is tuned at 900.17 nm. The spectrum exhibits two peaks at 18 and 37 GHz corresponding to 
confined modes in the cavity and Brillouin signal from the substrate. 

 
We measured an elliptical pillar presenting an optical mode with a Q-factor of 6000 and an optical mode 

splitting of ~0.1nm, as shown in Fig. 1(b). Fig. 2 presents the Brillouin spectrum obtained for the incident laser 
tuned at 900.17 nm and appropriately filtered out using waveplates. The laser wavelength is set so the 
polarization of the Brillouin signal at 18 GHz is maximally rotated compared to that of the reflected laser. 
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Abstract: In this presentation, we discuss the fundamental effect of resonant and non-resonant scatterers on the

opening of band gaps in 1D stealthy hyperuniform materials.

In this, we locate the resonance of the scatterers at different locations of the frequency spectrum

even also outside of the transparency range and analyze the possible coupling with Bragg interferences.

The point patterns are created by an optimization algorithm that minimizes the structure factor [1, 2,

3],  related  to  the  scattering  properties  of  the  corresponding  systems  in  the  weak  scattering

approximation [3, 4]. The wave transport properties are first analyzed in these 1D phononic structures

going from disordered materials to ordered ones (phononic crystals) when the stealthiness,  , varies

continuously. We then compare these properties to those of the same 1D phononic materials when

either non-resonant or resonant scatterers are located at the positions of the point patterns. We thus

discuss  the  impact of  the  individual  scattering properties  of  the scatterers constituting the  whole

material. We point out that the viscothermal losses, unavoidable in acoustics, are also accounted for.

In practice, we use an air-filled square cross-sectional waveguide in which the stealthy hyperuniform

materials  made  of  non-resonant  and  resonant  scatterers  are  embedded.  A  non-resonant  scatterer

consists of a local narrowing of the waveguide cross section, such that it has a non-resonant behavior

in the analyzed range of frequencies,  while a resonant scatterer consists of the same non-resonant

scatterer but additionally loaded by a quarter wavelength resonator.

Figure  1.  (a-d)  Maps  of  transmission  coefficient,  ,  in  terms of  \chi  and normalized  frequency

 for different configurations (f is the frequency,  the number of scatterers in the length  and

 is the sound speed in the host material). The red continuous lines correspond to the limit imposed by

. The analysis of this figure is done without considering the losses.

The  wave  transport  properties  of  1D  phononic  materials  made  of  stealthy  hyperuniform

distributions of non-resonant or resonant scatterers are analyzed in this work. The stealthiness is used

to continuously analyze the properties from random distribution to periodic ones. In the reciprocal

space there are three regimes characterizing the point patterns. The disordered region, (i) 0 1/3,



is characterized by transparent and opaque frequency regions with the cutoff frequency imposed by  .

The wavy-crystalline region, (ii)  1/3 1/2, is  characterized by both the transparent frequency

range imposed by  and an alternating of opaque and transparent frequency regions depending on the

value of  . We note that in this region the point pattern shows a dimerization made of two sub-

lattices with periodicity  when  approaches to 0.5. The last region is the crystalline, (iii) 1/2

1, in which the Bragg peaks are clearly visible and the point distribution is purely periodic.

Once the point pattern is built and analyzed, the phononic material is made by adding non-resonant

and resonant scatterers at these positions. The material is made of an air-filled waveguide in which the

cross-section is adapted in a way that only plane waves propagate. The investigations for the non-

resonant scatterers show that the behavior of the structure factor is well-captured by the scattering

coefficients of the system as shown in Figure 1. However, to clearly identify the three regions, a given

impedance mismatch is  necessary.  Interestingly  the  lossless  system exhibits  purely  real  dispersion

relation in the transparent  region.  The wave transport properties  are  shown to be robust  to the

presence of viscothermal losses. 

The response of the system made of resonant scatterers is richer due to the fact that the resonance
of  the individual  scatterers,  ,  is  added to the  system and can be exploited to couple  with the

scattering effects provided by the point pattern. When  (  being the Bragg frequency of the

corresponding periodic structure), while the effect of superbandgap is observed for periodic structures
1/2, for 1/2 a broader deep of the transmission coefficient appears from . Moreover, when

 (  being the cut off frequency imposed by ) wide deeps of the transmission coefficient are

also created. If the resonance is placed away of  or , the resonance and the scattering due to the

point pattern can be combined independently to produce frequency ranges with low amplitude of the

transmission coefficient. In particular, the disordered systems with resonant scatterers present better

performances  to  be  used  as  acoustic  isolation  systems  than  the  periodic  ones  when  losses  are

considered.
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Abstract: In this work, we make a connection between latent symmetries and wave scattering. By choosing 
simple waveguide configurations with an underlying latent symmetry we construct scatterers that are not mirror 
symmetric but their scattering matrix inherits the properties of a mirror symmetric problem. Also by introducing 
the concept of generalized cospectrality we show that it provides a direct means to devices featuring coherent 
perfect absorption for at least one frequency. Numerical examples in airborne acoustics confirm the theoretical 
findings. 
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Abstract: This paper examines the coupling effect between Helmholtz resonators (HRs) on mitigating 
low-frequency sound, using the finite element model. Previously, we highlighted the physical mechanism behind 
double coupled HRs, generating two resonance modes, symmetric and antisymmetric. Such coupling features 
can be increased by including four HRs, each containing four openings. This paper aims to simulate quadruple 
HRs which result in a significant degeneracy-lifting of the resonances providing new opportunities for sound 
monitoring, and controlled by the alteration of units’ separation. 

Resonators are generally adopted in the manipulation of low-frequency sounds, Helmholtz resonators being 
the most frequently used. This apparatus comprises a cavity bound to the exterior by a small aperture. As soon as 
the resonator is excited by a sonic wave, a resonant mode appears, controlled by the geometrical dimensions of 
the resonator. The effects of the neck’s and cavity’s geometry on the response behavior have been extensively 
investigated by Ingard1. Recently, Ding et al. have used these bodies to numerically and experimentally design a 
meta-surface for low-frequency sound control by using the principles of phase shifting. To expand their work, 
they proposed a modulation of the resonance playing with two resonators of different aperture2. 

In our prior work3, 4, we have analyzed twin resonators placed in a face-to-face configuration with single and 
dual apertures. We demonstrated that twin HRs placed in air yield to two resonance peaks, one symmetric S and 
the other anti-symmetric AS with respect to the mirror plane between the two HRs. The spacing between the 
resonators can be adjusted to regulate the resonant frequencies. In this work, we propose to extend the analysis 
by including four analogous resonators placed in a quadratic shape in order to generalized the coupling effect. 

A numerical computation is performed using FEM methods with COMSOL Multiphysics. Figure 1 (a) 
depicts the 3D cross-section of four squared HRs of radius R = 12 mm and of thickness e = 0.5 mm, joined to the 
surrounding air through four circular apertures, each of radius r = 1.5 mm. The external openings were 
considered in order to promote the interaction between resonators and to broaden the quality factors of the 
resonances. The spacing between left and right spheres is d1 = 1 mm, and the distance between upper and bottom 
ones is d2 = 1 mm. The resonators are submitted to a planar wave of pressure 1 Pa driven in a 45° direction in the 
(xOy) plane. 



 
Figure 1. (a) Cross section of a quadruple Helmholtz resonators with four openings, where R = 12 mm is the cavity radius, r = 1.5 mm is the 

opening radius, e = 0.5 mm is the thickness of the sphere, d1 = 1 mm is the distance between the left-right resonators, d2 = 1 mm is the 

distance between the up-down resonators and θ = 45° is the angle of incidence, (b) Evolution of the modulus square of pressure (detected at 

the red edge) as a function of the frequency for a fixed distance d1 = 1 mm, and d2 = 1 and 3 mm. 

Figure 1 (b) displays the evolution of the detected pressure, normalized with respect to the incident one, as a 
function of frequency for a distance d2 = 1 mm between the up-down resonators. As observed, three modes 
appear at distinct frequencies: 1950 Hz, 2180 Hz, and 2375 Hz, disclosing a higher level of modal generation 
compared to the dual-HRs case. This physical mechanism is characteristic of a degeneracy lifting resulting from 
combinations between eigen-modes of the four HRs units. 

In order to manipulate the HRs coupling and explore the evolution of these modes, we changed the distance 
of separation d2 between the upper and the lower resonators from 1 to 3 mm. Four resonant modes now appear at 
frequencies: 2018 Hz, 2130 Hz, 2238 Hz, and 2330 Hz. Studying the pressure distributions in the near-field, we 
found that the four peaks corresponds to the independent excitation of a monopolar (i), two dipolar (ii) and (iii) 
and a quadripolar mode (iv). 

In summary, a quadruple coupled HRs has proven its efficiency in generating multiple resonance modes 
coming from the modal lifting degeneracy between the four HRs association. The occurrence of coupled modes 
between subwavelength units opens new opportunities for low frequency sound mitigation and manipulation in 
the low frequency range. 

This result is part of a project that has received funding from the European Union’s Horizon 2020 research 
and innovation program INSPIRE under the Marie Sklodowska Curie grant agreement No 813424. 
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Abstract: Elastic waves in a phononic crystal (PnC) can show various velocities in different directions. In this 
paper, a waveguide that allows self-collimation of longitudinal waves was designed based on the anisotropic 
propagation property. Then beam-steering appears in the inlet and outlet of the PnC-based waveguide, which 
allows controlling the direction of a wave beam through the waveguide. The work included design, fabrication of 
specimens, and experiments. This study is valuable for nondestructive tests in industry and medical applications. 

 
 

Phononic crystals (PnCs) are artificial periodic materials in which elastic waves have band gaps and 
anisotropic propagation properties. Band gaps have been proposed to be filters, reflective gratings, and 
waveguide1-3. In previous studies, self-collimation of surface acoustic waves was used to design a PnC delay line 
with low beam-spreading4; further, a PnC-based waveguide to control remote beam-steering of shear waves was 
proposed5. Ultrasonic transducers that transmit waves into objects under test and receive the reflected signals are 
widely used in industrial, medical, and agriculture fields. Sometimes waveguides attached to transducers were 
used in some limited space, high temperature, and corrosive environment6-7. In these tests, ultrasonic signals, 
usually the longitudinal waves, launched from transducers were converted to guided modes because of multiple 
reflections in waveguides. Thus the reflected signals from objects become noisy, and the transducer array cannot 
manipulate the beam deflection if a conventional waveguide is attached. Thus this paper further studied a 
PnC-based waveguide that can achieve self-collimation of longitudinal waves. 

The main structure of the waveguide was a PnCs plate comprised of non-circular holes in a steel substrate. 
The finite-element method was used to analyze acoustic waves in the two-dimensional PnCs plate. The acoustic 
dispersion curves and eigenmodes were identified, and then equal frequency contours (EFCs) were calculated to 
show the anisotropic property. The optimized hole shape combines two half-circle parts and a rectangular to 
enhance the anisotropic propagation. The square-lattice has a 10-mm lattice constant, the diameter of the 
half-circle is 3 mm, and the width of the rectangular is 6.8 mm. The fundamental symmetric Lamb wave, the S0 
mode, has a phase velocity similar to the longitudinal bulk wave and thus can be excited by a transducer. The 
EFC of S0 mode at 100 kHz shows straight segments, promising group-velocities toward the same direction, and 
thus wave packages inside the PnC can travel without diffraction.  

Simulations of wave packages passing through the PnC-based waveguide show remote beam-steering. 
Acoustic waves with various incident angles were set at the inlet of the waveguide to examine the control of 
beam-steering at the outlet. Plane pressure sources were set on the left-hand edges and excited the S0 Lamb wave. 
The wave pattern inside the waveguide showed the beam-steering phenomenon, and the wave package stayed in 
the central area without diffraction.  

Further, while the S0 Lamb wave leaves the waveguide, it propagates toward its original phase velocity 
direction. For example, a 15-degree incident wave passes through and leaves the waveguide with a 15-degree 
diffraction angle. The effects on transmission wave of the waveguide length and attaching tapered structure were 



also discussed in this research. Finally, a PnC waveguide specimen was fabricated using an electrical discharge 
machining, and the transmitted waves were measured. The experimental result showed good agreement with the 
simulation. 

These results showed that the beam steering control using the PnC-based waveguide is successful. By 
controlling the wave mode and low diffraction inside the PnC, this waveguide can be used with a transducer 
array in the scanning tests. The study can be valuable for the nondestructive test in industry and medical 
applications.  
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Abstract: In this presentation, we will talk about our recent efforts to understand the interplay of nonlinearity 
and topology in mechanical systems. In particular, we study one-dimensional nonlinear lattices of both Fermi-
Pasta-Ulam-Tsingou and Klein-Gordon types and discuss the amplitude-dependent topological transition, soliton 
formation, and nonlinear Dirac physics. The findings highlight the effect of nonlinearity on the characteristics of 
topologically-robust edge states and the role of topology in interpreting purely nonlinear states. 
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Abstract: Coherence of thermal excitations is a long-standing and general problem in physics. The conventional 
theory of the phonon gas model indeed does not include coherence and its impact on thermal transport.  
We propose a general heat conduction formalism based on theoretical arguments and direct atomic simulations, 
which bridges conventional phonon gas model and the wave picture of thermal phonons.  
 
By naturally introducing wavepackets in the fundamental heat flux expression [1], we derive an original thermal 
conductivity formula where coherence times and life-times appear [2]. We apply the theory to a complex crystal 
where interatomic potentials are optimized by a Machine Learning procedure. The simulation reveals an intrinsic 
and a -previously investigated- mutual coherence appearing in two different temperature ranges.  
 

Acknowledgements: This work is supported in part by CREST JST (No. JPMJCR19I1 and No. JPMJCR19Q3).  
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Abstract: Compact nonreciprocal mechanical devices are of great interest for unidirectional 
elastic wave manipulation. We introduce a subwavelength design of a compact low-frequency 
nonreciprocal metamaterial for flexural waves. This structure is made of two coil-cantilever-
magnet resonators where the electromagnetic forces can be time-varied, which can be modeled 
by two mass-spring resonators with temporal modulation on their effective stiffness. Our 
structure could inspire the design of compact nonreciprocal devices for flexural waves. 
 
 

Nonreciprocal materials or devices are highly desirable for unidirectional manipulation of 
the associated energy transport. In acoustics and elastodynamics, spatiotemporally modulating 
the effective mechanical properties of metamaterials has been one of the mainstream 
approaches to realize nonreciprocal propagation in the last decade [1,2]. 

Inspired by the work of Chen et al. [3] and Wang et al. [4], we designed and fabricated a 
compact low-frequency nonreciprocal flexural waveguide system using only two time-
modulable mechanical resonators. The latter were physically realized by a coil-cantilever-
magnet resonator system where the involved magnetic force can be controlled and modulated 
via alternating current (AC), which consequently modulates the effective stiffness of the 
resonators (Fig.1(a) and (b)). The mechanical behavior of each resonator can be modeled as 
spring-mass equivalent system with time-dependent effective stiffnesses. A semi-analytical 
approach based on plan wave expansion is developed, and experiments were carried out to 
investigate the wave transmission through the active bi-resonators system. Under specific 
conditions over the geometrical and physical parameters, we demonstrated that the structure 
can display nonreciprocal wave transmission (Fig.1(c) and (d)). 
   Our device involves only two resonators that are easy to assemble and synchronize. As a 
compact device, its performance of nonreciprocity is of great potential and it can be easily 
integrated into various flexural waveguide system operating at the subwavelength scale, 
offering new opportunities for wave control in phononic communication devices. 
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FIG. 1. (a) Nonreciprocal compact metamaterial made of coil-cantilever-magnet resonator 
system with temporally modulated effective stiffness through applied AC current on the coil. 
(b) Schematic building of the active resonator. (c) and (d), normalized flexural wave 
transmission: theory (c) and measurements (d). 
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Abstract: We demonstrate that topological modes can be fully extended by the non-Hermitian skin effect. These 
extended modes occupy the entire bulk lattice while maintaining their topological characteristics. The effect is 
observed in both 1D and 2D topological mechanical lattices with active components.  
 
 
    Topological modes generically must localize at a boundary or a defect. Here, we show that non-Hermitian 
skin effect can conversely delocalize in-gap topological modes and even turn them into “extended modes outside 
of continuum.” We experimentally realize the phenomenon in both 1D and 2D lattices by using active topological 
mechanical lattices. In a 1D topological interface lattice, we show that the topological interface mode can entirely 
dwell in the topologically trivial part. In a 2D higher-order topological insulator, we show that the topological 
corner mode is turned into an extended surface mode. By engineering the non-Hermiticity distribution, the 
wavefunction of the topological mode can even morph into a wide variety of shapes.  
 

Fig. 1. (a) A topological interface lattice with a non-Hermitian, trivial SSH chain and a Hermitian, topological SSH chain. 
Non-Hermiticity is in the form of unbalanced hopping 𝛿𝑥 . (b) yy turning 𝛿𝑥 , the topological interface mode can be 
delocalized, becoming an extended mode.  
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Abstract: In this talk, I will report the discovery of airborne transverse sound that can carry both spin and orbital 
angular momentum. I will show that the spin-orbit interactions of the transverse sound can give rise to novel 
phenomena inaccessible to conventional acoustic systems, including acoustic-activity-induced negative refraction 
and spin-dependent vortex generation in sound scattering.  
 

Spin-orbit interactions endow light with intriguing properties and applications such as photonic spin-Hall 
effects and spin-dependent vortex generations [1]. However, this important property is absent in sound because 
sound is a longitudinal wave carrying no intrinsic spin angular momentum. Here, we demonstrate the emergence 
of an airborne transverse sound in a micropolar metamaterial with artificial transversality [2]. We show that the 
transverse sound carries spin-1 (see Fig. 1) and possesses totally 6 degrees of freedom same as a three-dimensional 
transverse vector wave. This allows the realization of acoustic spin-orbit interactions in both momentum space 
and real space, leading to counter-intuitive phenomena such as chirality-dependent negative refraction and spin-
dependent acoustic vortex generation. Our discovery enriches the fundamental understanding of sound as a 
longitudinal scalar wave and opens a brand-new avenue to sound manipulations beyond the conventional scalar 
degree of freedom.  

 
Fig. 1. Velocity field of the circularly polarized transverse sound. 
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Abstract: Silicon thin films are compatible with the semiconductor industry and are appropriate for thermoelectric 
power generation and cooling. It is shown that by patterning the silicon thin films with nano-sized holes spaced closer 
than the phonon mean free path, their thermal conductivity can be greatly suppressed while their electronic properties 
are maintained. Further, by using surface doping, the thermoelectric power factor can enhance resulting in an 
improved thermoelectric figure of merit, ZT. Here, we study the limits of these two approaches. 
 
Thermoelectric modules are used for power generation and electronic cooling. The thermoelectric efficiency is an 
increasing function of the material figure of merit, ZT defined as ZT=σS2T/κ where σ is the electrical conductivity, S 
is the Seebeck coefficient, T is the absolute temperature and κ is the thermal conductivity. Silicon thin films are 
compatible with the semiconductor industry with well-established processing techniques and are ideal for micro-scale 
cooling. Bulk silicon possesses a relatively large thermoelectric power factor, σS2. At the same time, it has a large 
lattice thermal conductivity yielding a low thermoelectric figure of merit, ZT, smaller than 0.1 at room temperatures. It 
is shown that by patterning the silicon thin films with periodic nano-sized holes spaced closer than the phonon mean 
free path, the thermal conductivity can be greatly suppressed while their electronic properties are maintained. A 
second strategy is to use modulation doping or surface doping. Surface doping can improve carrier mobility by 
removing the scattering centers from the pathway of electrons. As a result, electrical conductivity can improve 
resulting in an improved thermoelectric power factor. In this talk, I will discuss the limits of these two approaches in 
improving the figure of merit of silicon films.  
 

This work is supported by NSF funding, grant # 1653268 
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Abstract: In this study, we propose novel sonic crystals with nonsymmetric shape, which results in complete 
bandgap in audible frequencies. By utilizing these sonic crystals, we construct a system, which guides audible 
sound through one-way channel. Numerical simulations and preliminary measurements are obtained to 
demonstrate their acoustic performances. 

 
 

Sonic crystals[1], as a class of acoustic metamaterials, are inclusions which are distributed periodically into 
background materials. The literature introduces many sonic crystals, which can realize extraordinary acoustic 
phenomenon, like negative refraction[2,3], acoustic cloaking[4] and wave guiding[5]. However, there are not 
many researches on one-way waveguide based on them.  
In this study, we explore the possibility of using sonic crystals to create a one-way waveguide. The sonic crystals 
are made of C-shaped structure inserted into square unit cells[6]. The lattice constant of unit cells is 3.5cm. We 
first obtain the band structure of C-shaped sonic crystals with aperture towards y-axis and with aperture 60 
degree towards y-axis, shown in Fig.1(a). It can be seen from their dispersion relationship that non-symmetric 
one has a complete band gap between 4.4kHz to 5kHz due to the resonation, which means that audible sound can 
not pass through these sonic crystals inside the band gap. Therefore, this performance is utilized to create a 
one-way channel waveguide.  

 
We construct our system by two kind of sonic crystals which is mirror to each other along x-axis, shown in 
Fig.1(b). Due to the reason that they have similar range of band gap, the system will forbid audible sound to 
propagate through the same sonic crystals and force wave to pass through the one-way channel, which consist of 
two different kinds of sonic crystals. 

FIG. 1. (a) Schematic representation of the sonic crystals with aperture 60 degree towards y-axis; (b) 
system of one-way channel made by C-shaped sonic crystals 
 



We use Finite-elements simulations with a commercial software (COMSOL 5.4a) to compute the band structure 
of both sonic crystals. Numerical simulation is also presented to show acoustic response for this system in 
Fig.2(a).  
 

We also present experimental set-up in Fig.2(b) and preliminary results with a 3D-printed model of the system, 
design for bandgap between 4.4 kHz to 5.0 kHz.  
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FIG. 2. (a) simulation of central plane of the system made by sonic crystals; (b) experimental set-up  
 



Bottom-up approaches, new fabrication
routes and ENSEMBLE3



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

3D Topological Insulator heterostructures enabled by crystal growth 
 
K. Bandopadhyay1*, A. Materna1, K. Markus1, M. Buza2, C. Chen3, P. Piotrowski4, A. Barinov5, 

F. Murakamia6, M. Tonouchi6, Y. Chen3, D. A. Pawlak1, 2, 4 

 
1 ENSEMBLE3 Centre of Excellence, Wolczynska 133, 01-919 Warsaw, Poland 

2 Łukasiewicz Research Network – Institute of Microelectronics and Photonics, Wolczynska 133, 01-919 Warsaw, Poland 
3 Department of Physics, Clarendon Laboratory, University of Oxford, Oxford OX1 3PU, UK 

4 Chemistry Dept. University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland 
5 Elettra-Sincrotrone Trieste, Trieste, Basovizza 34149, Italy 

6 Institute of Laser Engineering, Osaka University, 2-6 Yamada-oka, Suita, Osaka 565-0871, Japan 

*corresponding author: kingshuk.bandopadhyay@ensemble3.eu 
 
Abstract: Three-dimensional topological insulators attract great deal of interest due to their potential use of the 
topologically protected gapless surface states in topological spintronics and quantum computation [1]. However, 
challenges such as the high sensitivity of the surface states to the atmosphere, the low surface-to-volume ratio, and 
the need for various material heterojunctions currently limit the application of these materials [2]. Here, we report 
successful fabrication of the topological insulator heterostructures by an easy, fast and single-step process, which 
could meet all those challenges and pave the way for exploring other exotic phenomena in the near future. Utilizing 
directional solidification different topological insulator based eutectic composites were produced, where two 
crystalline phases are combined in a structured form with joined interfaces. The material exhibits lamellar 
micro/nanostructures with atomically smooth interfaces. Existence of the metallic surface states and the formation 
of p-n junction have been confirmed throughout specific characterization methods. 
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Abstract: Integration of active polymers into the 1-10nm nanogaps of plasmonic self-assembled patch antennas 
opens up wide opportunities for building-scale applications. We demonstrate the construction and large-scale 
fabrication of such active films, and the large range of unusual properties that can result. 

 

 

Fig.1: Local optical switching of liquid metamaterial mirror (LMM). (a) Cross-section 
of dried LMM composed of 15nm Au nanoparticles coated with thin thermo-
responsive polymer shell. (b) Schematic of light-induced local deformation of LMM, 
showing structure for hot and cold states. 

The nanoparticle-on-mirror (NPoM) structure is an easily-fabricated example of the patch antenna or metal-
insulator-metal (MIM) waveguide, where the critical gap thickness dimension is controlled far better than by 
lithographic means, using self-assembled molecular layers. Here the use of thin polymer shells for a variety of 
applications is discussed. Using thermo-responsive polymers such as poly-NIPAM allow light-induced large-phase 
changes, and unusual opto-mechanical and opto-fluidic properties.[1,2] Using electrochromic polymers allows 
rapid spectral switching of optical resonances.[3] In both cases, the fundamental gap-plasmon resonances in the 
visible and near-infrared can be tuned, eliciting numerous application prospects. At the same time, the tight 
confinement of light allows the polymer reconfigurations to be observed in real time through vibrational 
spectroscopy to better understand how they are able to develop on the nanoscale. 
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Design of Si-based particles for infrared-active metamaterials 

 
C. Cibaka-Ndaya1*, M. Parker1, L. Roach1, M. Letizia de Marco1, B. A. Korgel2, R. Barbosa2, P. 

Barois3, V. Ponsinet3, C. Aymonier1 and G. L. Drisko1 
1 ICMCB, UMR 5026, CNRS, Univ. Bordeaux, Bordeaux INP, Pessac F-33600, France 

2 McKetta Department of Chemical Engineering, The University of Texas, Austin TX 78712, USA;  
3CRPP, UMR 5031, CNRS, Univ. Bordeaux, Pessac F-33600, France 

*corresponding author: cynthia.cibaka@icmcb.cnrs.fr 
 

Abstract: We report the synthesis and self-assembly of Si@SiOxNy core-shell particles, scattering infrared light. 
They were produced by decomposing a Si coordination complex alongside cyclohexasilane, under supercritical 
conditions. Core and shell dimensions were controlled through precursor stoichiometry and relative 
concentration. The electric and magnetic multipoles were characterized using a custom-built static light 
scattering spectrometer. Simulations show that the magnetic and electric responses are respectively located in the 
core and shell. The particles were self-assembled into metasurfaces and optically characterized using 
ellipsometry.  
  
 
 Core-shell particles were designed to achieve optical metamaterials with forward light scattering 
properties in infrared frequencies. Forward light scattering, referring to the light transmitted forward with respect 
to the incidence angle, with no reflection in the backward direction, is a property useful in light harvesting and 
anti-reflective screens. In a previous work we demonstrated that similar particles with reduced size (~350 nm) 
more efficiently supported forward light scattering, and over a broader region of the visible spectrum, than pure 
silicon particles.1 Here, the scattering frequencies are shifted to the infrared, with the synthesis of larger particles 
(~550 nm) obtained from the use of a different silane precursor. The dimensions of the particles were tuned by 
varying the concentration of precursor during the synthesis. The mechanism involved in the particles’ formation 
in supercritical n-hexane from silicon bisamidinate and cyclohexasilane are currently under investigation. The 
bottom-up approach (Figure 1) employed here led to particles fulfilling the requirements for efficient light 
scattering: being smaller than the wavelength of incident light and large enough to support Mie resonances at 
optical frequencies and being monodisperse in size. 
 
 

 

Figure 1. Synthesis of core-shell 
particles supporting magnetic and 
electric dipole resonances at optical 
frequencies.  
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 The optical response obtained from polarized resolved static light scattering2 confirmed the presence 
of the electric and magnetic dipole resonances in the infrared light spectrum. Their overlap is a mandatory 
condition for broadband forward light scattering (first Kerker condition).3 Previous theoretical simulations 
demonstrated that this condition is achieved in such particle structures with the magnetic dipole resonance 
located in the core, and the electric dipole resonance predominately localized in the shell in the forward 
direction.1,4 The optical electric and magnetic dipolar resonances depend upon both the dimensions and the 
refractive index of the core and the shell.4–6 Consequently, tailoring these parameters through the bottom-up 
preparation of Si@SiOxNy core-shell particles enabled tuning their optical response toward the superimposition 
of electric and magnetic dipole resonances with comparable intensities.  
 
 Furthermore, we pursued the study with the self-assembly of the particles onto 2D substrates resulting 
in metasurfaces. Dip-coating the particles from a suspension in high viscosity solvents (chloroform and 
isopropanol) allowed us to obtain monolayers over large surfaces. The optical properties of the collection of 
single scatterers were experimentally studied using ellipsometry, and the results were compared to simulations. 
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Design of photonic nanostructures via chirality induction 
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Abstract: In this project, new nanomaterials based on gold nanoparticles organized on chiral colloidal 
nano-substrates are designed and organized on surfaces via Grazing Incidence Spraying in order to control the 
chiroptical properties.  
 
In the field of functional nano-materials, the chiral structures like helices or twisted ribbons are of great interest 
because of their optical and mechanical properties. In the present work, functional hybrid nano-helices are 
synthesized by use of organic chiral self-assemblies forming very well-defined helix structures as templates. The 
mineralization of these self-assemblies allows creating silica nano-helices with very well controlled 
morphologies in term of diameter and pitches [1]. We also focused particularly on the formation of short helices 
(length control), individualized and well-dispersed in solution [2], and their hierarchical organization at a 
macrometric level. 
 

 
 
Figure. A- Amphiphile molecules self-assembly into nanometric chiral structures and B- their silica 
transcription. C- Grafting of gold nanoparticles.  
 
These nanohelices are then used as template for the grafting of gold nanoparticles to create photonic devices [3]. 
Because the Gold@silica nanohelices synthesized are well dispersed, it has been possible to align and organize 
them on different levels via Grazing Incidence Spraying processes, inducing a modulation of the photonic 
properties by the 2D and 3D organizations [4].  
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Abstract: Block copolymer (BCP) self-assembly allows the efficient fabrication of otherwise inaccessible 3D 
nanoscale structures. Replicating the often-complex periodic nanostructure of a polymer template into gold or 
silver leads to emerging properties such as linear or circular dichroism. 

 
BCPs, consisting of two or more chemically dissimilar polymers covalently bonded together, can 

self-assemble into various nanostructured morphologies such as the gyroid.1 Polymer nanostructures are 
pertinent for materials fabrication as they can be transferred into functional materials including metals. This can 
be achieved, for example, by the selective removal of one of the blocks to create a nanoporous film that is then 
used as template for subsequent deposition of a desired material.2 This approach is especially powerful for the 
fabrication of metal replicas of complex 3D BCP morphologies, such as the gyroid, which are otherwise 
extremely difficult to fabricate. In this way, gyroid-structured optical metamaterials can be created, exhibiting 
linear dichroism3,4 and circular dichroism.5 Achieving such functionalities in optical metamaterials, however, 
requires long-range order of the polymer structure used for fabrication. In this talk, the controlled generation of 
well-ordered polymer templates will be described,6 along with the polymer-templated fabrication of gold and 
silver metamaterials showing dichroism4,5,7, and strongly anisotropic optical properties.8 
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Abstract: We report an overview of optical properties of eutectics Al-ZnO/ZnWo4. Filtering properties and 
polarization dependent properties, as function of Al concentration are presented in the visible and I.R. range. 

 
 

Many different optical interesting and unusual properties of eutectics [1] ZnO/ZnWO4 have been studied ranging from 
linear up to nonlinear optical properties in the visible range. The optical linear properties evidencing a strong polarization 
dependence of transmitted and reflected signal have been analyzed [2]. For example, the photodeflection method utilized for 
those sample was able to put into evidence the excitonic resonance in the blue region. Also, the nonlinear optical behavior 
was studied looking at the Second Harmonic generation: we used a set-up based on a pulsed Ti:Sapphire laser with 130 fs 
pulse duration, wavelength of 800 nm and repetition rate of 1 kHz as a pump light source. The polarization of the 
fundamental beam at the laser’s output was in p-state and it can be tuned by means of a 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 was placed after the plate. The 
sample was placed on a rotational stage which enables tuning of the angle of incidence α. The light coming out of the 
sample was then filtered by a short pass filter and set to p or s state by a polarization analyzer before the detector. With this 
set-up the intensity of s or p SHG signal at the output as a function of the input polarization or α was detected and the 
corresponding conversion efficiency was estimated. The conversion efficiency was attributed to a phase matching condition 
enhancement due to the effective dispersion low of the eutectic compound [3,4]. 
The eutectic ZnO/ZnWO4 samples have been recently investigated by introducing Al concentration during the realization 
process. Reflection spectra in the 2-16 micron range have been performed with a FTIR microscope (Bruker Hyperion). An 
interesting dependence of the reflection spectra as a function of the input field polarization has been found as shown in 
Figure 1a. Starting from a high reflectivity band around 850 cm-1 related to a phonon Reststrahlen band of the ZnWO4, the 
lamellar morphology of the Al-ZnO/ZnWO4 eutectic is responsible for excitation of surface phonon polaritons when the 
input field is polarized along the orthogonal direction with respect to the lamellas. The overall effect is a remarkable 
reduction of the reflection band (Figure 1a). On the other hand, if the input field is polarized along the lamellas the high 
reflection band is preserved. Our measurements suggest that this effect is related to the plasma frequency shift of the 
Al-ZnO [5].  
In conclusion the complex geometry of the eutectic composite reveals peculiar properties both in the visible and in the IR 
ranges acting as natural polarizing filters opening the way to new interesting photonics applications.      
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Figure 1: Reflection spectra for the Al(0.1)-ZnO/ZnWO4 eutectic composite as a function of the input field polarization 
angle (45° corresponds to perpendicular to the lamellas, 135° is along the lamellas).     
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Abstract: Nanostructures are well-known for their increased reactivity/interactivity compared to their bulk 
counterparts. They have found widespread use and have stimulated the development of many fabrication 
techniques, one of which is block copolymer (BCP) patterning. In this presentation, a nanostructured 
photocatalytic device fabricated using BCP patterning will be discussed. The device is comprised of a 
nanoporous silicon substrate infiltrated with gold nanoparticles (AuNPs) and achieved near complete 
photo-degradation of dye within 90 minutes1, significantly faster than for AuNPs on unstructured Si. Other 
BCP-fabricated nanostructures2 which present near-zero reflectance will also be presented. 

 
We introduce a platform for fabrication of a reusable and highly efficient low band gap photocatalyst by 
confining gold nanoparticles (AuNPs) in the pores of a nanopatterned Si monolith (AuNSM). Due to their size, a 
maximum of two AuNPs can assemble in a single pore, thus preventing agglomerations. Their access to the 
analyte provides more active sites for redox reaction, leading to enhanced efficiency. While proximity of 
nanoparticles enhances coupling efficiency, confinement prevents rapid recombination of photogenerated charge 
carriers, a major factor contributing to low efficiency of photocatalytic materials. Degradation of methyl orange 
(MO) is used to determine the photocatalytic efficacy of AuNSM compared to 1) bare silicon and 2) AuNPs 
randomly dispersed on silicon. After 90 min of exposure to UV light (λ = 353 nm) in the AuNSM, the MO 
absorption is <1%, indicating near complete degradation, while it is still 85% and 70% for systems (1) and (2), 
respectively (See Figure 1).  
 

 
Figure 1. (a) Si template fabricated by block copolymer self-assembly, and nanopatterning; Schematics of 

AuNP deposition on flat (b), and on nanoporous Si substrates (c); (d) UV–vis absorption spectra of MO dye 
wash after degradation on flat Si, AuNPs on flat Si, and AuNSM at 90 minutes1. 

 



Finite element method simulations of the confined structure suggest that the AuNPs act as a mediator/receptacle 
for photogenerated charges rather than a source of them at this wavelength and thus enhance the performance of 
the photocatalyst by creating more effective Schottky junctions—preventing recombination of electrons and 
holes—rather than by a localized surface plasmonic resonance effect. 
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Abstract: Scientific community and industry are actively investigating innovative means to overcome the 
fundamental limitations of conventional nanolithography. One emerging technique is based on directed 
self-assembly of block copolymers. Besides the possibility to realize extremely small feature sizes, they enable 
fabrication of exotic nanostructures, which are challenging or impossible to fabricate by other methods. I shall 
demonstrate few applications for etch masks, refractive index tuning and preparation of multi-material 
nanostructures. 

 
Introduction 

Micro- and nanofabrication techniques developed during the last 100 years are, as sophisticated as they seem, 
still crude and inefficient compared to the principles and structures observed in nature. Biomimetic approach 
based on directed self-assembly (DSA) of block copolymers (BCP) enables placing the particles and 
constructing nanopatterns with high (sub-10 nm) accuracy. Despite the extensive research efforts of BCPs, little 
interdisciplinary efforts to utilize them in nanophotonics have been done. 

 
Annealing of block copolymers 

Self-assembly of BCPs is usually done by annealing thin polymer film thermally or in solvent vapours. 
During the annealing the polymer exceeds glass transition temperature allowing molecule chains to move and 
self-assemble. Solvent annealing can be done either in a simple glass chamber or by using temperature 
controlled annealing chamber. We have built a unique chamber with precise and active feedback control of the 
thickness or swell ratio [1]. This setup, shown in Fig. 1., allows fast ramping, holding and even cycling of the 
swelling ratio. Due to temperature controlling it is insensitive to variations of environment and vapour flow. 

 
Figure 1. Automated solvent annealing system. Heating and cooling of the polymer film by a thermoelectric 
element allows fast tuning and stable environment for annealing. Feedback from thickness measurement enables 
to realize accurate swell ratio. 



Photonic structures based on block copolymers 
 As a straightforward application we used a planar BCP layer as an etch or deposition mask [2]. We have 

demonstrated these masks already as anti-reflection coatings or nanoresonators. By using DSA we managed to 
construct guided-mode resonance filters whose operation is extremely sensitive on refractive index on top of the 
guiding features. 

 
Optical nanoresonator 

 We used a linear grating as a template for DSA in preparing an array of dense sub-10 nm nanofins. The 
combination of the template and the nanofins formed photonic nanoresonator. The tight optical field 
confinement due to nanostructured grating provides high sensitivity in refractive index sensing [3]. 

  
Refractive index tuning and metallic absorbers 

We have used BCP mask to form nanopores on silicon wafers. The nanoporous surface is effectivelly a thin 
film whose refractive index and colour could be varied by controlling the porosity [4]. Similar surface was 
further applied to prepare an all-metal metasurface with tightly packed sub-80 nm nanodomes by 
template-stripping of thin gold films [5]. 
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Abstract: This paper will present upconversion nanoparticle-based Förster resonant energy transfer (FRET) 
sensor which can clearly separate the effect of FRET and photon reabsorption. It will then describe how 
plasmonic nanostructures can be used to enhance the sensitivity and robustness of the sensor.  

 
Upconverting nanoparticles (UCNPs) are unique nanoparticles that absorbs infrared and emit visible or 

ultraviolet luminescence. UCNPs exhibit many advantageous characteristics for bioimaging and sensing such as 
no photobleaching, no blinking, and no background autofluorescence. Furthermore, UCNPs allow ratiometric 
sensing which reduces the sensing error due to variations in excitation intensity, nanoparticle concentrations or 
any other environmental variations. Conjugation with a functional dye is an effective way to exploit the 
favorable characteristics of UCNPs for sensing. 

A key problem that needs to be addressed is that there exist two different mechanisms that can induce 
changes in signal in a dye-conjugated UCNP sensor: Förster Resonant Energy Transfer (FRET) and photon 
reabsorption. FRET is a short-range interaction and allows highly localized sensing, while photon reabsorption is 
a long-range interaction and sensitive to the environment. It is therefore important to either enable a purely local 
sensing based only on FRET or delineate the effect of photon reabsorption. 

In this study we use NaYF4:Yb3+,Tm3+ UCNPs coated with pH-responsive dye Fluorescein Isothiocyanate 
(FITC). This system has been used for pH sensing but the interplay between FRET and photo reabsorption has 
never been rigorously analyzed. We synthesized 28 nm NaYF4:Yb3+,Tm3+ UCNPs using the thermal 
decomposition method.1 The UCNPs exhibit three emission bands centered at 475, 646 and 800 nm and FITC 
has a pH-dependence absorption band that overlaps with the 475 nm emission band (Fig. 1a).  

 
Figure 1. (a) Energy level diagram of Tm3+ ion and FITC, (b) Luminescence lifetimes of 475, 646 and 800 nm 
emission of FITC-coated UCNP as a function of pH, (c) lifetime and intensity ratios of 646 and 800 nm 
emission.  
 

A key insight is that both 475 and 646 nm emission bands arise from the same energy level, 1G4 of Tm3+ ion, 
and are thus affected equally by FRET, while photon reabsorption only affects the 475 nm emission which 
directly overlaps the absorption band of FITC. Thus, by taking the ratio of 475 and 646 nm emission, we can 
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eliminate the effect of FRET and enable a sensor responsive solely to photon reabsorption. On the other hand, 
646 and 800 nm emission intensity ratio produces a signal that depends only on FRET. We have shown that the 
luminescence decay of 475 and 646 nm is identical while that of 800 nm is insensitive to pH (Fig. 1b). Since the 
luminescence intensity scales linearly with lifetime, the intensity ratio behaves the same way (Fig. 1c). This is 
the first FRET-based UCNP sensor that allows truly localized sensing unaffected by the long-range photon 
reabsorption. 

The performance of the sensor can be further enhanced by coupling with a plasmonic nanostructure. By 
designing a plasmonic nanostructure whose resonance overlaps with one of the emission lines of UCNP, one can 
enhance the intensity ratio, thereby increasing both sensitivity and dynamic range. For demonstration, we 
fabricated a structure composed of gold nanodisk, indium tin oxide (ITO) and UCNPs. The fabrication is done 
by a combination of laser interference lithography, thin film deposition and nanoparticle self-assembly, which 
we have used to demonstrate plasmon enhanced upconversion.2 The fabricated structure is shown in Fig. 2(a). 
An intermediate step before the final photoresist removal is shown in Fig. 2(b). The intensity ratio of UCNP is 
shown in Fig. 2(c). When there is no ITO spacer layer, quenching is severe and enhancement is small. 10 nm 
thick ITO spacer yields the highest enhancement and thicker ITO leads to a gradual decrease in enhancement. 
Importantly, sensing the ratio of two intensities instead of the intensity of a single emission band resulted in a 
dramatic reduction in the signal variations. The intensity variation was over 30%, which were attributed to 
variations in Au disk size and number of UNCPs per Au disk. In the same sample, intensity ratio varied less than 
5%. This is because any variations due to Au disk size and UCNP numbers are cancelled out by taking the 
intensity ratio. Engineering intensity ratio with plasmonic structure opens a door to a highly robust sensor. 

 
Figure 2. (a) Scanning electron micrograph (SEM) of Au-ITO-UNCP composite. (b) Cross sectional SEM of the 
fabricated structure before removing photoresist pattern. (c) Enhancement of UCNP emission intensity ratio as a 
function of ITO thickness.  
 

This work was supported in part by the National Science Foundation (CBET 2029559) and the National 
Institute of Health (1 R21 GM140347). 
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Abstract: Grazing Incidence Spraying combined to Layer-by-Layer assembly is used to assemble anisotropic 
plasmonic nanoparticles as mono- and multilayer thin films on large areas, in particular into helical (and thus 
chiral) multilayer thin films. The resulting giant chiroptical properties can be finely tuned over a broad 
wavelength range using simple design principles, reaching ellipticity values higher than 13° and g-factor values 
up to 1.6 in the visible and near-IR range.  

 
 

The properties of functional thin films are not only governed by the constitutive materials but also often 
depend on the nanoscale structure and hierarchical organization of the individual building blocks. For instance, 
metamaterials that can control the flow of electromagnetic waves in unprecedented ways need to have 
subwavelength dimensions, i.e. in the range of tens of nm for optical applications. Such metamaterials have 
mostly been manufactured by top-down technologies that have the disadvantage of being quite expensive and 
slow. Obtaining large areas and regular (3D) ordering is difficult, and nanoparticle self-assembly appears to be a 
promising alternative. A big challenge resides in the hierarchical organization of the nanoscale building blocks 
into two- or three-dimensional structures with well-controlled location, orientation, and spacing across multiple 
length scales. In particular, chiral assemblies of plasmonic nanoparticles have attracted increasing attention over 
the last years due to promising applications in fields such as molecular sensing and chiral separation and 
synthesis, or as optical circular polarizing elements.[1] 

 
In this talk, I will present how Grazing Incidence Spraying can be used to assemble anisotropic nanoparticles 

as mono- and multilayer thin films[2-3] on large areas with tuneable particle density and orientation (Fig. 1a). 
Furthermore, the combination with the Layer-by-Layer assembly technique[4] allows building helical (and thus 
chiral) multilayer large-area thin films in which the composition and orientation can be controlled independently 
in each layer (Fig. 2b, c).[5]  

 
Figure 1: a) Schematic of the spray-induced orientation of nanowires. b) Schematic of the Layer-by-Layer assembly of oriented nanowire 

layers to prepare chiral Bouligand metasurfaces. c) SEM images (top-view and cross-section) of left-handed and right-handed 3-layer 

silver nanowire metasurfaces.  



 

These films display very high chiroptical activity over a broad wavelength range (Fig. 2a) with g-factor 
values up to 1.8 in the near IR range (Fig. 2b).[6]  The optical properties (polarized transmittance, CD 
spectroscopy and Mueller Matrix Polarimetry) as function of the thin film geometry will be detailed, with a 
special emphasis on how the chiroptical properties depend on the architecture of the assembly. The properties of 
chiral mirrors built from these assemblies will also be discussed.  

 
Figure 2: a) CD spectra of left-handed and right-handed chiral plasmonic nanostructures. b) Cross-section SEM images and g-factor 

spectra of chiral plasmonic thin films of increasing interlayer spacing.  
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Abstract: Huygens’ Metasurfaces made from high permittivity dielectric discs are fabricated by a self-assembly 
process on large areas. This permits their integration into industrial grade solar cells to optimize the light 
management. Two aspects are important. The helicity preserving character of the Huygens’ metasurfaces 
suppresses reflection, and the hyperuniform disorder improves the response in an extended spectral region. By 
theoretical, computational, and experimental means, we explore the optical and electrical characteristics of the 
solar cell in this contribution.   

 
Light management in solar cells continues to be a critical issue to improve their efficiency. While a thorough 

understanding has been obtained in recent years of how specific nano-optical phenomena can be exploited for 
various purposes, their integration into mass-production silicon solar cells continues to be a prime challenge. 
Moreover, suitable nanofabrication tools that can cope with the realization of dedicated structures across larger 
scales at relatively low costs remain scarce.  

We have developed a self-assembly process in the past years to realize Huygens’ metasurface on extended 
areas and with excellent optical properties [1,2]. They have been recently successfully integrated into solar cells 
and have excellent light management properties. The samples have two ingredients. First, the metasurfaces are 
made from high-permittivity discs with a spectrally aligned and equally strong electric and magnetic response 
from the entire system. This preserves the helicity of the incident light in the interaction process. For a system that 
has rotational symmetry of at least n = 3 or larger, helicity is flipped in the reflection process [4]. For a helicity 
preserving structure, this implies that no reflection is encountered, and everything is transmitted. While such 
symmetrical properties can be guaranteed for periodic samples fabricated with top-down nanofabrication 
techniques, the necessary symmetry is not guaranteed for samples fabricated through self-assembly processes. 

Therefore, as a second ingredient, we strive to realize a pattern for the metasurface that is hyperuniform or at 
least nearly hyperuniform. A hyperuniform metasurface is characterized by a suppressed variation of the particle 
density, like in a periodic structure, but at the same time, it has the same properties in all directions at short 
distances, so its response is isotropic. This implies that hyperuniform metasurfaces have an approximate rotational 
symmetry, which, in combination with the helicity preservation of the discs, restores the reflection suppression. 
Moreover, the disorder in the sample allows observing the effect in a spectrally extended region, which is crucial 
for an application into the solar cell. The response needs to be tailored not just at an individual wavelength but in 
the entire spectral region that matters for the light management. 

Our work consists of a computational study, where we explore the possibility of suitably designed discs to 
preserve the helicity in the interaction process. We also study the response from the disordered metasurface using 



a Born approximation and large-scale full-wave simulations. Optimal parameter regimes are identified concerning 
particle geometry and their density. 

We integrate the metasurface into solar cells and characterize their optical and electrical properties. Thanks to 
the straightforward self-assembly process, larger batches of samples could be realized, which enables their 
systematic analysis. Besides the suppressed reflection, we can notably improve the short-circuit current density of 
the solar cells. Illustrative results are shown in Fig. 1. 

 
Figure 1: Left: Sketch of the device that we consider in this contribution. Middle: Photograph taken from a 
realized large-scale device. Right: Short-circuit current as a function of the disc density on the surface.  

 
We outperform reference cells with an optimized planar single anti-reflection coating and reach efficiencies 

comparable to those of solar cells with a textured interface. Since texturing the solar cells gets notoriously 
complicated for thinner solar cells, i.e., for silicon wafers thinner than 50 µm, our approach offers a perspective to 
preserve the performance of the light management scheme for such future architectures. 
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Abstract: The enormous success of nanophotonics to manipulate the light response in the nanoscale is due to the 
unprecedent development of techniques achieved to fabricate the material nano- and metasurfaces. Herein we 
will discuss the successful preparation and modification of nano-and meta-structures by laser-based processes 
designed to achieve functional nanophotonic and plasmonic responses in large areas. Examples will include 
metamaterials both based in conventional noble metals, and in topological materials for both pasive and active 
applications. 
 

The manufacturing of nanostructures that enable the building of metamaterials is the cornerstone of the field 
of nanophotonics and plasmonics, since these artificial designed materials allow light manipulation and 
processing in ways that are impossible to achieve with natural materials. Plasmonic metasurfaces based on 
nanostructured noble metals, either embedded in a dielectric film or deposited on top of a substrate, have been 
studied in detail due to their extraordinary capabilities to strongly absorb, scatter, or confine incident light. In 
addition it has been shown that nanostructures formed by high index dielectric materials (semiconductors such as 
Si or Ge) show also resonant phenomena, Mie resonances, and have opened the field of so-called Mie-resonant 
metaphotonics. Furthermore, the improved understanding of all these resonant phenomena has led to the quest of 
other alternative materials that can show both plasmonic and Mie resonances.1-2 Among them are materials that 
offer plasmonic response in the ultraviolet, can withstand resonances at high temperature, or can be activated 
upon external excitation. 
 In this presentation I will show the successful use of pulsed laser techniques to developed lithography-free 
random nanophotonic and plasmonic metamaterials, and how it to be used for integration with integrated with 
lithographic techniques when regular periodic metasurfaces are required. The pulsed laser deposition technique 
is highly flexible thus allowing the deposition in a single fabrication step of both the dielectrics and the elements 
for the resonators, including metals, semiconductors and semi-metals. We will show how the nanostructures are 
formed by self-assembly, to form random metasurfaces, or either they can be organized in arrays. I wil discuss 
the key elements for the design of plasmonic metamaterials, and how they can be controlled to achieve the 
desired response. Concerning to the fabrication it will be shown how our outstanding control of the dielectrics 
thickness in the nanometer scale and its conformal deposition are key issues for a successful meatamaterials 
fabrication. As examples I will review selected developments including a high-resolution optical thermometry 
sensor,3 an infrared perfect absorber enabled by sub-wavelength thick films,4 an omnidirectional broadband 
polaraizing mirror,5 a tunable light phase metamaterial,6 and a nanosecond laser phase change switchable 
metasurface.7 All these results support the excellent potential of laser-based techniques for the development and 
enhancement of metamaterials. 
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Abstract: Symmetry-protected bound states in the continuum (BICs) combines high-quality factors (q-factors) with a 
large spectral tunability, offering an ideal platform for optical sensing. We present a plasmonic nanofin metasurface 
harnessing the out-of-plane symmetry breaking in parameter space by tuning the opening angle of 3D laser 
nanoprinted polymer triangles coated with gold. The plasmonic nature of the out-of-plane symmetry-protected 
BICs enables high surface field enhancement together with high q-factors, which have been utilised for 
refractive index and pixelated molecular sensing. 

 
 

Bound states in the continuum (BICs) have attracted much recent attention in the nonlocal metasurface community 
[1, 2]. Although dielectric structures, the typical building blocks of BIC metasurfaces, allow narrow resonances due to 
their low intrinsic loss, the achieved surface field enhancement is low compared to their metallic counterparts. 
However, a high field enhancement on the material’s surface is crucial for the most applications including optical 
sensing, energy conversion, subwavelength imaging to name only a few. It is highly desirable to use plasmonic 
structures to achieve BIC resonances, combining both advantages of high-quality factors (q-factors) with significantly 
enhanced surface fields, although this goal remains challenging due to the high metal loss.  

Here we present a novel concept of out-of-plane symmetry-protected BICs in a plasmonic nanofin metasurface 
consisting of 3D laser nanoprinted polymer triangles coated with gold, named as nanofins (Fig. 1a). This plasmonic 
nanofin metasurface supports symmetry-protected high q-factor BIC resonances at the Gamma-point, arising from the 
excitation of the out-of-plane electric dipole resonances. We show that the triangle angle (α) of the nanofin structure 
can be used as an asymmetry parameter to tailor the symmetry-protected BICs (α=0) with an infinite q-factor into 
radiatively leaky modes and thereby quasi-BICs (α>0) with high q-factors. Our results reveal that the out-of-plane 
dipolar modes (Fig. 1b) support q-factors as high as 100 and 200 for the first- and second-order BIC resonance, 
respectively (Fig. 1d), combined with strong electric field enhancement of up to 4*103 in the mid-infrared wavelength 
region. The design was experimentally realised using a 3D laser printer followed by four-angle gold sputtering (Fig. 
1c). We further performed the infrared spectroscopy showing good agreement between simulation and experiment. We 
have numerically and experimentally implemented our new nanofin metasurface for both refractive index and pixeled 
molecular sensing. 



 
Fig. 1 (a) Single unit cell of a nanofin metasurface. (b) Electric and magnetic field intensities for the 

fundamental BIC mode. (c) Scanning electron microscopy image of the 3D laser nanoprinted and gold-sputtered 
nanofin metasurface. (d) Simulated resonance behaviour of the nanofin metasurface revealing two 
symmetry-protected BICs and one surface lattice resonance. The absorbance of the nanofin metasurface is 
simulated by varying the wavelength and triangle angle α (inset) based on normal incidence. 
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Photo-isomerization of azobenzene molecules can induce mass-migrations in azopolymers. Despite 

many applications, the mechanisms behind the mass-transfer is still under debate.[1] In this regard, 

azopolymer mechanical properties have been intensively studied, but the lack of a nanoscale 

technique capable of quantitative visco-elastic measurements have possibly hindered the field 

evolution. Here, we propose bimodal AFM[2] for full nanomechanical characterizations of 

azopolymers. Our findings address a position-dependent photo-softening/hardening of the 

azopolymer, which we ascribe to a correspondent local photo-expansion/compression of the material.  
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Abstract: Upconversion photon avalanche has recently been shown in highly Tm3+-doped upconverting 
nanoparticles (UCNPs). However, the threshold power for this mechanism is still high, limiting its range of 
applications. In this presentation, we will discuss the advantages of using plasmonics in order to enhance photon 
avalanche. We will also present the experimental results of a design that could reduce the threshold power for such 
phenomenon by up to two orders of magnitude. 
 

Upconversion photon avalanche (PA), first discovered in 1973 [1], has recently been shown in Tm3+-doped 
NaYF4 nanoparticles excited with 1064 nm [2]. Photon avalanche begins with the promotion of an electron from 
the ground state to the intermediate state. When excited with 1064 nm, this transition in Tm3+ is weaker than the 
excited state absorption transition. Therefore, the population in the intermediate states builds up slowly in the 
beginning. However, as excited state absorption takes place, the intermediate states population multiplies via cross-
relaxation, exhibiting a rapid nonlinear growth in upconversion luminescence intensity, as shown in Figure 1 (a). 

 
 
This phenomenon has been used in applications ranging from sensing [3] to super-resolution [2]. However, so far 

it has only been obtained at high powers, severely limiting its applications. In the past, we have successfully utilized 
plasmonics as a method to enhance the efficiency of upconversion nanoparticles [4], and in this presentation, we will 
show the results of enhancing photon avalanche through plasmonics.  

 
We synthesized Tm3+-doped NaYF4 nanoparticles using the thermal decomposition method described in our 

earlier publication [4]. We then performed photoluminescence measurements under 1064 nm excitation using a 
custom-made confocal microscope. As shown in Figure 1 (b), the upconverted luminescence at 800 nm exhibited 
a highly nonlinear increase in intensity with increasing excitation power, which is a hallmark of PA [2].  
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Figure 1. (a) Upconversion photon avalanche mechanism diagram. (b) 800 nm upconversion luminescence 

intensity as a function of power density for 8% Tm3+-doped UCNPs. Inset: TEM image of core-shell 8% Tm-
doped UCNPs. Scale bar represents 100 nm. 

(a) (b)
00
00
00
00
00
00
00
00
00
00
00
00
00
00



We observed a slope s ~ 15 from the emission intensity versus excitation intensity curve, which is comparable to 
earlier reports [2]. As the excitation power is further increased, PA process saturates and the power dependence 
reverts back to being quadratic (i.e., slope ~ 2) characteristic of two-photon upconversion processes. 

 
To enhance the PA process, we use the design presented in Figure 2 (a), consisting of an array of upconverting 

nanoparticles sandwiched between gold disks and a layer of gold film. As shown in Figure 2 (b), the dimensions 
of the structure have been tuned to present a resonance at 1064 nm. FDTD simulations suggest that the absorption 
at that wavelength could be enhanced up to 630 times, which would represent a two orders of magnitude reduction 
of the threshold power for photon avalanche, as presented in Figure 2 (c). 

  

Figure 2. FDTD Simulations. (a) Electrical field distribution of a cross-section of the design presented in the 
inset. (b) Absorption enhancement factor as a function of the wavelength. (c) Comparison between the bare photon 
avalanche UCNPs and the plasmonically-enhanced ones, considering only the effects from the enhanced 
absorption factor. 
 

At the conference, we will present complete results of plasmon enhanced PA and the analysis based on the 
rate equation model and optical simulations. This work will pave the way to making PA attractive and feasible to 
a wide range of applications such as biosensing and bioimaging.  
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Abstract: We have demonstrated a conceptually new approach of quantum metasurfaces to the 
room-temperature generation of circularly polarized single photons entailing quantum emitters non-radiative 
coupling to surface plasmons that are transformed, by interacting with an optical metasurface, into a collimated 
stream of single photons with the designed spin and orbital angular momentum. 
 
Metasurfaces, i.e., ultrathin arrays of engineered meta-atoms, have attracted increasing attention due to their 
unprecedented capabilities of molding classical light [1,2]. As metasurfaces revolutionize optical designs by 
replacing bulky optical components with ultrathin planar elements, numerous compact devices have been 
demonstrated. Besides controlling classical light, metasurfaces have the potential to emerge as essential 
components for nonclassical optical fields at the single-photon level. In this talk, I will talk about a conceptually 
new approach of quantum metasurfaces to the room-temperature generation of circularly polarized single 
photons entailing quantum emitters non-radiative coupling to surface plasmons that are transformed, by 
interacting with an optical metasurface, into a collimated stream of single-photon sources with the designed 
handedness [3]. 

 

Fig. 1. Schematic of the quantum metasurface platform for the generation of circularly polarized single photons. 

Furthermore, the novel quantum metasurface enables the room-temperature generation of circularly polarized, 
well-collimated single photons carrying entangled spin and orbital angular momentum (OAM) states and 
forming two spatially separated entangled radiation channels with different polarization properties [4], as shown 
in Fig. 2. 
 



 
Fig. 2. Collimated OAM single-photon source. (A) Schematic of the deconstructed device emitting single photons carrying 
SAM and OAM. (B) 3D electric field radiation of a z-oriented dipole. (C) Analytical azimuthal phase distribution generated 
due to propagation and scattering of radial SPPs on the first winding of the HSQ spiral. (D) Experimental density matrices 
for the Bell state |𝜓⟩ on single photons. 

 
This work was supported by the Villum Fonden (grant no. 37372). 
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Abstract: Actively controllable photoluminescence (PL) is potent for a wide variety of applications from biosensing 
and imaging to optoelectronic components. Traditionally, methods to achieve active emission control are limited due 
to complex fabrication processes or irreversible tuning. Here, we demonstrate active emission tuning, achieved by 
changing the ambient humidity in a fluorescent dye-containing metal-hydrogel-metal (MHM) integrated system. 
Altering the overlapping region of the MIM cavity resonance and the absorption and emission spectra of the dye used 
is the underlying principle to achieve tunability of the emission. 
 

To showcase the active emission tuning, we integrated photoluminescent hydrogel covalently functionalized with 
Rhodamine B (RhB) as an emitter with MHM cavity as a tunable platform1. Our results reveal an active emission 
tunability by varying the thickness of hydrogel resulting in maximum emission enhancement when the MHM cavity 
resonance overlaps with both the absorption and emission bands of the emitter. The maximum emission arises from a 
combination of the Purcell effect and the excitation rate enhancement2. In addition, we also report a 
humidity-responsive PL of the emitter coupled to an actively tunable MHM cavity at room temperature. 

   
Figure1: Schematic representation of RhB dye covalently incorporated MHM devices, optical images of 

MHM samples at different humidities and their corresponding steady-state PL spectra 
 
We report active emission tuning based on emitters embedded within the PNIPAm hydrogel-based MHM device. 

The results reveal 30 nm spectral shift and significant tunability in PL intensity as a function of humidity stimulus. 
Interestingly, our structures exhibited  reversible behavior, where the initial states were retrieved back by utilizing the 
deswelling property of hydrogels3. Our approach mitigates the complex fabrication challenges to designing 
on-demand tunability. We envision that it will cater to a wide range of photonics communities requiring on-demand 
optoelectronic tunability ranging from integrated circuits to flat optics. 



 
Acknowledgement: The authors acknowledge the financial support of the Academy of Finland Flagship Programme 
(PREIN - decisions 320165). H.C. acknowledges financial support of the European Research Council (Starting Grant 
project aQUARiUM; Agreement No. 802986). D. G. acknowledges support from Finnish Cultural Foundation. K.K. is 
grateful for the Tampere University Graduate School. 

 
References 
1. Chervinskii, S.; Issah, I.; Lahikainen, M.; Rashed, A. R.; Kuntze, K.; Priimagi, A., Caglayan, H. Humidity- and 

Temperature-Tunable Metal–Hydrogel–Metal Reflective Filters. ACS Applied Materials & Interfaces 2021, 13, 
50564–50572. 

2. Ghindani, D.; Rashed, A. R.; Caglayan, H. Unveiling spontaneous emission enhancement mechanisms in 
metal–insulator–metal nanocavities. Photonics Research 2021, 9, 237. 

3. Wei, M.; Gao, Y.; Li, X.; Serpe, M. J. Stimuli-responsive polymers and their applications. Polym. Chem. 2017, 8, 
127–143.  



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Epsilon-Near-Zero Optics in Planar and Optical Fiber platforms 
 

Sudip Gurung,1,2 Aleksei Anopchenko,1,2 Christopher M. Gonzalez1,2, David Dang,1,2 Leon Zhang1, Kent 
Nguyen1, Alexander Galkin1, Tingwei Liu1, Meena Salib1, and Ho Wai Howard Lee1,2* 

1 Department of Physics & Astronomy, University of California, Irvine, United States  
2 Beckman Laser Institute and Medical Clinic, University of California, Irvine, United States 

Howardhw.lee@uci.edu  
 

Abstract: Epsilon-near-zero materials have been shown to be as one of the most promising optical materials in 
the recent years as the electromagnetic field inside media with near-zero permittivity has been shown to exhibit 
unique optical properties. I will review our recent studies on the active linear, nonlinear, and emission properties 
of conducting oxide and metallic nitride epsilon-near-zero materials. 

 
 

Discovery of novel active materials is fundamental for photonic applications. The epsilon-near-zero (ENZ) 
materials have been shown to be as one of the most promising optical materials in the recent years as the 
electromagnetic field inside media with near-zero permittivity has been shown to exhibit unique optical 
properties, including strong electromagnetic wave confinement, enhanced quantum emission near ENZ media, 
non-reciprocal magneto-optical effects, unique topological properties, and abnormally large optical nonlinearity. 
While ENZ optics have been investigated extensively in the last few years, the current commonly used ENZ 
materials suffer from limited optical enhancement because of the lack of precise control of ENZ frequency, loss, 
and thickness for efficient ENZ mode excitation. In addition, the active tunability and enhanced nonlinearity and 
emission properties in ENZ materials have yet been fully experimentally explored. 

This talk will review our recent studies on the active linear, nonlinear, and emission properties of conducting 
oxide and metallic nitride epsilon-near-zero materials in planar and optical fiber platforms [1-7]. I will present a 
method to engineer the field intensity enhancement of the Al-doped zinc oxide (AZO) ENZ thin films 
synthesized by atomic layer deposition (ALD) technique. I will then discuss the observation of abnormal 
nonlinear temporal dynamic of hot electrons and enhanced optical nonlinearity in AZO and ITO ENZ thin films 
under different pump fluences and excitation angles using a degenerate pump-probe spectroscopy technique. I 
will present the first comprehensive study of photoluminescence from a 2D material placed near ENZ films and 
its dependence on the losses of materials, as well as the spectral response of such emitters with excitation 
wavelengths across the ENZ regime. Finally, I will also discuss the first experimental demonstration of optically 
confined ENZ resonance excitation in an optical fiber waveguide uniformly coated with AZO nanolayer. These 
studies enrich the fundamental understanding of emission and nonlinear properties on ENZ thin films and the 
integration of ENZ materials and optical fiber will open the path to revolutionary ultracompact in-fiber optical 
devices for optical communication, imaging, sensing/laser applications. 

This work was supported in part by the National Science Foundation (grant number: 2113010), and Air Force 
Office of Scientific Research (FA9550-21-1-02204) (AFOSR-AOARD, FA2386-21-1-4057) 
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Abstract 
The thermo-optic dynamics of optically pumped on-chip integrated microcavities is being investigated and modelled and a 
novel form of induced transparency observed. The presented phenomenon provides a group delay as high as 0.5 µs in a silicon-
on-insulator (SOI) photonic crystal cavity at room temperature. © 2022 The Authors 
Keywords—Photonics, Nanophotonics, Integrated Photonics, Photonic Crystals, Silicon Photonics 

Discussion 
The well-proven ability of PhC cavities to confine light at the wavelength scale and related marked optical enhancement has 
become very important for non-linear optic applications, especially in weakly non-linear materials, such as silicon [1]. This 
is especially true in the case of thermo-optic non-linearities, as remarkable optical power gets absorbed in the tiny volume of 
a PhC cavity, due to its high surface to volume ratio accentuating the size-dependent thermal processes. 
For this reasons, a thorough investigation of the thermo-optic non-linearities of PhC cavities is required for their useful 
exploitation in energy-efficient devices based on on-chip bi-stability, such as in fast all-optical switches and memories [2,3].  
The thermo-optic dynamics of these PhC cavities can also give rise to more complex non-linear phenomena, such as 
Electromagnetically Induced Transparency (EIT) [4] analogues. So far, the EIT analogues presented in literature rely on the 
coherent coupling between an optical control field and mechanical [5,6] or acoustic [7] modes to achieve on-chip integrated 
slowlight capabilities. Despite these systems achieve group delays as high as few microseconds, their complicated engineering 
renders their implementation very difficult for real photonic applications. 
 
In this work, first we present a first principles thermo-optic model that fully describes the nonlinear behaviour of optically 
pumped silicon PhC cavities, achieving a very good match with the experimental results. The investigated system is an SOI 
integrated 2D PhC cavity pumped with a laser of wavelength 𝜆𝑝𝑢𝑚𝑝. The pumped microcavity is subjected to three main 
phenomena dominating its dynamics: a portion of the light coupled into the cavity is either absorbed by impurities, defects of 
the silicon lattice and surface states through Linear Absorption, or by non-linear mechanisms, such as two-photon absorption 
(TPA) and free carrier absorption (FCA). The subsequent relaxation and recombination of TPA and FCA related carriers 
generates thermal energy through photon-electron-phonon interactions, which is then transferred from the cavity to the rest 
of the material through heat conduction processes. Fig. 1 shows the normalized calculated optical energy inside the cavity in 



time for both a DA (left) and an L3 (right) PhC cavities superimposed to their respective experimentally measured response, 
highlighting the match between experimental and simulated results at both short (10 ps) and long (over 10 µs) timescales.  
 
Then we predict and the experimentally show the first demonstration of Induced Transparency based on an optical resonator 
(PhC) thermo-optic behaviour, referred to as Thermo-Optically Induced Transparency (TOIT), which arises from the system 
non-linearity associated to the heat generation and diffusion mechanisms characteristic of integrated optical microcavities [8]. 
The PhC cavity with DA design [10] was optically pumped with a pump-probe laser system, giving rise to the TOIT 
phenomenon. The presence of a pump and probe beam at different wavelengths generates a beating in the optical intensity. 
This oscillation manifests on the local temperature, which in turn modulates the control field inside the microcavity, through 
the thermo-optic effect. The generated Stokes and anti-Stokes sidebands interfere coherently with the probe, resulting in the 
attenuation or amplification of the latter, depending on the relative phase between the two fields. A theoretical analytical 
model of the TOIT phenomenon is here presented, which predicts induced absorption (or gain) in a narrow spectral region, 
with associated group delay (or advance). This model is also verified through the experimental observation of the TOIT in a 
silicon photonic crystal (PhC) cavity at room temperature, remarking its potential for integrated photonics on a SOI platform. 
The timescale of the phenomenon is governed by thermal dissipation mechanisms, which provide a bandwidth of the order of 
the MHz, with associated group delays as high as 0.5 µs. The first-order nature of the thermal dissipation process completely 
eliminates the requirement for any atomic, mechanical or acoustic resonance, also making it possible to scale the group delay 
of the phenomenon by cascading of multiple optical resonators. Moreover, the adaptability of the model to any resonator 
geometry enables the manipulation of the slow light properties of any microcavity simply by engineering its thermal response 
[9]. 

 
Figure 1 - a) experimental (purple) and calculated (black) dynamic responses of the DA PhC cavity for a laser-resonance wavelength 

detuning of 11±2pm: the normalized optical energy collected from the DA cavity is plotted against time, b) experimental (purple) and 

calculated (black) dynamic responses of the L3 PhC cavity for a laser-resonance wavelength detuning of 56±2pm: the normalized optical 

energy collected from the L3 cavity is plotted against time. 
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Abstract: Metamaterials rely on artificial assembled optical resonators, with strong interactions with light and 
local field enhancements. This presentation aims at pointing out how colloid- and polymer-based chemical 
engineering offers exciting routes to tailor the optical response, including polarizabilities and scattering diagram 
of such resonators; and transmission and absorption of their planar assemblies. We will discuss examples where 
bottom-up synthesis and assembly of tailored metallic nanoresonators leads to promising optical properties, 
specifically using self-assembled soft matter systems like emulsions and copolymers. 
 

In a first example, we aimed at optical nanoresonators with strong magnetic resonances, spectrally 
superposable with the electric resonances, which is the cornerstone for achieving Huygens scatterers. We 
synthesized clusters of gold nanoparticles using an emulsion-based formulation approach. This fabrication 
technique involved emulsification of an aqueous suspension of plasmonic nanoparticles in an oil phase, followed 
by controlled ripening of the emulsion. The structural control of the as-synthesized clusters, produced in large 
numbers, is demonstrated with microscopy and Xray scattering techniques.  

 

  
       (b) 

 
Fig 1. (a) Logarithmic polar plot of the experimental differential scattering cross-section for three gold clusters at different 
inner gold volume fractions (f ≈ 0.19, green diamonds), (f ≈ 0.27, red circles) and (f ≈ 0.46, blue squares) recorded at 
wavelength 620, 620 and 650 nm respectively. The full cyan line is the scattering of a silica nanoparticle of the same size 
(Rs = 120 nm) computed from the Mie theory and multiplied by a factor 20 for better visibility. Note the logarithmic 
radial scale in nm2 per steradian units. (b) Cryo-TEM images of a representative Au-cluster at two observation angles. The 
scale bar is 100 nm. 

 
Using polarization-resolved multi-angle light scattering measurements, we conduct a comprehensive angular 

and spectroscopic determination of their optical resonant scattering in the visible wavelength range [1]. We 



report on the clear experimental evidence of strong optical magnetic resonances and directional forward 
scattering patterns (see Fig. 1). Our findings crucially show that the electric and magnetic resonances as well as 
the scattering patterns can be tuned by adjusting the inner cluster structure, modifying a simple parameter of the 
fabrication method.  

 
In a second example, we aimed at producing thin light absorber layers, using bottom-up technologies. To 

this end, Au nanoresonators possessing heights from 5 - 15 nm with sub-50 nm diameters were engineered by 
block copolymer (BCP) templating [2]. The Au nanoresonators were fabricated on an alumina spacer layer and a 
reflecting Au mirror, in a film-coupled nanoparticle design (see Fig. 2.). The BCP nanopatterning strategy was 
tailored to achieve near-perfect absorption at ≈ 600 nm.  
 
 

 

 
Fig. 2. (a) STEM image of the Au metasurface revealing the cross-sectional profile of the fabricated bilayer absorber 
comprised of an Au reflector layer (100 nm), Al2O3 spacer layer (18 nm after 200 ALD cycles) and the rounded Au dots, with 
center-to-center distance 68 nm, diameter D = 42 nm, and Au height, HAu = 15 nm. (b) Maximum absorption as a function of 
spacer thickness as obtained by experiments (continuous lines) compared to simulations (dashed lines) when Au 
nanoresonators have an oblate ellipsoidal shape. Inset shows the cross-section of the gap plasmon absorber. 
 
 

These experimental approaches allow for the large scale production of nanoresonators and resonant thin 
films with potential uses for optical metasurfaces. 

 
We acknowledge the help of A. Bentaleb for the Xray scattering study, E. Nativ-Roth and O. Regev for the 

Cryo-TEM imaging and G. Pound-Lana and M. Zelsmann for the STEM imaging.  
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Abstract: In this talk, I will discuss the properties and applications of polarization singularities (PSs) emerging in 
the scattering fields of small particles. We show that these PSs possess interesting topological properties in both 
the near fields and the far fields. The spatial evolutions of the PSs give rise to complex morphologies of light 
polarization with potential applications in chiral sensing and optical manipulations. As an example, we 
demonstrate that the near-field PSs can generate rich degrees of freedom for small particle manipulations by optical 
force and torque. 
 

Using full-wave numerical simulations and multipole expansions, we investigated the properties of the 
polarization singularities (PSs) in real space that emerge in light scattering by subwavelength small particles (e.g., 
metal sphere shown in Fig. 1) [1]. We determined the topological indices and the trajectories of the PSs in both 
near-field and far-field regions. In the far field, the PSs have similar properties for different types of particles, and 
their topological indices are governed by the Poincaré-Hopf theorem. Multipole expansions show that the far-field 
properties of the PSs are attributed to the electric and magnetic dipoles induced in the particles. In the near field, 
the PSs are sensitive to the particle’s geometric shape and incident light's polarization, and their topological 
properties is more complicated due to the presence of longitudinal field component. 

 
Fig. 1. Lines of polarization singularities in the scattering field of a metal sphere. 

 
To explore the applications of the PSs, we then theoretically investigate the optical force and torque induced 

by near-field PSs on subwavelength dielectric/magnetic particles [2]. For the PSs of the electric field, the induced 
optical force and torque have dramatic spatial variations enabling rich patterns of optical manipulations. For the 
PSs of the magnetic field, the spatial variations of the force and torque are relatively gentle. We apply dipole 
approximations to show that the optical force is dominated by the gradient force of dipoles induced in the particles, 
and the torque is directionally proportional to the electric/magnetic spin densities.  

 
Our work uncovers the important relationship between particles' geometric/material properties and the PSs in 

the scattering fields of the particles. The results can find applications in manipulating light’s polarization, optical 
sensing, and on-chip optical manipulations of small particles/molecules. 
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Abstract: We present a non-Hermitian metasurface laser generating 100 strongly cou-
pled vortices. The internal coupling mechanism allows to tune their charges as well as to
heal defects in the system, opening new perspectives in topological optics. © 2022 The
Author(s)

The crystallization of an ensemble of vortices is a fascinating self-organization phenomenon. It results in a reg-
ular geometric arrangement of vortices that can be observed in systems ranging from nanodroplets of superfluid
helium to clusters of cyclones on the poles of Jupiter. A similar phenomenon also occurs in optics: in broad-area
lasers hosting a large number of transverse modes and a gain nonlinearity, crystallization of optical vortices can
occur spontaneously due to mutual interactions in the cavity, resulting in a vortex lattice with multiple phase sin-
gularities [1,2]. These field distributions, which have been studied since the 1990s [3], are of fundamental interest
because their formation solves a complex energy minimization problem, often involving advanced thermodynamic
arguments. However, from the point of view of topological optics, these spontaneous vortex arrays are of limited
practical use, due to the lack of control over their topological charges. On the other hand, over the last decade,
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Fig. 1. A hundred coupled lasers with a twist. a, Schematic of the laser cavity generating a hun-
dred coupled vortices. It consists of a self-imaging telescope (4 f ), a 10⇥10 metasurface array with
interstices filled with a metallic mask filtering the beams’ transmission, and a diffractive coupling
section based on the fractional Talbot effect (zT/4). The output consists of two laser arrays, with
(right) and without (left) topological charges. NF, near field; FF, far field. b, Magnitude of the cou-
pling coefficient |ki, j| between all the vortices in the array and the one located at position i. The
coupling network depends on the topological charge (`) of the array. c, Partitioning of orbital angu-
lar momentum in the two sections of the cavity depending on the metasurface array charge (`a) and
the detuning Dz of the telescope length. d, Metasurface array with a charge of 1 exhibiting a central
defect with a charge of 2 (left). When inserted in the laser, the defect charge gets healed thanks to
the mutual coupling of the vortices.



several approaches have been explored to define the topology of an optical vortex directly at the source, though
the focus has been on the generation of a single vortex beam. These schemes have progressively evolved in terms
of complexity: from mode-gain control [4], using a spot defect on a cavity mirror to produce an intensity null, to
phase control [5], embedding intracavity azimuthal phase profiles to define the vortex topological charge, to more
elaborate schemes based on non-Hermitian control [6], balancing gain and loss to induce helicity in the beam. In
our work, we demonstrate a new non-Hermitian system that allows to generate a large set of vortices and at the
same time to control their topology, providing topological charge reconfigurability and self-healing of defects [7].

Our laser consists of a large set of mutually coupled optical vortices that are subject to arbitrary topological
transformations in a closed environment (Fig. 1a). Like atoms in a crystal, the vortices are arranged in a regular
lattice and produce Bragg diffraction peaks in the far-field, testifying to their coherence. Differently from spon-
taneous vortex lattices studied in the past, in our work the geometry is rigidly fixed by a metasurface array. In
our case, the feature of self-organization can be rather transposed to the phase domain, where the vortices are
observed to spontaneously phase-lock. From this perspective one can consider the far field profile of an unlocked
array as the X-ray diffraction pattern of an amorphous material, while the far field profile of a locked array shows
the characteristic Bragg peaks of a crystalline material (Fig. 1a). The laser system combines non-Hermitian cou-
pling [8, 9], to mix the vortices, and metasurfaces conferring orbital angular momentum [10] (OAM), to tailor the
spin-orbit transformation of each vortex in the crystal. This allows us to generate optical vortices with structured
topologies on demand, which we characterize with spatial resolution over the whole array with a new parallelized
technique replacing the traditional analysis based on cylindrical lenses [7].

The metasurfaces divide the cavity into two segments, each with competing OAM loss/gain, such that by adjust-
ing the optical length of the system we can tailor the partitioning of OAM (Fig. 1c). This speaks to the versatility
of our system, in that despite the static nature of metasurfaces (i.e. a fixed design imparting a specific OAM), we
can actively tune the topology of the system. Moreover, the topology governs how the vortices couple with each
other. In particular, the amount of energy that a vortex laser transfers back to itself in a roundtrip is negligible
and the dominant contribution is given by other vortices in the array, making this a strongly coupled system (Fig.
1b). Furthermore, the internal mixing of the vortices endows the laser with built-in robustness, as shown by its
ability to heal intentional defects (Fig. 1d). The fact that the laser can respond to external perturbations and correct
them, points to its ability to manipulate information. It could be used to develop photonic simulators operating
on an orbital angular momentum basis, for both classical and quantum optics. We foresee that the scalability of
our system will lead to applications in singular optics with multi-singularity beams, spanning from parallelized
super-resolution imaging and multiparticle micromanipulation with topologically-reconfigurable optical tweezers,
to multiplexed communications with coupled channels controlled by the crystal’s topology.
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Abstract: The terahertz collective excitations of thin films of Bi2Se3 and Bi2Te2.2Se0.8 topological insulators 
are investigated by a combination of hyperspectral nano-imaging and detectorless scattering-near-field optical 
microscopy. We provide first experimental evidence for the activation of propagating sub-diffractional bulk 
plasmons polaritons and hybridized collective modes formed by the coupling of bulk hyperbolic 
phonon-polaritons with the Dirac-plasmons associated with the topological surface-states, which can support 
low-loss, highly tunable and strongly confined terahertz electromagnetic modes. 

 
Topological insulators (TI) are quantum materials which are insulator in the bulk and have metallic 

topological surface states (TSS), with linear electronic dispersion forming Dirac cones, chiral spin texture and 
protected from backscattering by the time-reversal symmetry [1]. The two-dimensional Dirac-fermions 
associated with the TSS can form collective excitations, i.e. Dirac plasmons, in the terahertz (THz) range [2], 
with promising applications including THz photodetection [3]. Rhombohedral layered compounds of bismuth 
with group VI elements as Bi2Se3, Bi2Te3 are ideal materials for investigating the TSS due their large bulk 
bandgap (100-300meV), which minimizes the contribution to the dielectric response from bulk carriers, and 
because by playing with the stoichiometry of their trinary compounds Bi2Te(1-x)Sex, the Fermi level can be tuned 
to cross the conduction band enhancing the Dirac fermions response [3] controlling their optical and electrical 
properties. Interestingly, these TI materials are endowed with bulk long-wavelength optical phonons at THz 
frequencies (50-150cm-1) giving rise to strong THz absorption resonances and identifying regions of 
hyperbolicity in which the real parts of the tangential and axial permittivities have opposite sign and the material 
can support the propagation of photons with momenta far exceeding the free-space value without evanescent 
decay [4]. The hyperbolic phonons of bismuth based TI are expected to efficiently couple THz photons to form 
hyperbolic phonon polaritons acting as low-loss waveguides for THz light [4]. 

Near-field microscopy represents a unique tool for inspecting the THz response of nanoscale materials with 
sub-diffractional spatial resolution and achieving regimes of strong light-matter interaction required for 
activating polaritons. Here we apply a combination of hyperspectral nanoimaging and single-frequency 
near-field microscopy at THz frequencies to investigate the collective excitations of Bi2Se3 and Bi2Te2.2Se0.8 thin 
films as a function of their thickness, Fig.1a Hyperspectral nanoimaging is performed coupling a commercial 
scanning-type scattering near-field microscope (Neaspec/attocube) with a time-domain spectroscopy system 
based on two photoconductive antennas (PC). The broadband spectrum of the near-field contrast in Fig.1b, is 
analysed by nanoscale tomography [6], which reveals finite contribution from the TSS in the Bi2Te2.2Se0.8 flakes 
and from bulk phonons and carriers in Bi2Se3. The THz polaritons propagation is then mapped in the real space 
by phase-sensitive detectorless near-field nanoscopy performed coupling the SNOM to THz quantum cascade 
laser (QCL) sources [7-9] at three different THz frequencies. From the periodicity of the interference patterns 



generated by the polariton propagation, we extract the polariton energy dispersions which are compatible with 
massive surface plasmons polariton in Bi2Se3, showing no thickness dependence, and to thickness dependent, 
hyperbolic phonon-polaritons hybridized with Dirac plasmons in Bi2Te2.2Se0.8, see Fig. 1c. This represent the 
first experimental evidence of THz polaritons in TI materials, providing novel insights on the interplay between 
bulk carriers, hyperbolic phonons and the surface Dirac plasmons. The observed polaritons have characteristic 
wavelengths of the order of 200-800 nm corresponding to strong mode confinement (about λ/120-λ/750, with 
λ the free-space wavelength of THz photons). Moreover, the interaction of the hyperbolic phonon-polaritons 
with the Dirac electrons from the TSS suggests that the doping can be exploited to tune the mode dispersion and 
allows for ultrafast optical control [4] by above bandgap photoexcitation to activate the hybridized modes 
opening intriguing application perspectives. 

 

Figure 1. a) Hyperspectral nanoimaging with PC antennas coupled to the s-SNOM (upper sketch) and 
detectorless near-field optical nanoscopy with THz-QCL (lower sketch); b) Near-field scattering contrast in 
Bi2Te2.2Se0.8 (red line) and Bi2Se3 (black line) and the multilayer model for nanoscale tomography; c) HP 
experimental dispersion of Bi2Te2.2Se0.8 (white cross) compared with simulations (colored map) including the 
hybridization with Dirac plasmons.  
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Abstract: In this talk, I will provide a brief summary of our work on the use of resonant structures for boosting 
long-wavelength radiation - matter interactions. 

 
 

During the last years, we have investigated the use of plasmonic/dielectric resonant antennas for applications 
in the mid-infrared (MIR) and terahertz (THz) frequency ranges [1-4]. The underlying common idea in these 
studies is to exploit the unique properties of these structures (in terms of field confinement and enhancement) to 
intensify long-wavelength radiation - matter interactions. 

 
First, we explored the coupling at THz frequencies between the phonon resonance of polar nanocrystals and 

the plasmon resonance of gold nanoantennas. When the two resonances are matched, the combined system 
presents a clear destructive interference feature in its THz far-field response. This effect was used to perform 
enhanced THz spectroscopy of a single layer of CdSe quantum dots, spin-coated over a nanoantenna array [1]. 
Furthermore, an increased coupling strength between the two resonances can lead to significant modifications in 
the nanomaterial phonon properties, as we showed in [2]. For this, CdS nanocrystals featuring a strong 
dipole-active (Fröhlich) phonon mode were employed. Via THz transmission measurements, we demonstrated 
the splitting of the coupled system resonance into two new vibro-polariton bands. By means of micro-Raman 
measurements, we also observed the modification of the CdS phonon resonance without any THz illumination, 
just exploiting the vacuum electric field of our plasmonic resonators. The possibility of altering the intrinsic 
phonon response of a nanomaterial using properly tailored nanoresonators may open new avenues for the 
manipulation of energy dissipation in nanodevices. 

 
We also investigated the use of arrays of vertical gold nanoantennas (in the form of nanocones) on a 

conductive substrate for out-of-plane electron emission [3]. We exploited a “monopole” resonance centered at 
around 1 THz. The collective electromagnetic response of the array was engineered to obtain a constructive 
interference between the scattered light from the individual nanostructures, finally resulting in a higher local 
field enhancement. Remarkably, we observed that it is also possible to preserve this “cooperative” effect for the 
case of a single nanocone surrounded by an array of microcylinders, thus ensuring an individual THz “hot spot” 
for electron emission. The designed arrays were fabricated by means of high-resolution 3D printing (Nanoscribe) 
followed by gold evaporation. As a proof of electron photoemission, we studied the electron-induced 
fluorescence of argon atoms when the structures were excited by a broadband organic-crystal-based THz source 
[5]. By fitting the experimental fluorescence data with the Fowler-Nordheim equation, we retrieved an increase 
of a factor of 2.5 in the nano-localized THz peak electric field of the cooperative nanostructures compared to that 
of a standard non-resonant nanotip. While this was demonstrated for the case of a broadband THz source, the use 
of a narrowband THz source would grant access to the full exploitation of the sharp monopolar resonance of the 



nanocones. Our approach may open the path for a new generation of THz-field driven photocathodes that can be 
designed at will and reproducibly fabricated via advanced 3D printing. 

 
Finally, we recently investigated the nonlinear performance of the phase-change dielectric material 

Ge2Sb2Se4Te1 (GSST), targeting third-harmonic generation (THG) with the fundamental light in the MIR range. 
The third-order susceptibilities c(3) of the crystalline and amorphous films were evaluated from the measured 
THG conversion efficiencies and were found to be c(3)

c
 = (3.36 ± 0.41) ´ 10-18 (m2/V2) and c(3)

a
  = (4.58 ± 0.59) 

´ 10-19 (m2/V2), respectively. Moreover, by patterning the GSST film into resonant cylinders, the nonlinear 
frequency conversion efficiency could be significantly boosted, due to the field enhancement of the pump light 
inside such structures. We designed and fabricated an array of crystalline GSST resonant antennas supporting a 
magnetic dipolar mode at the wavelength of 4.35 µm. A nearly 30-fold enhancement of THG was obtained using 
such design under resonant conditions [4]. The broadband transparency, large refractive index, high nonlinearity, 
and unique phase-change properties, make GSST metasurfaces appealing candidates for reconfigurable nonlinear 
MIR devices.  
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Abstract: Light-matter interaction enhanced by resonant plasmonic effects in gold metaatoms is exploited to 
achieve all-optical control of light with unprecedented speed. Photoinduced broadband dichroism, fully reversible 
and transiently vanishing in less than 1 picosecond, has been experimentally demonstrated in plasmonic 
metasurfaces with nanocross metaatoms. Also, we designed a nonlinear plasmonic metagrating where the 
photoinduced hot-electron symmetry breaking enables ultrafast reconfiguration of diffraction orders via control 
laser pulses. Our results pave the way for the all-optical reconfiguration of plasmonic metasurfaces. 

 
Hot electrons in plasmonic nanostructures have been the subject of intensive research, with particular interest 

to the temporal dynamics following excitation with femtosecond laser pulses [1]. However, the effects linked to 
spatial local inhomogeneities of hot electrons have been overlooked until very recently [2-7]. 

We designed a plasmonic metasurface (square lattice arrangement with ~270-nm periodicity) of C4-symmetric 
gold nanocrosses with 45-nm thickness, 60-nm width and 165-nm length of the nanocross arms. The metasurface 
was fabricated by electron beam lithography on a transparent substrate (CaF2).  

 
Figure 1. (a) Sketch of the Au-nanocross metaatom supported on a dielectric substrate. The meta-atom is excited 
with ~30-fs control laser pulses (~400 µJ/cm2 fluence) at 860 nm (red), generating hot electrons at the nanoscale. 
(b) The C4 symmetry of the nanocross is broken by the highly inhomogeneous spatial pattern of the photoinduced 
permittivity modulation on the sub-picosecond time scale. (c) Polarization-resolved analysis of the transmitted 
signal impinging on the metasurface at a time delay t with respect to the control pulse. 



Due to its high symmetry, this nanomaterial provides a polarization-independent static transmittance at normal 
incidence, characterized by a broad extinction peak at 800 nm, arising from the degenerate longitudinal plasmonic 
resonances of the two arms. Such a degeneracy can be broken by the resonant absorption of an ultrashort control 
pulse with linear polarization parallel to the direction of one of the arms (Fig. 1a).  

Indeed, photoexcitation creates a highly inhomogeneous near field, mostly because of the retardation-based 
nature of plasmonic modes in relatively large nanostructures. The inhomogeneous absorption pattern in each meta-
atom locally affects the electronic energy distribution of gold, inducing a non-uniform out-of-equilibrium hot-
carrier distribution that anisotropically modifies the metal permittivity on a time scale of 1 ps (Fig. 1b). The 
ultrafast photoinduced symmetry breaking is revealed as a transient transmission anisotropy from polarization-
resolved pump-probe measurements (Fig. 1c). The degeneracy between the two polarizations is restored in ~1 ps, 
i.e. much earlier than the onset of electron-phonon relaxation processes (taking place on the time scale of 10 ps). 

By exploiting the same approach, we designed a plasmonic metagrating with 800 nm periodicity and unit cell 
made of a bent gold nanostrip supported on a sawtooth CaF2 substrate. A p-polarized ultrashort laser pulse at 600 
nm shined at 45° angle of incidence is capable of inducing a highly inhomogeneous spatial pattern of the 
photogenerated hot electrons. The subsequent nonlinear permittivity change thus breaks the left-right symmetry 
of the cell and causes a transient imbalance between symmetric diffraction orders, for a broadband signal pulse 
impinging at normal incidence. Thanks to the high thermal conductivity of the metal, causing high speed 
homogenization of electronic temperature, the degeneracy between +1 and -1 orders is restored in about 2 ps. 

 
We also envisage potential application of our results to hot-electron harvesting, for the optimization of 

plasmon-enhanced photocatalysis and photodetection configurations thanks to a refined design, properly 
accounting for short-lived nanoscale inhomogeneities.  

These results are part of the METAFAST project that received funding from the European Union Horizon 
2020 Research and Innovation programme under Grant Agreement No. 899673. 
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Abstract: We simulate higher harmonic generation in a CdSe Quantum dot using a simple box model. The 
effect of near-field enhancement and of a space-dependent effective mass of electrons are investigated.  

 
Quantum dots (QDs) are semiconductor nanoparticles, for which quantum confinement causes considerable 

size dependent shifts of electron energies [1]. Here, we model the interaction with a strong Mid-IR pulse with a 
2.2 nm CdSe QD, which shows considerable confinement effects (shift of the original band gap energy of 
1.75eV to 2.44eV). Therefore, higher harmonic generation (HHG) in such QD is expected to show both, features 
of the optical response of individual atoms [2] and of bulk solids [3]. 

We solve Schrödinger’s equation for a simple box model being subject to a driving pulse with 4.75 µm 
wavelength and 100 fs (FWHM) duration (Fig. 1 and Fig. 2). Near-field enhancement around the dielectric 
sphere constituting the dot and a space dependent effective mass of electrons (Meff) (inside the dot 0.13 of the 
free space value) are taken into account. 

 

 
 

Fig1. Simulated HHG spectra for a 2.2 nm CdSe QD with 2.44 eV band gap driven by a 100fs pulse with 4.75 µm 
wavelength. The electric field strength outside the dot is 2.0 V/nm.  

 
We mainly investigate the perturbative regime being characterized by an exponential decay of HHG spectra 

(see Fig.1) and a polynomial power dependence with an exponent being close to the harmonic order (see Fig.2).  
Our results show that both near field enhancement and varying effective masses increase HHG considerably, 
while the effect of the first one is stronger (Fig. 2). Hence, HHG can be used to probe interfaces and the near 
field environment of semiconductor nanostructures.  



As expected the slope of emitted harmonics follows the order of harmonic number. However, for high power 
levels and close to the onset of saturation we often see an even higher exponent of growth. 

 
Fig2. Simulated fifth (H5) and seventh (H7) harmonics intensity vs laser intensity. Near -field enhancement 

and space dependent effective masses have a significant effect on HHG.   
 

In summary, we simulate HHG in a CdSe QDs for irradiation with a Mid-IR laser pulse. Our result show that 
near-field enhancement and effective mass of electron cause a significant increase of below gap harmonics.   
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Abstract: Metasurfaces based on bound states in the continuum (BIC) have recently shown tremendous 
potential for demonstrating narrow spectral resonances enhancing light-matter interaction. However, these 
modes typically require complex asymmetric geometry and feature strong polarization dependence which 
complicates the fabrication process and limits practical applications. Here, we introduce a novel concept of 
magnetic resonances on a mirror which exhibit high quality bound states in the continuum with simple geometric 
parameters requiring no broken symmetry enabling easy control and large-area fabrication of metasurfaces. 

 
 

The main limitation of metasurfaces comprising quasi BIC modes working at normal incidence is 
the requirement of broken structural symmetry. Typically, this distorts the original symmetry-protected 
BIC modes and enables small radiative leakage which results in high-Q resonance. In this work, we 
adopt a simple approach to create BIC modes by placing arrayed Si pillars supporting radiative in-plane 
MD resonances on a reflecting mirror separated by a dielectric spacer layer [1]. The evolution from 
ideal BICs to quasi BICs is controlled by metasurface-mirror distance and the size of Si pillars which 
are easily controlled in conventional fabrications, without need of the broken geometric symmetry. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1 shows our results on Si nanopillar sample fabrication using this approach. Fig. 1A shows electric 

field distribution of the magnetic dipole mode coupled to a gold film mirror. Here we have used a 100 nm thick 
thermally evaporated Au film to prevent any transmission in the sample. The corresponding resonances 

Figure 1. A, Simulated electric field distributions of the horizontal magnetic dipole mode coupled to a 
mirror. B, Measured reflectance spectra of metasurfaces with different pillar diameters. C, Retrieved Q 
factors from measured spectra and comparison with simulated results. 



measured in the reflectance mode are shown in Fig. 1 showing narrow spectral features for two representative 
metasurface arrays with different pillar diameters. The simulated and experimentally retrieved Q factors of 
metasurfaces with systematically varying pillar diameter are shown in Fig. 1C, featuring a BIC transition around 
370 nm. 
The presented metasurface platform processes spectrally selective optical absorption with narrow 
bandwidth, which can be immediately applied to applications such as hyper-/multi-spectral 
photodetection, imaging and biosensing 
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Abstract. We introduce new classes of high performance infrared hyperbolic nanomaterials based on 
self-assembled carbon nanotube metamaterials and crystalline flame-grown MoO3 nanostructures.   
 
Hyperbolic materials are unique as they support unprecedented light confinement capabilities, making them ideal 
systems for molecular sensing, thermal emission, and subwavelength imaging applications.  We present two 
new infrared hyperbolic material platforms that present new capabilities in the specification and control of 
hyperbolic optical modes.  First, we show that packed, aligned films of single-walled carbon nanotubes are 
hyperbolic metamaterials with ultra-subwavelength unit cells and dynamic tunability1,2.  Using Mueller-matrix 
ellipsometry, we characterize the films’ doping-level dependent optical properties and find a wide hyperbolic 
region tunable in the mid-infrared.  To characterize the dispersion of hyperbolic plasmon modes, we etch the 
nanotube films into nanoribbons with differing widths and orientations relative to the nanotube axis, and we 
observe that the hyperbolic modes support strong light localization.  Agreement between the experiments and 
theoretical models using the ellipsometry data indicates that the packed carbon nanotubes support bulk 
anisotropic responses at the nanoscale.  We further show that CNT hyperbolic structures can be dynamically 
tuned to modulate transmission across the infrared frequency band and be electrically driven to serve as a source 
of infrared radiation with high modulation speeds.  Second, we introduce bottom-up-synthesized α-MoO3 
structures as nanoscale phonon polaritonic systems that feature tailorable morphologies and crystal qualities 
consistent with bulk single crystals (Figure 1)3. α-MoO3 nanoribbons serve as low-loss hyperbolic Fabry-Pérot 
nanoresonators, and we experimentally map hyperbolic resonances over four Reststrahlen bands spanning the 
far- and mid-infrared spectral range (440 – 1020 cm-1), including resonance modes beyond the tenth order. The 
measured quality factors are the highest from a phonon polaritonic van der Waals structures to date.  

 

Figure 1.  SEM image, optical image, and SNOM mapping of nanoscale α-MoO3 structures. 
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Abstract: We present our work on using machine learning for the topological optimization of metasurfaces. First, 
we show that deep neural networks can be used to predict the scattering properties of metasurfaces. Subsequently, 
we demonstrate the inverse design of free-form metasurfaces using a modified CGAN machine learning method 
that balances the accuracy of desired optical properties with experimental feasibility. Our method allows 
constraints imposed by the nanofabrication to be integrated in the optimization. 
 

Metasurfaces allow us to control electromagnetic waves at a subwavelength scale, resulting in optical devices 
with nontrivial scattering response [1], e.g., holograms [2] and refocusing metamirrors [3]. Such nanotechnological 
structures consist of a two-dimensional array of thousands of meta-atoms and each of these meta-atoms needs to 
have a different, well-defined transmission (or reflection) amplitude and phase. Except for metasurfaces with the 
easiest functionalities, it is a difficult challenge to find the meta-atoms with the desired scattering response. 

Here we present our recent work on applying machine learning [4,5] to the problem of inverse design of 
nanophotonic devices, i.e., automatically generating the shape of a meta-atom for a given scattering response. We 
will show that a conditional generative adversial network (CGN) together with a classifier for fabrication 
feasibility constraints and a surrogate neural network model for predicting the optical properties is particularly 
suited for inverse design in nanophotonics [6].  

Our trained neural network is able to generate thousands of designs for meta-atoms in seconds, allowing us to 
design large-area metasurfaces with arbitrary amplitude and phase masks (in the range of parameters provided in 
the training set). All meta-atoms in such a metasurfaces can be generated without needing to run an optimization 
algorithm for every meta-atom individually. The network also has fabrication feasibility incorporated, avoiding 
the capricious designs that are obtained with some other methods. The training of the neural networks requires a 
large number of full-wave simulations obtained with a classical solver for partial differential equations. However, 
a big advantage of deep neural networks over iterative optimization methods is that these simulations are 
independent and can be run simultaneously on different computers, allowing us to take advantage of high-
performance cluster infrastructure. 
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Abstract: We discuss the use and impact of deep learning on metamaterials and metasurfaces, including both 
forward and inverse design. We show inverse results on three benchmark datasets and discuss the future of this 
exciting field. 

 
 

Deep learning has shown excellent results for the forward design of artificial electromagnetic metamaterials 
including photonic crystals, plasmonics, frequency selective surfaces, metamaterials, and metasurfaces. [1] 
Researchers have demonstrated how accurate neural network models can be used as a surrogate for forward 
design of metamaterials enabling accelerated design and dictionary search capability. [2] 

 
 We present results on an all-dielectric metasurfaces where we show both forward and inverse results using 

deep learning approaches. A physics informed neural network enforces the condition of causality through 
incorporation of a Lorentz layer, and we show novel results. We give an outlook for the challenges and potential 
of this field.  
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Abstract: We used different methods for the design optimization of waveguide arrays with subwavelength width 
and periodicity as well as metasurfaces for the manipulation of the spatial phase of transmitted and/or reflected 
microwaves. The applied methods include particle swarm algorithms, simulated annealing, but also first steps 
toward machine-learning affine approaches for optimizing metasurface structures. 

 
 

Parallel-plate waveguide arrays of subwavelength width and periodicity are well suited for manipulating the 
spatial phase of electromagnetic waves at will [1]. In order to design such waveguide arrays for specific 
functionalities, it is indispensable to apply well-aimed methods for optimizing the structures regarding the 
envisioned purpose. The same argument applies, when metasurfaces are used to tailor the spatial phase of 
electromagnetic waves that are reflected or backward diffracted from the surface [2]. 

 
Here, we use a particle swarm algorithm to implement a waveguide array wall that transmits microwaves 

with incidence angles between -80 and +80 deg with a transmittance of more than 88%, a spatial filter that 
refracts incident waves with incidence angles smaller than +/-20 deg at a refraction angle of 0 deg in the forward 
direction and a device that deflects normally incident waves at very large deflection angles in the backward 
direction. Furthermore, we design and optimize a radar cross section reducing (RCSR) metasurface by means of 
simulated annealing. The RCSR metasurface significantly suppresses backscattering for electromagnetic waves 
with incidence angles between -40° and +40° at a working frequency of 10.66 GHz and within a spectral 
working range of approximately 1 GHz. In further work, we apply machine-learning affine approaches to 
optimize the backscattering of a reconfigurable intelligent surface (RIS) at a microwave frequency of 26 GHz. 
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Abstract: Intelligent meta-imagers use learned scene illuminations to pre-select task-relevant information. To 
that end, they integrate programmable meta-atoms as trainable physical weights into an end-to-end hybrid 
analog-digital sensing pipeline. Thereby, in contrast to compressive meta-imagers, they seek purposefully 
non-isometric embeddings, and data acquisition simultaneously constitutes a first “over-the-air” processing step. 
We report proof-of-principle implementations and quantify their remarkable benefits in terms of latency.  

 
Many research groups now integrate artificial intelligence (AI) into their metamaterials research, but in order 

to reap the full potential of AI for programmable metamaterials, the role of AI cannot be limited to data 
interpretation. Instead, programmable meta-atoms should be interpreted as trainable physical weights. Then, 
hybrid analog-digital artificial neural networks can be conceived that contain both physical and digital weights, 
yielding an end-to-end pipeline that includes both physical data acquisition and digital data analysis. These 
concepts are relevant to all settings in which tailored wave-matter interaction is used to extract or transfer 
information. In imaging and sensing, programmable metamaterials are used for computational imaging. In 
wireless communication, programmable metamaterials are often referred to as reconfigurable intelligent surfaces 
and used to shape wireless channels for a desired purpose. In both scenarios, wave propagation in the scattering 
system can be intelligently tailored such that it simultaneously already performs a part of the subsequent data 
analysis. Thereby, remarkable improvements of a wide range of metrics such as latency and energy efficiency 
can be achieved. 

For concreteness, we will discuss intelligent computational meta-imaging in detail1–3. Conventional 
compressive computational meta-imagers indiscriminately acquire all scene information in a task-agnostic 
measurement process that aims at a near-isometric embedding; in contrast, intelligent computational 
meta-imagers highlight task-relevant information in a task-aware measurement process that is purposefully 
non-isometric. The measurement process of intelligent computational meta-imagers is thus simultaneously an 
analog wave processor that implements a first task-specific inference step “over-the-air”. This merging of the 
physical world of metamaterial engineering and the digital world of AI enables the remarkable latency gains of 
intelligent computational meta-imagers. 
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Abstract: Metasurfaces, two-dimensional subwavelength structures enable unique control of light with 
unprecedented applications in nano-optics. With this power comes the ever so famous curse of dimensionality 
that severely hinders intuitive control of the electromagnetic response of the individual meta-atoms based on 
their topology. In this study, we introduce a new design approach for meta-atoms using Bézier curves. The 
resulting canvas for metasurface design combined with a sophisticated deep learning framework paves the way 
for multifunctional metasurfaces. 
 
 

Continuous demand for complex photonic devices based on metasurfaces challenge researchers to 
develop new design strategies, especially when human bias limits the creativity. The traditional design 
process of metasurfaces start with defining a generic building block based on a certain geometry, for 
example rectangles [1] or circles [2]. The parameters of these geometries can then be varied to find an 
optimal design for the given problem.  
 

However, increasing functionality of photonic devices require the optimization of a number of 
parameters, thus, readily setting the stage for machine learning inverse-design frameworks. But not every 
machine learning approach handles tight requirements in a satisfying manner. Generative approaches [3], 
for example, enable excellent creative freedom for the network but fail to reach high accuracy as it is 
often required for high-performance optical components. Recently we showed that a robust tandem neural 
network can meet those requirements with the cost of parameter-freedom by designing a meta-mirror with 
a mean reflectivity of 99.993% [4].  
 

In this contribution, we show preliminary steps for a combination of both network approaches 
mentioned before. Bézier-curves are used to describe meta-atoms to ensure that fabrication constraints 
can be considered later. These meta-atoms yield a wide variety of electromagnetic response so a 
generative neural network approach should be able to find new non-intuitive topologies (see figure 1). 
These topologies could then be parametrized in a way that our tandem network framework is able to 
control the design-process with excellent precision. 

 
 
 



 
Figure 1: A possible non-intuitive design could be generated by a generative neural network. This topology is then 
described by six parameters to be controlled by a tandem neural network. 
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Abstract: In this work, hybrid metal-dielectric guided mode resonance optical transmission filters are designed 
by using a trained neural network and inverse matching method. A forward neural network is trained to generate 
a large data set of three million filter design samples for inverse matching. Then, a preliminary selection is 
implemented to reduce candidate designs. Finally, an inverse matching method with Fano functions is used to 
design hybrid filters with narrow linewidth as small as 6.8 nm in the visible spectrum. 

 
In this work, we propose an inverse matching method using a deep learning neural network to design hybrid 

guided mode resonance optical filters. First, a four-layer forward neural network is well trained and replace finite 
difference time domain numerical simulations to predict filter spectra accurately and quickly. Then, a large data 
set of three million design samples are generated by the forward NN for inverse matching. Filter peak 
wavelength and spectral linewidth acting as two target parameters are used to down-select a small sample set for 
inverse matching, which reduces significantly the matching time and memory required. Finally, Fano resonance 
functions are used to match against the small sample sets to find an optimal filter design. Hybrid optical 
resonance filters with narrow linewidth as small as 6.8 nm in the visible spectrum are designed by the inverse 
matching method. Compared with the parameter sweeping method [1], our inverse matching approach with Fano 
functions avoids inefficient parameter sweeping and tuning. Our approach also has advantages over tandem 
networks [2, 3] where both forward and inverse networks need to be trained. Our inverse matching method using 
deep learning neural network is applicable for designs of other photonic devices. 

                                                            
References 
1. Z. Wang, R. Zhang, and J. Guo, "Quadrupole mode plasmon resonance enabled subwavelength metal-dielectric grating 

optical reflection filters," Opt. Express, Vol. 26, No. 1, 496–504, 2018. 
2. D. Liu, Y. Tan, E. Khoram, and Z. Yu, "Training deep neural networks for the inverse design of nanophotonic 

structures," ACS Photonics, Vol. 5, No. 4, 1365–1369, 2018. 
3. S. So, Y. Yang, T. Lee, and J. Rho, "On-demand design of spectrally sensitive multiband absorbers using an artificial 

neural network," Photon. Res., Vol. 9, No. 4, B153-B158, 2021. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Inverse Design and Machine Learning for Passive and Active Metasurfaces 
 

Mohammadrasoul Taghavi1, Samad Jafar-Zanjani1, and Hossein Mosallaei1* 
1 Department of ECE, Northeastern University, Boston, Massachusetts 02115, USA 

*corresponding author: hosseinm@ece.neu.edu 
 
Abstract: Metasurfaces have been of great interest for various applications thanks to their full control over the 
light-matter interaction with nanoscale building blocks. Increasing demand for multifunctional compact photonic 
metasurfaces necessitates proper utilization of inverse design and optimization methods for achieving desired 
characteristics. We illustrate our recent works in this area on utilization of optimization and Machine learning to 
passive and active metasurfaces, namely for inverse design of all-dielectric large-scale metasails and active 
plasmonic metasurfaces.    
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Abstract: We demonstrate extraction of spatially dependent material parameters by using unsupervised neural 
network in learning the data structure of the wave propagating data from a given wave equation. A 2D spring 
mass model is used to image mass or modulus distribution, as a simplified model for acoustic imaging. The 
approach facilitates the discovery of spatially dependent differential equation coefficients and can be applied 
to different waves, without prior knowledge of scattering mechanism and is applicable to inverse scattering 
with metamaterials. 

Variational autoencoder (VAE), one of the well-developed unsupervised learning methods, have been 
introduced to study physical phenomena regarding the capability of finding latent representation merely from 
measurement data. Recently, the extraction of constant parameters from physical systems governed by partial 
differential equations, such as diffusion equation, the Schrodinger equation, and the nonlinear wave equation 
has been demonstrated [1,2]. By utilizing the VAE method for feature extraction in an unsupervised learning 
manner which can save the computational cost, we can extract the space-varying material parameters from the 
measurement data automatically and transform them to structural images in different physical systems.  

Here, we demonstrate that by combining the variational autoencoder method with a regression process, it 
can be used to obtain the material image profiles directly from propagating wave data, extending the discovery 
of constant differential equations coefficients to spatially varying ones. The schematic is shown in Figure 1(a). 
For simplify while without losing generality, we use a spring-mass lattice as a simplified model relevant to 
acoustics imaging applications. The system consists of the spatially distributed springs with spring constants 
ki, and the atoms with mass mi, interconnected in a two-dimensional network (5×5 masses) with a hard 
boundary at the ends of all suspended springs. A force Fi is applied at atom i to excite the system, where they 
are applied at the left and lower boundary atoms in our case, then the displacement of atoms {xi(t)} can be 
obtained by solving the dynamic wave equations for the damped oscillators below: 

𝑚𝑖𝜕𝑡2𝑥𝑖 + 𝑏𝜕𝑡𝑥𝑖 + ∑ 𝑘𝑖𝑙𝑥𝑙 = 𝐹𝑖𝑙                              (1) 
where b is the damping factor fixed at 0.05 kg/s, and the kil represents the spring constants between atom i and 
l. The displacement {yi(t)} in y direction also exists but are not shown here for brevity. Next, the wave 
propagation data numerically generated from different randomly generated material configurations (spring 
constants or masses, generically labelled by pi here), are fed to the β-variational autoencoder (β-VAE) [3] for 
the training process. In the unsupervised training approach, β-VAE has capability to extract the feature 
representations and store them in the latent variables Lj (with mean μj and variance σj

2), which can detect the 
degree of freedom in the physical system, and then reconstruct them to the output {xi

(r}(t)} as closely as possible 
to the original input wave data. The loss function of β-VAE is: 

||𝑥 − 𝑥(𝑟)||
2

2
+ 𝛽∑ 𝐷𝐾𝐿[𝒩(𝜇𝑗, 𝜎𝑗2)||𝒩(0,12)]𝑗                       (2)                                                    

The first term is the mean-square error for the reconstruction loss, and the second term means the Kullback-



Leibler divergence to minimize the difference between the probabilistic distribution of Lj and the 
independent unit Gaussian distributions 𝒩 (0, 12). β is a hyperparameter to balance the reconstruction 
quality and the disentanglement capability of latent variables. After the network is well trained, the features 
representations related to the material profiles in the system, are stored in the latent variables. By adopting 
a regression processing shown in the schematic, the extracted latent variables can be mapped to the material 
images of the spring constants or masses. In essence, the image is reconstructed from propagation wave data. 

As an example in the 2D spring-mass model, we vary the masses mi with uniform distribution from 0.5 
to 1 kg with the fixed spring constant of 1 kg/s2, and the time-series data in the first 10 s for different mass 
configurations are collected. After the training and the regression stages, we obtain 25 latent variables and 
transform them to the structural parameters. In the testting phase, we generate the wave propagation data 
from four different configurations and add 10% Gaussian noise to it, where some masses are set to 0.6 kg 
in contrast to the background mass of 0.9 kg, which can form the letters [“1”,”2”,”3” and “4” in Figure 1(b)] 
to show. The measured material profile images from the corresponding propagating wave data, in Figure 
1(c), shows the imaging quality is high with all the accuracy being higher than 96%. This result suggests 
our approach is robust against noise and can image the material parameters well in the system, even the 
material profiles are not accessible for network in the training phase. We note that this approach can be 
generalized to more degrees of freedom and is not limited to spring-mass system, the idea of identifying the 
physical concepts from experimental data can be easily extrapolated to other topics in acoustics, photonics 
or even wider regimes as long as sufficient training data can be provided. Hence, this unsupervised machine 
learning approach could be applied in more general contexts than imaging and could offer potential as a 
universal tool to facilitate the understanding of complex physical systems. 
 

Figure 1. Acoustic imaging approach and results. (a) Unsupervised material image-discovery process. (b) Input of 2D 
masses profiles with fixed spring constant. Some masses are set to 0.6 kg in contrast to the background mass of 0.9 kg 
to form the designed profiles. (c) Measured mass profiles from the unsupervised learning approach. All the accuracy 
are higher than 96%. 
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Abstract: We study surface acoustic wave (SAW) propagation in plant-derived materials composed of 
decellularized plant cells scaffolds. Laser-based opto-acoustic techniques are used to excite and measure MHz 
acoustic waves in these biocomposites. We demonstrate that these bio-derived structures behave as an organic 
phononic material, with the presence of bandgaps due locally-resonant phenomena.  
 

 
The development of sustainable and multifunctional materials derived from the biomass has become a 

high-priority due to concerns over anthropogenic climate change, widespread chemical pollution, and reduced 
supplies of natural resources. Plant-derived materials offer unique solutions to fulfill this demand due to their natural 
abundance, self-growing capacity, functional diversity, and high responsivity to external stimuli. While plant 
technology has started to gain momentum in photonics and soft electronics, it has not yet met phononics. In this work, 
we study the phononic behavior of plant composites composed of decellularized plant cells scaffolds. To fabricate the 
biophononic materials, we used a fresh onion bulb. We peeled-off onion scales from the onion bulb, adhered them to a 
gold-coated glass substrate, and left them to dehydrate. After dehydration, we obtained a micron-thick 
honeycomb-like structure from the remaining cell walls that constitute the bottom of the onion scale and the vertically 
protruding walls (Fig. 1a). To study the interaction of acoustic waves with this plant-derived structure, we illuminated 
the bottom of the metal film with a pump laser pulse. The subsequent rapid thermo-elastic expansion in the gold film 
generates propagating Surface Acoustic Waves (SAWs) with a broad MHz frequency spectrum. We used a continuous 
CW probe beam to monitor the propagation of these waves. The acoustic-induced surface ripples caused deflection of 
the probe beam, which we monitored in the time domain.  

 

 

 

Figure 1. (a) Honeycomb-like structure of decellularized plant cells scaffolds with a superimposed illustration of 



a propagating surface acoustic wave. (b) MHz phononic spectrum of the plant structure showing the presence of 
a phononic bandgap due to locally resonant cell walls.  

 

Using this time-domain photo-deflection setup, we measure the acoustic dispersion curves in these 
bio-composites. We observe an avoided crossing behavior due to the coupling of surface waves with local resonances 
of the vertical cell walls in the organic layer, which opened a wide gap around 170 MHz (Fig. 1b). In addition, we 
showe that the features of these locally resonant phononic band gaps can be phenotypically tuned by selecting plant 
scales at different developmental stages, whereby the microstructure of the walls varies as a function of the growth 
stage of the cells. We anticipate these findings can enable novel, self-grown, and genetically-tailorable phononic 
materials for the manipulation of high frequency elastic waves. 
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Abstract: A single port SAW resonator is designed, due to its simplicity, a method for extracting the reflection 
coefficient of its mirrors is developed. Through this method, the mirror response as a function of different 
periodic electrical boundary conditions is studied and tunable Bragg band gaps as well as bands of high 
reflection coefficient due to local resonances of the mirror electrodes are shown. 

 
 

The present work concerns the development of commutable surface acoustic wave (SAW) devices pour 
telecommunication systems. Frequency bands for wireless communication are separated into frequency channels. 
Classically, a unique pass-band filter is needed for each channel that the receiver can address. The use of 
commutable pass-band filters which can address multiple frequency bands would allow for a significant 
reduction of the size of communication systems1. SAW filters are commonly used for these applications, they are 
generally composed of inter-digital transducers inside of a cavity delimited by Bragg mirrors which allow the 
formation of resonant cavities in certain frequency band. These mirrors are formed by deposition of periodically 
spaced electrodes on the surface of a piezoelectric substrate. 

The mirrors can thus be seen as 1-D phononic crystals which present a Bragg band gap where propagation of 
elastic waves is prohibited. Recent results2 show that for periodic structures composed of elastic/piezoelectric 
materials (piezoelectric phononic crystals), the band gap frequency can be modified by the application of 
periodic electrical boundary conditions. This Electrical Bragg Band Gap concept will be used to allow the 
commutability of SAW devices. A single port SAW resonator on LiNbO3 substrate and working frequency of 
around 400 MHz was designed and finite element simulations were used to study the evolution of its resonance 
frequency as a function of the electrical boundary conditions of the electrodes that make up the Bragg mirrors. 
The potential "agility" of the resonator is discussed. Calculation of the reflection coefficient of the mirrors 
through finite element simulations allows us to showcase both the Bragg band gap whose center frequency can 
be controlled as well as other frequency bands of high reflection coefficient which are associated with local 
resonances of groups of electrodes when appropriate periodic boundary conditions are imposed on the 
electrodes.  
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Abstract: We study the propagation of transverse-rotational waves in a granular crystal in which the shear 
stiffnesses are spatiotemporally modulated by a longitudinal propagating wave. Asymmetric wave propagation is 
investigated as well as one-way conversion and transmission. The combination of different polarized waves and 
the potential of strongly nonlinear behavior opens the way for the construction of novel nonlinear mechanical 
metamaterials. 
 

Granular crystals are periodic arrangements of elastic particles (spheres in our case) in contact. 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 via 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, the spheres in contact interact through both 
central and non-central forces. As a result, one should take into account not only the normal contact stiffness but, 
also the tangential and torsional ones, and rotational degrees of freedom. This lead to the presence of pure 
rotational modes [1] and coupled translational-rotational modes [2-5], for example. In addition, a key feature of 
granular media is the strong nonlinearity stemming from the geometry of the contact between particles, which 
has been shown to enable a plethora of nonlinear dynamical processes. Granular phononic crystals have recently 
played a important role in the study of fundamental nonlinear wave phenomena, such as discrete breathers [6] 
and have been applied in various engineering devices, such as acoustic rectifiers [7, 8]. 

 
In this study, we will use a specific amplitude dependent interaction between the different wave 

polarizations to achieve a space and time modulation of the shear stiffnesses by a longitudinal propagating wave. 
The characteristic parameters of the modulation (shape, velocity, wavelength, amplitude) are directly governed 
by the longitudinal wave propagation characteristic, i.e. its dispersion.  

Therefore, this system supports asymmetric propagation phenomena such as mode conversion and 
unidirectional transmission for transverse-rotational waves. The combination of different polarized waves and 
nonlinear behavior opens paths for the construction of novel nonlinear mechanical metamaterials for the control 
of elastic wave propagation. 
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Abstract: The trimer Su-Schrieffer-Heeger model is the simplest extension of the well-known Su-Schrieffer-
Heeger model model. Due to the absence of inversion and chiral symmetry, ordinary Zak’s phase cannot be used 
to establish bulk-edge correspondence. Here we utilize the sublattice Zak’s phase instead, which has been 
successfully employed towards a bulk-edge correspondence, and explore possible applications to acoustics with the 
use of waveguides with alternating cross-sections. 
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Abstract: Among other possible designs, metamaterials constructed from ensembles of meta-dipoles emerged as 
a flexible platform to redirect wave fields. We present an acoustic PT-dipole constructed from two Helmholtz 
resonators with different losses for such acoustic metamaterials. We explore dipole ensembles in a two 
dimensional space to either concentrate the field in a predefined area or create a silent area. Numerical 
simulations agree with experimental results and confirm the sound directivity created by the PT-dipole 
ensembles.  
 

Non-Hermitian metamaterials introduce new possibilities for the smart manipulation of waves. An 
exceptional property of non-Hermitian systems is the symmetry breaking. This property allows asymmetric 
coupling of waves and can induce directivity fields. Discrete non-Hermitian potentials can be generated by using 
spatially localized non-Hermitian elements and the minimal element is a non-Hermitian dipole introducing an 
asymmetric scattering [1]. In this way, ensembles of asymmetric dipoles separated by subwavelength distances is 
a simple method of constructing non-Hermitian metamaterials to manage the field flow. The desired directivity 
field can be generated by designing the dipole orientations depending on their spatial position (Fig. 1 a)). Our 
study is limited to a two dimensional space, although the same analysis could be applied to the full 3D space. 

 
Among non-Hermitian potentials, Parity-Time (PT) symmetries induce the maximum asymmetry in the 

coupling of the wave field. An acoustic PT-dipole can be simply constructed from two Helmholtz resonators 
(HR) with different losses.  

 
We start studying the scattered acoustic pressure field in a 2D space when an input pressure field is applied 

to a HR with given parameters. Its response is characterized as a function of the position from the resonator and 
the wave frequency. In the same way, we analyze the scattered field from the PT-dipole created by two HRs with 
different gain/loss coefficients placed close to each other. In this case and for given PT-dipole parameters, the 
scattered field becomes inhomogeneous and asymmetric in the direction of the dipole axis, and is characterized 
by the angle of the incident wave in respect of the dipole axis (Din) and the angle of the scattered wave (Dout) (Fig. 
1 b)). The asymmetric scattering creates a directivity in the coupling that can be quantified as the ratio between 
the total power scattered to the Neutral HR side and the one scattered to the Loss HR side. This directivity is 
positive for frequencies below the HR resonant frequency and negative above resonance [2]. 

 
Ensembles of such acoustic PT-dipoles enable to create directivity fields for the redirection of sound waves. 

A simple set up to confirm the effect is a circular arrangement of 6 identical dipoles to produce field 
concentration or a silent area inside the circle. The sound generated by the source is confined in the 2D space by 
two parallel plates where the HR are located (Fig. 1 c)). Sound intensity is measured in many spatial positions to 



obtain the field distribution around the ensemble of dipoles. The field intensity integrated inside and outside the 
circle for the two configurations differ for PT-dipoles with the lossy HR outside and the flipped configuration, 
with the lossy HR inside. They respectively generate field distributions ( )Pc r  and ( )Pd r , and the resulting 
field concentration asymmetry between both configurations is computed by their Ratio: 
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that is plotted in Fig. 1 d). Positive values for frequencies below resonance correspond to a field concentration, 
while negative values above resonance correspond to a silent area inside the circle. 
 

    
 
Figure 1: a) Scheme of a non-Hermitian discrete potential made by tilted PT-dipoles for field control. b) 

Scattering of an acoustic PT-dipole dependent on the incidence angle αin and observation angle αout. c) Setup 
scheme, HR ensemble and 3D-printed Helmholtz Resonator. d) ratio as a function of the incident frequency. 
 

In conclusion, we show how particular arrangement of such PT-dipoles distributed in a plane can indeed lead 
to field concentration into predefined areas or to decentralization (silencing), depending on the configuration. 

The experiments provide confirmation of a non-trivial sound directivity control for a two-dimensional sound 
pressure field on the base of non-Hermitian physics.  
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Abstract 
In the search for lightweight and compact partitions with both 
favorable vibro-acoustic characteristics and load-carrying 
capacity, an increasing trend towards double-leaf panels with 
structural metamaterial cores is emerging. Generally, these 
partitions are designed and analyzed by only considering the 
attenuation along the structural path, disregarding the 
influence of the air inside. This work investigates the impact 
of the air in these partitions on their performance, which 
reveals that the acoustic path needs to be included during the 
design phase.  

1. Introduction 
Double-leaf panels with structural metamaterial cores try to 
combine the extraordinary noise and vibration performance 
of structural metamaterials with the favorable static stiffness 
structural cores can bring in sandwich configurations. Until 
now, the performance of these configurations is often 
designed and analyzed while only considering the structural 
connection. Recently, Gazzola et al. [1] have taken a first step 
towards understanding the influence of the acoustic path by 
investigating its impact on the mass-spring-mass frequency 
of the double-leaf partition. In this work, the impact of the 
acoustic path on the sound transmission loss (STL) is 
investigated in the frequency range of improved performance 
targeted by the structural core. This paper first elaborates on 
the applied methodology, after which the results are 
discussed in terms of the STL and wave mode contributions. 
Conclusions are given in the final section. 

2. Methodology 
The STL is defined as follows: 

𝑆𝑇𝐿 = −10 log10(𝜏) 
in which 𝜏 is the total sound transmission coefficient. To gain 
insight into the STL and to be able to link the STL to the 
wave propagation in the infinite periodic double-leaf 
partition, this work uses the methodology of [2] in which the 
STL is decomposed in terms of the wave modes. In this 
methodology, the STL, dispersion curves and contributions 
of the wave modes to the sound transmission are determined 

simultaneously. A sound transmission coefficient 𝜏𝑗 for each 
wave mode 𝑗 is derived: 

𝜏𝑗 =  ∑ ∑
𝑅𝑒(𝑘𝑧,𝑚𝑛)

𝑘𝑧,𝑚𝑛
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in which 𝜙𝑗 is the 𝑗th wave mode,  𝑘𝑧,𝑚𝑛 is the wave number 
for the ( 𝑚, 𝑛 )th acoustic wave harmonic and 𝑀𝑚,𝑛  is an 
integration matrix over the output transverse displacements. 
Next, a relative contribution for each wave mode 𝑗 is defined: 
                                          𝑍𝑗 = |

𝜏𝑗

𝜏
|.  

3. Results 
Consider the example of an infinite double-leaf panel 
consisting of two steel plates (𝐸 = 210GPa, 𝜌 = 7800kg/m3, 
𝜈 = 0.3) and a core of periodically spaced structural mass-
spring chain metamaterial connections (Fig. 1). The impact of 
the acoustic connection on the performance of this structure 
is investigated in more detail in the following sections in 
terms of the STL and wave mode contributions while 
considering in the core (i) only the structural path, (ii) only 
the acoustic path and (iii) both the structural and acoustic path.  
 
 
 

 
Figure 1. Unit cell of a double-leaf panel with mass-spring 

chain metamaterial core with geometrical details. 

(1) 

(2) 

(3) 



2 
 

 
3.1. Discussion on STL 

The STL of the periodic partition while considering the 
different cores, is shown in Fig. 2. When considering only the 
structural part of the core, a significant increase of the STL is 
suggested after the decoupling frequency of 1000 Hz caused 
by the metamaterial core (solid blue line), far larger than what 
would arise for a double-leaf partition with only an air gap 
(dashed red line). However, when also considering the 
acoustic path in the double-leaf with structural metamaterial 
core, it is evident that the air has a detrimental effect on the 
STL improvement (dotted yellow line). This is caused by the 
fact that the transfer path of least resistance is followed: 
although the structural metamaterial core enables a 
decoupling along the structural path, transmission via the 
acoustic path will dominate the STL. The observed behavior 
is further investigated via the dispersion curves of the 
structure and the wave mode contributions which dominate 
the sound transmission. 

3.2. Discussion on wave mode contributions 

When considering only the acoustic part in the core (Fig. 3a), 
one acoustic mode and two structural bending modes are 
present with the acoustic mode dominating the sound 
transmission. When considering only the structural part in the 
core (Fig. 3b), the in-phase and out-of-phase structural 
bending mode alternately dominate the sound transmission. 

Now, when both the acoustic and structural part in the core 
are considered (Fig. 3c), the vibro-acoustic dispersion curves 
are a combination of the purely structural and acoustic core 
dispersion curves. At low frequencies, the in-phase structural 
bending mode dominates the sound transmission. This 
corresponds with the observations of the STL (Fig. 2): at low 
frequencies, the structural core will dominate the mass of the 
system, hence the corresponding mass-law is followed. Going 
towards (I), the out-of-phase structural bending mode 
hybridizes with the acoustic mode. Between (I) and (II), the 
acoustic mode dominates. Between (II) and (III), the in-phase 
structural bending mode dominates the sound transmission. 
The STL indeed follows the STL of the purely structural core 
in that frequency region. However, above (III), the acoustic 
mode is dominant. Starting from that point, the STL follows 
the STL of the purely acoustic core while completely 
bypassing the structural connection between the plates. Thus, 
the interesting STL improvement due to the structural core is 
nullified by the acoustic connection. 

4. Conclusions 
This study shows that the acoustic path in double-leaf panels 
with structural metamaterial cores cannot be neglected 
during the design because the performance will be 
determined by the path of least resistance as revealed by the 
wave modes which dominate the sound transmission. 
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Figure 3. Dispersion curves with the wave mode contributions (𝑍𝑗) normalized per frequency (red represents highest 
contribution) while considering in the core: a) only the acoustic path, b) only the structural path, c) both the structural 

and acoustic path. (I), (II) and (III) represent the consecutive dips observed in the STL with the structural-acoustic core. 

Figure 1. STL of the corresponding infinite periodic partition 
considering of the double-leaf with (i) only structural, (ii) 

only acoustic and (iii) structural-acoustic core. 
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Abstract: By using a zero-mass metamaterial, we demonstrate the possibly of achieving subwavelength acoustic 
images based on the extraordinary acoustic transmission (EAT) phenomenon. A sub-wavelength diameter 
membrane is mounted on the extremity of an air-filled tube, allowing the experimental imaging of features with 
a lateral size 25 times smaller than the acoustic wavelength. Finite-element simulation and theoretical model 
confirm the role of the acoustic inertance in obtaining subwavelength resolution. 2D topography images are 
presented with different samples. Applications include nondestructive testing. 

 
 

Acoustic imaging with a spatial resolution below the diffraction limit has become a subject of great interest 
in recent decades with the advent of metamaterials [1-3]. At the same time, the development of extraordinary 
acoustic transmission devices (EAT) has shown the possibility of focusing acoustic energy to areas much smaller 
than the wavelength used [4-6]. However, to our knowledge, the principle of EAT has never been used for 
imaging applications despite its potential to improve the resolution of acoustic microscopes. In this work, a new 
prototype of an acoustic microscope operating in air in the near field and in the audible regime is presented. This 
exploits the extraordinary transmission capabilities of a zero-mass metamaterial. By using a simple measurement 
of the reflection coefficient inside an air-filled tube containing a conical tip closed with a sub-wavelength 
membrane (Fig.1), we show experimentally that it is possible to obtain a lateral resolution of about 1 cm, ∼25 
times lower than the operating wavelength (λ = 25 cm) at 1400 Hz in air.  

 
FIG. 1 EAT-based acoustic microscope. Schematic diagram of the zero-mass metamaterial probe. 
The reflection coefficient of the tensioned membrane is measured inside the waveguide with a probe 
microphone. 

 
To fully understand the membrane interaction with the imaged object, we conduct a numerical simulation based 
on finite-element modelling. In addition, the reflection coefficient at the membrane was modelled by means of a 
lumped element model [7] based on the acoustic impedance of the tube and the membrane. This theoretical 

Near-field acoustic microscope for sub-wavelength imaging based
on extraordinary transmission in zero-mass metamaterials
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Abstract— Using the principle of extraordinary transmission through a zero-mass metamate-
rial, 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 coe�cient measurement. This method allows one to work at high res-
olution 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

loudspeaker

anechoic wall

hole with tensioned membrane

object

z 

x

y 

Figure 1: Schematic diagram of the experimental setup. The reflection coe�cient 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 fre-
quency 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
coe�cient 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 coe�cient. To verify this principle, the modulus
of the acoustic amplitude reflection coe�cient |R| was experimentally determined from the standing
wave ratio (SWR) using a probe microphone in the tube.



analysis shows that the EAT-based microscope is essentially controlled by the acoustic inertance. Figure 2 shows 
the modulus of the acoustic reflection coefficient as a function of the object distance from the microscope tip 
along the z axis. Results are obtained with the experimental setup, the FEM analysis and the theoretical model 
with and without an object in front of the membrane. 

 
 
FIG. 2 Metamaterial probe response as a 
function of the axial object position. Modulus 
of the reflection coefficient obtained with the 
experimental setup and compared to FEM and a 
theoretical model based on lumped elements. 
 
 
 

We find that the depth of field is limited to approximately 3 times the membrane diameter because of the 
extreme near-field nature of the probing. The simulations under-estimate the sensing range along the z-axis, 
whereas the theoretical model over-estimates the sensing range. 
 We have tested the capabilities of this device by application to 2D topographic imaging of wood and rubber 
samples. The results show the possibility of obtaining a quantitative sub-wavelength-resolution topographic 
image of a surface as well deducing information on the acoustic reflection coefficient of the sample. Microscopy 
based on the principle of extraordinary transmission should open up new perspectives in the fields of non-contact 
imaging and non-destructive testing. 
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Abstract: We report on a passive elastic metastructure that performs binary speech classification. The 
metastructure is a 7x7 lattice of plate resonators, fabricated using silicon micromachining technology. It can 
distinguish between pairs of spoken words with an (experimental) accuracy exceeding 90%. This is possible with 
novel design methods combining machine learning and reduced-order modelling. We expect to initiate a new 
research direction in intelligent phononic metamaterials and to enable a new class of zero-power (batteryless) 
Internet of Things devices. 
 

Phononic metastructures allow an unpredecented level of control over elastic wave propagation. However, 
artificial intelligence tasks such as speech recognition are still the exclusive domain of digital electronics. In this 
talk, we will discuss our recent experimental results [1] showing that a properly designed passive elastic 
metastructure can perform binary speech classification without requiring an external power supply.  

 
To accomplish this goal, we look at the elastic metastructure as an artificial neural network, where each 

metamaterial site corresponds to a ‘neurone’. This requires moving away from conventional periodic 
metamaterials and considering an entirely aperiodic design, where each site has different geometric parameters. 
The optimal parameters are identified using time-reversal simulations [2] on a training dataset. To be able to 
simulate a design with this level of complexity, we use the perturbative metamaterials [3] design approach. This 
approach allows us to accurately represent a finite-element model containing millions of degrees of freedom 
(DOFs) using only 49 DOFs, provided that our operation is restricted to a small range of frequencies and that the 
metamaterial sites interact weakly. We optimize our structure using the Google Speech Commands dataset, 
containing a large number of speakers with different gender and accent. The metamaterial is fabricated in a 
cleanroom using silicon micromachining and measured with laser doppler vibrometry. The experimental 
accuracy closely matches the theoretical predictions. 
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Abstract:  In the context of water waves, we present a theoretical and experimental study of a resonator with  

deep subwavelength resonance, analogue to the Helmholtz resonator in acoustics. As its acoustic analog, this  

resonator can be used as the building block of devices able to control the energy flow of the swell. We illustrate  

its capability to reduce the transmission up to almost zero at a single frequency. 

As an Helmholtz resonator in acoustics, our resonator is connected to the exterior thanks to a thin neck 

providing  the  mass  in  the  mass-spring  picture  (see  Fig.1).  The  spring,  given  by the  air  compressibility in 

acoustics, is provided by the dynamical boundary condition at the free surface within the cavity. 

An experimental demonstration of the shielding effect by a belt made of evenly distributed resonators is 

given. This shielding effect is shown in Fig.2 with the minimum of the transmission for a specific frequency. We 

then provide in-depth analysis of the Fano resonance resulting from the interference between the dock scattering 

(the background) and the resonant cavity scattering. This is done thanks to space–time resolved experiments 

which provides the complex valued scattering coefficients and amplitude within the resonator. 

We provide a one-dimensional model derived in the shallow water regime owing to asymptotic analysis. The 

model contains the two ingredients of the Fano resonance and allows us to exhibit the damping due to leakage.  

When adding heuristically the damping due to losses, it reproduces the main features of the resonance observed 

experimentally (Fig.2). Those results are reported in Euvé et al.1,2.

Figure 1: Picture of the experiment showing the resonator geometry in a wave guide. 

The red arrow indicates the direction of the incident wave.
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Figure 2: Transmission (left) and reflection (right) coefficients versus the incident wavelength. 

Circles show the experimental measurements; dashed lines show the numerical results without 

losses and plain lines the numerical results with losses within the cavity.

L.-P.E., V.P., P.P. and A.M. thank the support of the start-up Bluerium. K.P. thanks the support of the Agence  
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Employing metamaterial concepts for seismic isolation 
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This work presents the design, modeling and experimental validation of novel seismic isolators, 
which mimic the mechanics of human locomotion. We discuss their potential for the design of next-
generation, tunable seismic isolators that can be fully or partially manufactured through additive 
manufacturing. 
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Abstract: A direction-dependent mechanical metamaterial is designed which can control longitudinal waves in 
one direction and transverse waves in exactly opposite direction simultaneously as well as independently both in 
time and frequency domains. Time-dependent inverse problems to reduce second harmonics (2f = 4 MHz) and 
also maximize fundamental harmonics (f = 2 MHz) by maintaining maximum power of a short Gaussian pulse as 
the second objective are proposed and solved using gradient-free algorithms. Designed metamaterials show 
promising applications in nonlinear ultrasonics. 

 
Introduction 

The harmonic generation technique is used to get more insights into the early-stage damages introduced 
inside the metallic solids through nonlinear ultrasonic testing. Measuring amplitude of the 2nd harmonics has the 
utmost importance as it can be correlated to the intensity of early-stage damages, whereas due to instrumentation 
system generated 2nd harmonics masks the true response [1]. To unmask the real response mechanical 
metamaterials are designed which can stop system generated 2nd harmonics (2f = 4 MHz) and pass the 1st 
harmonics (f = 2MHz) before the power amplified wave is passed through the metal for testing.  

Previous work by the author demonstrates controlling only longitudinal waves [2], in this study a single 
metamaterial that can control both longitudinal and transverse waves based on their direction of wave 
propagation (Fig. 1) is inversely designed by proposing time-dependent multi-objective constrained optimization 
problems and solving them using gradient-free algorithms. The optimization problems are solved by defining 
two sets of time-dependent multi-objective functions like minimizing only 2nd harmonics of both the longitudinal 
and transverse waves (Objective 1) and trying to maintain the shape of the output Gaussian pulse (f = 2 MHz) 
along with maximizing power of both the longitudinal and transverse output short Gaussian pulses (Objective 2, 
min-max problem, corresponding results are not presented here).  

   

  
Figure 1 Schematics of mechanical metamaterial showing the 
propagation of longitudinal from left to right and transverse wave from 
right to left. Input longitudinal and transverse waves are recorded at S1 
& S4 respectively. Similarly, output responses of longitudinal and 
transverse waves are recorded at S2 & S3 respectively. 

Figure 2 Frequency responses showing a 
reduction in 2nd harmonics (2f = 4 MHz) of both 
wave modes propagating in opposite directions 
through inversely designed metamaterial using 
Objective 1 and Monte-Carlo algorithm. 



Results 

   
a) time responses (input wave 

frequency 2f = 4 MHz) 
b) frequency responses (input wave 

frequency 2f = 4 MHz) 
c) frequency responses (input wave 

frequency f & 2f = 2 & 4 MHz) 
Figure 3 (a) Time and (b-c) frequency responses of a longitudinal wave passing through inversely designed metamaterial 
(Objective 1 & Nelder-Mead algo.) show reduction in 2nd harmonics (2f = 4 MHz) and passing 1st harmonics (f = 2 MHz).  
 

   
a) time responses (input wave 

frequency 2f = 4 MHz) 
b) frequency responses (input wave 

frequency 2f = 4 MHz) 
c) frequency responses (input wave 

frequency f & 2f = 2 & 4 MHz) 
Figure 4 (a) Time and (b-c) frequency responses of a transverse wave passing through inversely designed metamaterial 
(Objective 1 & Nelder-Mead algo.) show reduction in 2nd harmonics (2f = 4 MHz) and passing 1st harmonics (f = 2 MHz). 
 
Conclusion 

Direction-dependent mechanical metamaterial that can control two different wave modes is designed using 
inverse design approach by proposing forward problem, inverse problems and solving them using gradient-free 
algorithms such as Monte-Carlo and Nelder-Mead algorithms. 
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Abstract: In this work, we present the recent advances of acoustic holograms and structured media to engineer 
the acoustic wavefront to focus ultrasound beams for biomedical applications. We show how acoustic holograms 
can shape therapeutical acoustic images for the non-invasive treatment of neurological disorders, to produce 
cavitation patterns for localized drug delivery, and thermal patterns of arbitrary shape for targeted hyperthermia. 
In this way, acoustic holograms emerge as a disruptive and low-cost approach for biomedical ultrasound 
applications. 
 

Optical holograms can modulate light wavefronts to generate visible images [1]. In the same way, 

acoustic images can also be synthesized by holograms, shaping the areas where mechanical waves present 

a high amplitude, and areas where the media is at rest. In recent years, acoustic holograms have been 

exhaustively studied, mainly triggered by the emergence of 3D printing technologies. Artificially 

structured materials have enabled accurate wavefront engineering for many applications such as particle 

trapping and manipulation, scattering control and vortex generation, fast 3D-printing, volumetric 

displays, or 3D imaging [2-3]. Acoustic holograms have found recent application in emerging therapeutic 

applications of focused ultrasound [4-8].  

 

We show how acoustic holograms can shape therapeutical acoustic images for the non-invasive 

treatment of neurological disorders, to produce cavitation patterns [7] and thermal [8] patterns. When 

targeting acoustic beams into the brain, accurate focusing is mainly limited by strong phase aberrations 

produced by the refraction and attenuation of the skull. Acoustic holographic lenses can overcome these 

limitations by synthetizing aberration-free ultrasonic fields of complex spatial distribution inside the skull. 

Our results show that, using low-cost 3D-printed lenses, ultrasonic beams can be focused not only on a 

single point, but overlapping at one or various target structures simultaneously, e.g., left and right 

hippocampi. Other complex fields such as vortex beams for trapping small objects can also be obtained [6]. 

The technique was tested to perform localized drug-delivery in the brain of a small laboratory animal. 

Local gadolinium extravasation was confirmed by magnetic resonance imaging, where two spherical focal 

spots were observed. In addition, acoustic holograms encode the multiple reflections inside the skull, 

increasing the angular spectrum of the acoustic image. In this way, acoustic holograms enabled localized 

drug-delivery in the brain with diffraction-limited beyond the performance of existing approaches. The 

technique was also tested to shape thermal patterns in soft tissue to rise the temperature locally. 

Magnetic resonance imaging (MRI)-compatible holograms were designed by time-reversal simulations 

and manufactured using 3D-printing for the experiments. We observed that holograms can shape heating 

patterns in arbitrary regions, sculpting the focal spot of the source to match a therapeutical target.  



 
Fig. 1. Scheme of an acoustic hologram simultaneously targeting an ultrasonic beam at two brain hemispheres 

in a mouse, T1-MRI after the treatment shows contrast agent (gadolinium) extravasation at two spherical spots, 

demonstrating localized drug-delivery and blood-brain barrier opening.  

 

These results open new paths for emerging therapeutic ultrasound applications in neurology, 

including blood-brain barrier opening for localized drug-delivery or neuromodulation using low-cost 

systems. On the other hand, increasing the temperature using low-cost and MRI-compatible holographic 

transducers might be of great interest for many biomedical applications, such as ultrasound hyperthermia, 

physiotherapy, or high intensity focused ultrasound, where the control of specific thermal patterns is 

needed. 
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Abstract: A spider-inspired phononic sensor was conceptualized and examined both experimentally and 
numerically. It is inspired by spiders’ sensitivity to vibrations and ability to localize prey on a web. However, 
instead of low-frequency vibrations, we are utilizing guided waves. In particular, nonlinearities in sensed signals 
are attractive as early indicators of damage in a structure. Guided waves are filtered by phononic crystals 
embedded into the legs of the spider-inspired sensor registering nonlinearities. The damage is localized by using 
the time-reversal method.   
 

A proposed spider-inspired phononic sensor is a practical implementation of the concept initiated in [1]. The 
basic principle is that the narrowband excitation signal applied to the inspected structure is selected so that its 
frequencies are within the bandgap (see Fig. 1b). The bandgap is achieved by phononic crystals embedded into 
the legs of the spider sensor. Therefore, only higher harmonics caused by damage are allowed to enter the 
cephalothorax part of the spider sensor. Then, registered signals (see points S in Fig. 2a) are time-reversed and 
applied to piezoelectric transducers. Due to the time-reversal principles [2] at a certain moment in time guided 
waves refocus at the damage location as is shown in Fig. 2b. It should be noted that 8 PZTs (Fig. 2a) were used 
instead of one which improved the damage localization. Moreover, parametric studies were performed regarding 
the guided wave entrance angle to the legs of the spider sensor. According to Fig. 3a, the optimal angle is in the 
range 12°-17° because for such angle the signal energy coming from the specimen to the spider sensor is largest 
and at the same time sensor spider’s feet are not excessively long (see Fig. 3b).  

 
Figure 1. Experimental verification of the band filtering capabilities: a) laser-cut spider-inspired phononic sensor, 
A – position of the actuator (PZT transducer), S1 – sensing point on the cephalothorax body, S2 – sensing point 

on the leg; b) frequency response function magnitude M with respect to frequencies f for sensing point on the 
body (red) and leg (black) showing bandgap in the frequency range about 175-250 kHz.  



The spider-inspired phononic sensor was manufactured by laser cutting the aluminium alloy plate of 
thickness 3 mm (Fig. 1a). The width of the spider sensor at its widest point is 126 mm. The experiment was 
conducted by using a chirp signal applied to piezoelectric transducer placed at point A and scanning laser 
Doppler vibrometer which registered signals at points S1 and S2. The experiment confirms that the bandgap 
exists in the frequency range of about 175-250 kHz. Further studies will be conducted with the spider sensor 
attached to the plate with a damage inducing nonlinearity in guided waves. 

 
Figure 2. Spider-like phononic sensor: a) 3D model along with excitation point E, damage location D and 

sensing points S; b) damage map obtained by the time-reversal method (synthetic data). 

 
Figure 3. Signal energy E dependence on the angle β (a) between the spider foot and specimen surface (b). 
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Abstract:  Complex resonances of Helmholtz resonators coupled to a waveguide are studied. The scattering

matrix approach is  used to obtain the trajectories of the complex resonance poles with the variation of the

distance between the resonators. For two resonators they are shaped as Cassini ovals. Fano-type peaks in the

transmission spectrum and the occurrence of the Dicke effect are observed. Variation of the distance between the

resonators is shown to be capable of the tuning of the resonant properties.

Collective effects occurring in the systems of coupled acoustic resonators open wide range of opportunities

for efficient sound propagation manipulation. These effects are based on the interference of resonant and non-

resonant scattering when the resonators are coupled through the background field.  The interaction of the bright

and dark modes arising in the system leads to the occurrence of the Fano peaks [1,2] and the Dicke effect [3,4].

The later one manifests itself as the periodic variation of the width of the resonant peak with the variation of the

separation between the resonators. 

We consider the Helmholtz resonators side-coupled to the waveguide and study their complex resonances

appearing as  the scattering matrix poles  in  the complex frequency plane.  We obtain that  as  the separation

between the resonators changes the trajectories of the poles are close the Cassini ovals which shape depends on

the relation of their resonant frequency mismatch and their coupling to the waveguide. We also observe Fano

peaks on the transmission coefficient.

Using the transfer matrix approach we obtain the transmission coefficient T for two resonators with different

resonant frequencies k1,2 = k0 ± D. We introduce the coupling coefficient a of the resonators to the waveguide,

both a and D are defined by the geometry of the resonators. It can be shown that for the weak coupling a << k0

the poles of  T  arise at the frequency satisfying the equation of the Cassini ovals (this approximate solution

corresponds to the dashed curves in Fig. 1). If the resonators are identical (D = 0), the trajectory becomes a circle

with two poles traversing it counterclockwise as the distance d between them changes (see Fig.1(a)). When k0d =

pn, one of the poles comes to the real axis and the corresponding mode becomes dark [5] (trapped) and its

radiation is suppressed. At the same time the second pole has the maximal Im(k) thus this mode is bright and its

radiation is twice as strong as that of a single resonator, which is a manifestation of the Dicke effect. If D = a/4

the trajectory is a lemniscate (see Fig. 1(b)) and for D > a/4 it separates into two ovals (see Fig.1(c)). The blue

points in Fig. 1 correspond to the calculation of the poles of T and the blue circles – to the full-wave simulation.

In Fig. 2 we show the transmission coefficient for two separations between the resonators. A Fano peak

corresponding to a dark mode is seen for k0d = p/20, while for k0d = p/2 it completely disappears. Thus one can

efficiently tune the transmission properties of the system varying the distance d.



Figure 1. Trajectories of the transmission coefficient poles for (a) D = 0, (b) D = a/4, (c) D > a/4.

Figure 2. Transmission coefficient for k0d = p/20 (solid line) and k0d = p/2 (dashed line).

The deviations of the approximate solution from the numerical simulations is mainly due to the near-field

effect, which is noticeable at short separations of the resonators d, and due to the emergence of the Fabry-Perot

resonances, which becomes significant at large separations.  We also discuss the impact  of  losses inside the

resonators and observe that the trajectories move lower in the complex plane, as expected, preserving the shape.

If we consider a bigger number N of identical resonators, then we see the poles traversing a circle of a radius

which is proportional to N in agreement with the Dicke effect prediction.
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Abstract: We report the experimental realization of non-Abelian braiding of sound and light. Here, the braiding 
operations are implemented using coupled waveguide arrays, which are adiabatically modulated to enforce a multi-
state Berry-phase matrix that swaps modal dwell sites. Braiding of up to three acoustic modes and five photonic 
modes are successfully observed. The non-Abelian characteristic is observed as sequence-dependent dwell-site 
distribution at the output of the waveguide arrays.  
 
 
 

Non-Abelian-based theories are one of the foundations of modern physics. For example, non-Abelian 

braiding realized by the dynamic winding of anyons is widely considered an important candidate of 

quantum computers. Operations defined by non-Abelian groups are non-commutative in character, 

meaning that the outcomes of sequential operations depend on their orders. Non-Abelian processes are 

mathematically captured by unitary matrices, which can manifest as a Berry-phase matrix that connects 

holonomic adiabatic evolutions of multiple states in parameter space. Because Berry phase is pervasive 

in a wide variety of systems, non-Abelian operations are realizable in classical waves such as sound and 

light. In this talk, I will present our recent realization of non-Abelian braiding in acoustics [1], optics, 

and with single photons [2]. The braiding operations are based on the adiabatic evolution of multiple 

degenerate states forming a subspace within a chiral-symmetric Hamiltonian. The degenerate states are 

simultaneously modulated to induce a multi-state Berry-phase matrix, which generates the swapping of 

modal dwell sites. The non-Abelian characteristics are revealed by switching the order of two distinct 

braiding operations involving three modes.  
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Abstract: We present a systematic study of the different modes that can present clusters of scatterers arranged in 
quasi-periodic distributions of scatterers. Although we focus our study in flexural waves, our approach can be 
applied to any kind of classical waves. 

 
 

The localization of classical waves in finite structures is a classical and challenging problem. Although 
closed cavities present the most optimal solution to this problem, the use of the localized mode for applications 
like sensing or energy harvesting is extremely difficult in this occasion, so that open structures are usually 
preferred, although the quality of the resonances is much smaller for these systems. 

 
Periodic structures have been used in recent years for the design of high-quality open resonant cavities, since 

the band gap characteristic of periodic media due to Bragg scattering offers the possibility of localizing modes 
when point or line defects are present. However, the number of resonances in these structures is small, since 
band gaps are in general narrow band. 

 
In this work we show that quasi-periodic one- or two-dimensional arrangement of scatterers present 

localized modes in almost all the frequency range, and we show as well that these modes present as well 
high-quality factors. We will show how we can find the full spectra of resonant frequencies as well as their 
quality factors. 

 
 We focus our study in the localization of flexural waves in thin plates, and we will use multiple scattering 

theory for the analysis of finite clusters of point-like scatterers. This approach has the advantage of being 
mathematically simple and deep enough to allow us to generalize these results to other kind of waves, like 
acoustic or electromagnetic.  
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Abstract: A coupled-resonator elastic metamaterial (CREM) that satisfies the tight-binding model, is presented.

The CREM is composed of resonators connected through finite phononic crystals (FPC). When a normal-mode

frequency of the resonator falls within the gap of the FPC the normal-mode wave amplitude localizes in the

resonators since the connectors act as quasi-one-dimensional elastic Bragg reflectors. When several resonators

are connected through FPCs, the waves of the resonators couple weakly to each other, and the elastic-waves

tight-binding regime emerges. 

Introduction:  The coupled-resonator optical waveguides, CROWs, were introduced

more than 20 years ago in which high-Q optical  cavities weakly couple to each other

through evanescent  Bloch waves [1].  Using the same ideas  an acoustic  version of  it

(CRAW)  was  also  introduced  [2].  Unfortunately,  in  both  systems,  high-level  coupling

engineering seems impossible to attain. Recently, the coupled-resonator elastic metama-

terial (CREM) [3-4] in which the resonators are coupled through 0nite phononic crystals

(FPC) was introduced. Opposite to CROWs and CRAWS, in the CREMs, higher neighbors

couplings can be engineered easily. The CREMs have been used to study linear and ring-

shaped molecules and here is used to study a 3 x 3 elastic molecule in a square grid.

Numerics: The CREM we study is composed of resonators connected by FPCs. A 2D

scheme of the system is given in Fig. 1a. To avoid border e7ects, FPCs are added at the

ends of the 0nite CREM. The spectrum of the emerging band is plotted in Fig. 1b and is

arranged as a singlet,  doublet,  triplet,  doublet,  and singlet.  Some normal-mode wave

amplitudes are plotted in Figure 2. As it can be seen in this 0gure, the wave amplitudes

are localized on the resonators and decay along the connectors. 

Figure 1: a) 3 x 3 CREM. The resonators are marked in red and the finite
phononic crystals in cyan. b) the emerging frequencies of the 3 x 3 CREM.



Tight-binding model:  The  3  x  3  CREM can  be  modeled  using  the  tight-binding

formalism [4] for elastic waves. The equations that satisfy the localized vibrations are 

−C An− 1, m −C An ,m− 1+ f n ,m An ,m −C An+1 ,m −C An, m+1=f An ,m  for n ,m=1,2,3 ,            (1)

where C  is the coupling between resonators,  f n ,m=f 0 the site frequency, An , m the

wave amplitude at the site (n ,m), and f  the frequency of the CREM. Notice that this

equation is the tight-binding equation of solid-state physics in 2D. The eigenvalues for the

3 x 3 system are given in Fig. 1.

Conclusions:  We presented the tight-binding regime of  elastic  waves in a 3  x  3

coupled-resonator elastic metamaterial. This paradigmatic metamaterial can be used to

emulate many systems of condensed matter physics. 
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Abstract: Willis coupling has been recently realized for acoustic waves and elastic flexural waves as the analogy 
of bianisotropy originally in electromagnetism. For further extension, we investigate its formulation in water waves 
and other kinds of elastic waves. Possible designs and numerical formulation in extracting the effective media with 
Willis coupling will also be discussed. 
  
 Recently, Willis coupling [1] has been demonstrated for airborne acoustic waves and elastic waves in solid [2-6], 
confirming its original proposal in 1980s. This is the analogy to electromagnetic bianisotropy. In elastic waves in solid, 
it means a cross-coupling between stress and velocity or between momentum and strain, allowing a more generalized 
framework for elastodynamics. Here, we are interested to generalize and extend the meaning of Willis coupling to water 
waves. While water wave is also a kind of mechanical waves, the meaning of Willis coupling has to be investigated. 
Although the results of the current work can be confirmed directly using Navier Stokes equation with a proposed design 
shown in Fig. 1, for simplicity without losing generality, we start to look at the fundamental structure of the water 
waves equation by separating it into a wave part and a medium part as 

𝜕
𝜕𝑥

(
𝑞
�̇�) = 𝑖𝜔 ( 𝜁

𝑣𝑥
) 

where 𝜁  is the water surface displacement, 𝜑  is the velocity potential on the water surface, 𝑣𝑥  is the horizontal 

velocity on the water surface and 𝑞 is the flux defined by ∫ 𝑣𝑥𝑑𝑧0
−ℎ0

. Time-derivative is equivalently represented by 

the overdot or −𝑖𝜔 for harmonic solution. The first equation is therefore the continuity equation while the second one 
is the definition of velocity potential. The response of the medium is captured in the constitutive equation:𝜁 = �̇�/𝑔,
𝑣𝑥 = 𝑞/ℎ, where 𝑔 is viewed as an effective gravity, summarizing the boundary condition on the water surface 
and ℎ is the effective height defined to relate 𝑞 and 𝑣𝑥 originally through an integration of water height. If 
there is Willis coupling, borrowing from the experience in electromagnetism for bianisotropy and from either 
acoustic or elastic waves in solid, off diagonal elements in coupling between 𝜁 and 𝑞 and between 𝑣𝑥 and �̇� 
can become significant and the constitutive equation (assumed reciprocity) can be written as 

( 𝜁
𝑣𝑥

) = (1/𝑔 𝑖𝜏 
−𝑖𝜏 1/ℎ) (�̇�

𝑞), 

where 𝜏 is the proposed Willis coupling term.  
To get the Willis coupling term 𝜏, we have to break the mirror symmetry of the structures in the propagating 

direction and magnify such symmetry breaking effect by adopting a local resonance. In this case, we propose an 
array of mushroom shape pillars, shown as green color Fig. 1. They are a little bit below the surface to excite a 



resonance of water surface waves while we have also put a crescent shape wall on top of the pillars, which extend 
beyond the water surface and break mirror symmetry. By calculating both forward and backward incidence on a 
number of unit cells, from the boundary fields of a unit cell deep inside the metamaterial, we can extract the full 
2 × 2 constitutive matrix [7] of the metamaterial and they are plotted in Fig. 1(b) with significant magnitude of 
the Willis coupling term in dimensionless unit. The results converge beyond 3 unit cells. Furthermore, these 
effective medium parameters can be used to calculate the reflection coefficients of other number of unit cells, let’s 
say 4 or 5, which predicts asymmetric reflection coefficients for the Willis metamaterial, and agrees to the results 
from direct simulation of the scattering matrix of the whole metamaterial. We will also discuss formulation for 
different kinds of elastic waves in addition to flexural waves. 

 
Figure 1 (a) Design of water-wave metamaterial with Willis coupling. The water waves propagate in the x-direction on 

a water channel of width 𝑤 = 0.6m and water height ℎ0 = 0.4m with rigid bottom and side walls. The metamaterial 
consists of a number of mushroom-shaped pillars (green) with its top side below water surface and a crescent-shaped wall on 
top of it. Other geometry parameters include 𝑟𝑝 = 0.03m, 𝑑1 = 𝑑2 = 0.03m, ℎ1 = 0.34m (b) The numerically extracted 
effective gravity (normalized to standard gravity), effective height (normalized to the effective height for the background 
water channel) and Willis coupling term (multiplied by the water wave speed in the background section). The are plotted in 
dimensionless units. 
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Abstract: We study both Rayleigh and Lamb waves produced by a point force applied along the boundaries of 
an elastic microstructured half-space and strip, respectively, attached to arrays of gyroscopes. The analytical 
method for determining the dynamic response of such media is presented. While the dispersive features of these 
systems possess the usual symmetries, remarkably, the symmetry of the associated dynamic response with 
respect to the loading is broken. Numerical illustrations demonstrating these atypical elastodynamic responses 
are given. 
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Abstract: We propose an acoustic metamaterial lens to focus acoustic beams at 40 kHz. The lens is built by 
cross-shape unit cells with different refractive indices that were calculated by retrieval method. The layout of 
unit cells is based on the time delay of a requested acoustic beam focusing. The lens performance was assessed 
by its achieved focusing ability and energy transmission rate. This lens shows the potential application for defect 
detection with the benefit of consistent and efficient acoustic coupling.  
 
   The focusing ability of conventional focused ultrasound transducers can be achieved by either a curved 
piezoelectric plate or a curved lens in front of it. However, the cost and the difficult of curve surface 
manufacturing restrict the flexibility of ultrasound focusing. If low-cost metamaterial can be used to make 
acoustic lens, it could expect to bring flexibility in resultant acoustic beam fields.  
   The effective refractive index n and the impedance ratio ξ of a cross-shape unit cell can be obtained from[1-2], 

                           𝑛 =  
±𝑐𝑜𝑠−1  1

2𝑇  1 − 𝑅2 + 𝑇2  + 2πm

𝑘𝑑
                                 (1) 

                                   
𝜉 =  ± 

(1 + 𝑅)2 − 𝑇2

(1 − 𝑅)2 − 𝑇2 

                                           (2) 
where R and T are reflection and transmission coefficient of a unit cell respectively, m is the branch number of 
cos-1 function. The time delay law is utilized for extracting the index distribution of the desired metamaterial lens. 
Finite Element Method (FEM) is applied to assess the performance of the proposed metamaterial lens. Fig. 1(b) 
shows the focused acoustic beam field from the designed lens structure shown in Fig. 1(a). 

        
Fig. 1 (a) The structure of the proposed metamaterial lens and (b) the resultant acoustic beam field. 

References 
1. Zigoneanu, Lucian, Bogdan-Ioan Popa, and Steven A. Cummer. "Design and measurements of a broadband 

two-dimensional acoustic lens." Physical Review B. 84(2): 024305, 2011. 
2. Fokin, Vladimir, et al. "Method for retrieving effective properties of locally resonant acoustic metamaterials." Physical 

review B. 76(14): 144302, 2007. 

(a) (b) 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Biosensor based on Phononic Crystals Supporting Bound States in the Continuum 
and Fano resonances 

I. Quotane1, M. Amrani1, C. Ghouila-Houri2, E. H. El Boudouti1, L. Krutyanskiy2,3,           
B. Piwakowski2, P. Pernod2, A. Talbi2 and B. Djafari-Rouhani4, * 

1 Laboratoire de Physique de la Matière et du Rayonnement (LPMR), Département de Physique, Faculté des Sciences, 
Université Mohammed I, Oujda, Morocco 

2 Université Lille, CNRS, Centrale Lille, Université Polytechnique Hauts-de-France, UMR 8520 - IEMN, LIA LICS, Lille 
F-59000, France 

3 Prokhorov General Physics Institute of the Russian Academy of Sciences, 38 Vavilov street, Moscow 119991, Russian 
Federation 

4 Institut d’Electronique, de Microélectronique et de Nanotechnologie (IEMN), UMR CNRS 8520, Département de Physique, 
Université de Lille, Villeneuve d’Ascq 59655, France 

          *corresponding author: bahram.djafari-rouhani@univ-lille.fr 
 
Abstract: We study a one-dimensional phononic crystal (1D-PC) that provides a new biosensor platform based 
on bound states in the continuum (BICs) and Fano resonances. The structure consists of a triple solid-liquid-solid 
layer immersed in water, where epoxy is used as the solid layers and a mixture of water and albumin (with 
concentration ranging from 0 to 36.3%) as the liquid layer. We show that the structure exhibits high sensitivity 
and high-quality factor (Q) with better detection limit in the vicinity of the BIC. 
 

One of the most important features of biosensor devices lies in detecting a liquid with its physical properties 
according to the concentration. A typical phononic crystal (PC) sensor is generally based on the presence of a 
cavity by creating a defect inside a periodic arrangement. When a wave propagates through the cavity medium, it 
responds to the speed of sound and density of the material to be sensed, hence producing different resonance 
peaks. In this work, we show the possibility of realizing a biosensor based on a simple PC composed only of a 
solid-liquid-solid triple layer supporting BICs and Fano resonances. BICs are non-radiative (infinite lifetime) 
states with the corresponding frequencies embedded in a continuum spectrum [3]. They were first predicted by 
Von Neumann and Wigner in quantum mechanics before being extended more recently to various fields of 
classical wave physics such as in optics and acoustics [3]. The absence of radiation loss makes the BICs very 
useful for the energy localization, leading to a divergence of the quality factor (Q) around the BIC frequency. 
They transform into quasi-BICs, under the shape of a narrow Fano resonance, where a small perturbation is 
applied to the structure. 

 
Recently, we have demonstrated theoretically [1] and verified experimentally [2] the existence of BICs and 

Fano resonances in a triple solid-liquid-solid layer embedded in water. These features can be observed by an 
appropriate design of the layer thicknesses. In this paper, we focus more especially on the possibility of 
exploiting these localized features for the purpose of biosensing, for instance measuring the concentration of 
albumin in water. A change in the concentration changes the mass density and acoustic velocity of the liquid. 
This results in the transformation of the BIC into a Fano resonance whose frequency continuously shifts with the 
concentration. For given layers’ thicknesses, we investigate the effect of the incidence angle on the BICs and 
Fano resonances. 

 



 A schematic of the studied system is depicted in Fig. 1(a) where the thickness of both solid and fluid layers are 
chosen as ds= df = 1 mm. To study the effect of the albumin concentration on the sensor efficiency, we plot the 
transmission coefficient for different concentrations at three angles of incidence: θ =41.66° (Fig. 1(b)), θ =42.24° 
(Fig. 1(c)), and θ =42.61° (Fig. 1(d)). For each incidence angle, the resonance peaks shift to higher frequencies 
when the concentration increases. Also, for each incidence angle there exists one concentration corresponding to 
a BIC (CBIC). When the concentration deviates from CBIC, the BIC transforms into a Fano resonance with an 
asymmetric line-shape at the vicinity of the BIC. The evolution of the CBIC as a function of the incidence angle θ 
is given in the inset of Fig. 1(d) where we can see a decrease of CBIC versus θ.   

  

  
Fig. 1. (a) Schematic representation of a triple layer made of [epoxy|sensing material|epoxy] immersed in water. The 

thicknesses of solid and fluid layers are df and ds respectively. (b)-(d) Transmission spectra versus frequency for different 
concentrations at the angle of incidence: θ = 41.66°(b), θ = 42.24° (c) and θ = 42.24° (d). Variation of the sensitivity (e), 
quality factor (f) and detection limit (g) as a function of the incidence angle θ for the concentration C=36.3%.  

 
One important parameter to characterize the performance of a biosensor is the sensitivity defined as 

S=∆f/∆C. Here ∆f=fr-f0 and ∆C= Cr-C0 refer to the changes in resonance frequency and concentration with 
respect to those of the reference system constituted by pure water (i.e., C0 =0). The sensitivity can be deduced 
from the almost linear variation of fr versus Cr as shown in the inset of Fig. 1(b). In Figs. 1(e)-(g), we give an 
illustration of the sensor parameters (sensitivity, quality factor Q and detection limit (DL= fr /QS)) as a function 
of the incidence angle at the concentration C=36.3 %. The sensitivity (Fig. 1(e)) reaches its maximum value 
S=2.47 kHz/% for the angle of incidence θ=42.24°. The quality factor (Fig. 1(f)) diverges when approaching the 
incidence angle associated to the BIC state (θBIC=41.66° in this figure) and decreases when θ deviates from this 
angle. Finally, the best detection limit, the closest to zero in Fig. 1(g) with DL=0.0153%, is obtained around θBIC.  
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Wave propagation in elastic quasicrystals 
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In this talk, we present numerical and experimental investigations on the wave propagation 
properties of elastic quasicrystals. First, we illustrate directional wave behavior, i.e. beaming and 
diffraction, along high-order rotational symmetries of quasicrystalline elastic metamaterial plates. These 
structures are obtained by growing pillars on an elastic plate following a particular rotational symmetry 
arrangement, such as 8-fold and 10-fold rotational symmetries, as enforced by a design procedure in 
reciprocal space. We estimate the dispersion properties of the waves propagating in the plates through 
Fourier transformation of transient wave-fields. The procedure identifies, both numerically and 
experimentally, the existence of anisotropic bands characterized by high energy density at isolated regions 
in reciprocal space that follow their higher order rotational symmetry. Specific directional behavior is 
showcased at the identified frequency bands, such as wave beaming and diffraction. In the second part 
of the talk, we investigate the existence of robust waves propagating along the interface separating 5-fold 
symmetric domains of distinct topological properties. The analysis is conducted in analogy to the 
Quantum Valley Hall effect which is well-known for periodic lattices, and extended here for quasicrystal 
lattices. In particular, the higher order rotational symmetry of the quasicrystals allows for higher freedom 
in the design of the interfaces since it provides more directions of angular symmetry when compared to 
the periodic case. Future experimental possibilities are also discussed.  
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Abstract: The present work discusses our recent advances on auxetics with tunable shape reconfigurability. To 
this purpose, 4D printing and multiple shape memory effect are combined. A methodological approach, 
including a comprehensive experimental and numerical investigation, is proposed. Results are helpful in guiding 
towards the design of single-material auxetic structures capable of controlled and autonomous in-plane and 
out-of-plane motions. 

 
 

Auxetic materials represent one of the most studied types of mechanical metamaterials. Thanks to their 
rationally-designed architecture, they exhibit a negative Poisson’s ratio, which make them promising solutions 
for several applicative fields, e.g. soft robotics, soft electronics, medicine, and acoustic cloaking.  

Auxetics with additional features such as tunability and adaptability are highly demanded since they can be 
adapted to the application need or to dynamic environmental variables. However, once manufactured, auxetic 
materials do not generally change their configuration. 

4D printing is an innovative manufacturing approach that combines 3D printing and stimuli-responsive 
materials to produce objects with complex geometries and capable of transforming themselves over time (the 
fourth dimension) after being manufactured, under the application of proper stimuli. When coupled with the 
multiple shape memory effect in polymers [1], 4D printing becomes a powerful tool to realize auxetic structures 
with customized architectures and tunable shape reconfigurability. 

The present work discusses our recent advances on tunable 4D printed auxetics made of a photopolymer 
exhibiting a peculiar multiple shape memory behavior [2-4], known as the temperature memory effect. The latter 
represents the capability of a shape memory polymer to remember not only the original shape but also the 
deformation temperature. 

Accordingly, the results of an experimental and finite element investigation aim at measuring and predicting 
the shape memory properties of the polymer and related structures are discussed. The deformation temperature is 
shown to be a parameter to tune the response and to trigger in-plane and out-of-plane motions of the 4D printed 
auxetics. The approach is helpful in guiding towards the design of single-material auxetic structures capable of 
complex, controlled, autonomous motions. 
 

This work was partially supported by the INSTM Consortium through the project “Nuovi materiali e 
approcci computazionali per stampa 4D”. 
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Abstract: We propose and experimentally demonstrate dynamical acoustic “drill” beams presenting nonstationary 
intensity distributions that resemble the spinning mechanical drill. The drills appear as the spatiotemporal interference 
of two Bessel-vortex beams of different topological charges and different carrier frequencies. By mixing a pair of 
high-order Bessel beams, synthesized using two concentric 3D-printed acoustic holograms, acoustic drills of tuned 
helicities were experimentally observed.   

 
 
Exotic beams such acoustic vortices are emerging as tools for wave-matter interaction, including particle 

trapping and manipulation, mechanical torque transfer applications, or acoustic transceivers and underwater 
communications. Acoustic vortex beams are wave fields with phase singularities, and around these spots the phase 
of the beam rotates with the azimuthal coordinate. Therefore, in acoustic beams the phase is helical in the space. In 
this work we present acoustic drills, a new type of beam whose intensity distribution matches the shape of a helix, 
twisting around the beam axis. In addition, the intensity distribution rotates with time along the axis of the beam 
with a controlled direction and angular frequency, therefore resembling the shape of a rotating mechanical drill [1]. 
The acoustic drill which we present here is analogous to the recently demonstrated optical drill [2].  

We synthesize two confocal and detuned Bessel beams of elongated focal spot and arbitrary topological 
charge using two concentric 3D-printed acoustic holograms. The outer beam is excited by a custom piezoelectric 
ring (84-mm external diameter, 50-mm internal diameter) and a concentric unfocused circular transducer (50-mm 
aperture). Each transducer is excited with a separate AWG and RF amplifier, with a pulsed burst of around 1 MHz 
central frequency. The frequency was slightly detuned, to about several Hertz. Field measurements were taken in 
water, k-space pseudospectral simulations were performed, and the field was calculated using the 
Rayleigh-Sommerfeld integral. Camera measurements were taken at the surface of the water. 

We show that elongated drill beams are obtained using two high-order Bessel beams. Analytic, numeric, and 
experimental results are in good agreement, showing the helical structure of intensity distribution rotating with a 
controlled angular frequency. Acoustic drills emerge as the spatiotemporal interference of two confocal and 
detuned vortex beams. Analytical constraints for optimal beam overlapping were obtained. We show how the 
parameters of the helical beam are fully tuneable, their period, winding, rotation speed and direction, number of 
windings, and we link these parameters to the geometrical and detuning parameters of the primary vortex beams. 
This new wave structure opens novel avenues for wave-matter interaction, such as contactless particle 
manipulation, matter processing or biomedical applications. 

 



 
 

Fig.1. Acoustic drill beams. (a) phase helical Bessel beam with the single helicity m=1; (b) phase helical Bessel 
beam with the double helicity m=2; (c) Optical drill bit emerging from the interference of phase-helical beams (a) 
and (b); (d) axial x-z and transverse x-y cross-sections of the simulated intensity distribution; (e) mechanical and 
biological analogues of the same geometrical structure. 

 
 

This work has received funding from Spanish Ministry of Science, Innovation and Universities (MICINN) 
under grants PID2019-109175GB-C21 and PID2019-111436RB-C22, and European Social Fund (project No 
09.3.3- LMT-K712-17- 0016) under grant agreement with the Research Council of Lithuania (LMTLT) 

 
References 
1. Jimenez, N., Staliunas, K., Camarena, F., Sistema y método de generación de haces acústicos confocales de 

vórtice con superposición espacio temporal, European Patent ES2811650, 2021.  
2. Kontenis, G., Gailevicius, D., and Staliunas, K., Optical drills by dynamic high-order Bessel beam mixing, Phys. 

Rev. Applied, 17, 034059, 2022. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Experimental demonstration of nonreciprocal propagation in a piezoelectric phononic crystal 
with spatio-temporal modulation of electrical conditions.  

 S. Tessier1*, C. Croënne1, F. Allein1, J. Vasseur1 and B. Dubus1 
 

1Univ. Lille, CNRS, Centrale Lille, Univ. Polytechnique Hauts-de-France, Junia, UMR 8520-IEMN, F-59000 Lille, France 
*corresponding author: sarah.tessier@junia.com 

 
Abstract: This work concerns the experimental study of the propagation of elastic waves in a piezoelectric 
phononic crystal made of several identical piezoelectric elements separated by thin electrodes. We analyze the 
effect of spatio-temporal modulation of electrical conditions on wave propagation. The experimental results 
show the presence of directional band gaps on the dispersion curves for certain modulation speeds.   

 
In a piezoelectric phononic crystal, electrical conditions prescribed to the electrodes can be modulated in space and 
in time, and therefore can strongly modify the dispersion curves of the system. For example, a periodic grounding 
of the electrodes introduces a Bragg band gap which doesn’t exist when the electrodes have a floating potential 
condition [1]. When the electrical conditions of the electrodes are modulated in space and in time, dispersion 
curves are tilted with respect to the configuration in the reference medium and nonreciprocal wave propagation 
may occur at some modulation speeds in specific frequency bands [2,3], as shown in figure 1.  

 

Figure 1 – Space-time Fourier transform of the stress field inside the phononic crystal for different modulation 
speeds, simulated by FDTD. The four top and bottom graphs show respectively results for propagation to the right 
and to the left, overlapped with the corresponding dispersion diagrams obtained with an analytical model [3]. 
 

The experimental set-up is based on a stack of 113 piezoelectric rings and 114 electrodes. The spatio-temporal 
modulation of the electrical conditions is performed using a digital signal processor (DSP) in order to reach high 
modulation speeds. This modulation is performed by shifting the position of the periodic ground conditions of the 
electrodes versus time. The experimental dispersion curves are obtained using measurements of the normal 
displacement of the piezoelectric rings with a scanning laser vibrometer. The evolution of disperion curves as a 
function of modulation speed is analysed and compared to finite element simulation results.  
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Abstract: We present a broadband multiresonant graded meta structure for piezoelectric energy harvesting at low-
frequency vibrations <100 Hz. The device combines a graded metamaterial with beam-like resonators, 
piezoelectric patches and a self-powered, switch-less interface circuit with rectifiers. Furthermore, we actively 
cancel boundary reflections occurring at the ends of the graded meta structure to better analyze the modulation of 
the propagating wavefield within the structure.  
 
We designed a graded mechanical meta structure utilizing the rainbow trapping effect integrated with 
an advanced interface circuit as depicted in Figure 1 (a). Our proposed design aims to address two 
significant design targets for vibration energy harvesting systems: (a) the high-capability target: to 
increase the harvested power at resonance; and (b) the broadband target: to increase the off-resonance 
harvested power, i.e., to broaden the harvesting bandwidth.  

 
Figure 1 (a) The prototype, consists of a host cantilever beam of 1 meter length, width of three centimeters and thickness of 
two millimeters. Fifteen pairs of parasitic beams with a fixed width of one centimeter and varying length are periodically 
distributed along the host beam, making up the graded meta surface. Piezoelectric patches are connected to the parasitic beams 
to harvest energy. (b) The experimental harvested power of the 8th pair parasitic beams increases about 6 times compared 
with the one-pair case. 
 
By gradually increasing the length of the parasitic beams along the host beam, as proposed by De Ponti 
et al, 2020 and 2021, the structure acts as a spatial frequency filter on the propagating wave whilst 
simultaneously slowing down the group velocity of the traveling wave. This enables the local resonant 
parasitic beams more interaction time with the traveling wave inside the graded metamaterial. Therefore, 
a higher vibration amplitude of the parasitic beams is achieved, which guarantees the high energy 
harvesting capability. Furthermore, the effective energy harvesting bandwidth is also increased due to 
the spatial frequency separation. To account for the DC power supply demand of IoT devices, we 
incorporate a self-powered synchronized electrical charge extraction circuit which can utilize a portion 
of the harvested energy to rectify the harvested AC energy output. When comparing the harvesting 



capabilities of the proposed meta structure to that of a host beam with only one pair of parasitic beams 
attached (see Figure 1 (b)), it can be observed that the harvested power is enhanced about 6 times.  
 

Wave propagation within the structure is difficult to 
interpret due to boundary reflections, as can be seen 
in Figure 2 (a). Thus, it is challenging to accurately 
analyze the modulation of the wave when passing 
through the graded area of the meta structure. 
Conventional experimental solutions to these pitfalls 
are passive boundary reflection damping, such as 
acoustic black holes. However, these practices result 
in modifications of the host structure which in turn can 
lead to deviations of the desired system response. 
Another option is to implement elastic “immersive 
wave experimentation” (IWE) (Thomsen et al., 2019) 
to actively remove the unwanted boundary reflections 
of the elastic meta surface experiment. We adopted 
a step-by-step, adaptive procedure to apply the 
desired immersive boundary conditions and 
iteratively remove the unwanted higher order 
reflections at the boundary. Each iteration 
successively cancels one higher order of reflections. 
Figure 2 (b) shows a preliminary result when 
applying this procedure to cancel up to the 4th order 
reflections on the left end of the meta structure 
leading to an experimental state where the mode 
shapes resulting from the reflections at the left end 
are removed. In a next step the same method will 
also be applied on the right end of the beam. In the 
end, this makes the identification of metamaterial-
driven characteristics in the dynamic response more 
attainable. 
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Figure 2 (a) The out-of-plane wavefield propagation along 
the beam measured over time. One can clearly observe the 
reflections occurring at both ends of the beam, increased in 
complexity due to the impedance contrast cause by the 
grading along the beam. (b) Removal of the reflections at 
the left end of the beam by active cancellation. 
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Abstract: We propose a form of topological guidance for flexural waves in thin perforated elastic 

plates [1], which can be viewed as an approximate model for surface Rayleigh waves propagating 

through an array of boreholes drilled in soft soil atop bedrock. We do so by considering a square 

perforation within a square unit cell that is then extended periodically upon a square lattice, as 

illustrated in figure 1, when combined with the rainbow effect, offers a pragmatic route to energy 

harvesting. 

 

By attaching two media with opposite valley-Chern numbers, broadband valley-Hall edge states arise and if 

a source is placed along an interface that partitions two topologically distinct regions, a zero-line mode (ZLM) 

will be excited. 

We achieve splitting and transport around a sharp bend by using accidental, and not symmetry-induced, 

Dirac cones, upon rotation of the square perforation in the periodic cell. 

Thus, we strategically design a two-dimensional crystalline perforated elastic plate that hosts 

symmetry-induced topological edge states, and by concurrently allowing the elastic substrate to spatially vary in 

depth, we are able to convert the incident slow wave into a series of robust modes, with differing envelope 

modulations. This adiabatic transition localises the incoming energy into a concentrated region where it can then 

be damped or extracted, figure 2, as it was first proposed in the context of photonics [2]. 

 

 
Fig. 1:  a) topological guidance for flexural waves in thin perforated elastic plates, b) the 

three-way splitter (f = 16.728Hz), showing a typical wave pattern like a Saint George’s cross, 

where the quadrants alternate in their relative rotation. 



 

 

Fig. 2: The rainbow effect, offers a pragmatic route to energy harvesting. 

 

 

Grading the plate, by altering the depth, allows us to localise the edge state and this metawedge creates a 

device that allows the mode conversion of surface Rayleigh waves into mainly harmless, downward propagating, 

shear bulk waves, or into a frequency selective surface where different frequency components are concentrated 

at different positions. 

 

 

B.U. acknowledges funding from the Innovate UK (Creative industries fund: fast start business growth pilot 

- IUK 12711).  
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Abstract: In this talk, I will report a robust method to realize arbitrary order exceptional points (EPs) by 
employing spinning motion of resonators. The proposed method does not rely on selective excitation of chiral 
modes and is robust against spin-flipping perturbations. We show that higher-order EPs in the proposed system 
are accompanied by enhanced optical isolation, which may find applications in designing novel optical isolators, 
nonreciprocal optical devices, and topological photonics. 
 
  Numerous unexpected phenomena have been found near the EPs of non-Hermitian systems, and they have 
generated various applications such as optical isolation, optical switches, and unconventional lasers, etc. 
Nevertheless, it remains challenging to realize higher-order EPs in general non-Hermitian systems with a large 
parameter space. Here, we propose an approach to realize higher-order EPs by employing the unidirectional 
coupling between multiple spinning resonators, as shown in Fig.1. The spinning motion breaks the time-reversal 
symmetry and induces a synthetic gauge field that splits a pair of frequency-degenerate chiral modes [1]. At the 
frequency of one chiral mode, the coupling between the cylinders is unidirectional due to the spin-orbit 
interaction of the waveguide mode [2-3]. A major feature of the considered system is the co-existence of 
non-reciprocity and non-Hermicity. By using full-wave numerical simulations and coupled mode theory, we 
demonstrated the asymmetric response of the cylinders at the EPs and the enhanced optical isolation of the waveguide 
mode. Our study contributes to the understanding of light-matter interactions in moving medium. 

 
Fig. 1. Unidirectional coupling of four spinning cylinders to achieve a higher-order EP. 
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Abstract: We study two types of transmission problems for so-called spaced-coiled or labyrinthine structured 
metasurfaces. The two different types of metasurfaces differ by their winding arrangements and we show that 
this leads to very different resonant mechanisms and effective asymptotic models are provided for both. 
 

Metasurfaces are resonant devices that enable full wave control despite their small, subwavelength 
thicknesses. In acoustics, such metasurfaces have been realized using resonances of the Fabry-Pérot type, which 
take place in labyrinthine or curled slots squeezed inside the unit cell [1]. As the acoustic waves are forced to 
follow the coiled path of the slots, it is possible to obtain large phase shifts. In the existing literature, following 
the idea that the coiled slot behaves as their straight uncoiled analogs, effective medium theory has simply been 
borrowed from that developed for long straight slots. We revisit this effective model for two different windings 
or coiling, see Fig.1. In the first case (a), classical asymptotic two-scale homogenization can be used which 
provide an effective refractive index and impedance. The resonant mechanism is of the Febry-Pérot type and our 
model is simply an improvement of the classical one. In the latter case (b), classical homogenization is not 
possible as no effective propagation is involved. Instead, a different asymptotic approach has to be used [2]. The 
problem is reduced to one-dimensional propagation in the straight parts of the labyrinth and jump conditions 
across each turning region. The resulting model shows that the labyrinth behaves as a crystal while no 
interference is involved. Both models are validated by comparison with numerical results in the harmonic and 
transient regimes. 

Fig. 1: The microstructure of the (a) classical labyrinth and (b) the crystal-type labyrinth. (c) Propagation of a 
Gaussian pulse at an oblique incidence of 70° incoming from the lower left part for the crystal-type labyrinth. 
We observe the phase shift and the multiple reflection peaks due to crystal-type behavior.  
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Abstract: Low loss phase change material of Sb2S3 has enabled achieving efficient cavity resonator in the visible spectrum. 
In this work, we demonstrate fast switchable structural color via a metal-dielectric-metal cavity formed in a multilayer 
thin-film structure. The multistate of a phase change thin film of Sb2S3 embedded in the multilayer structure can be 
activated by CW and pulsed laser annealing, which enables ultrafast multi-color display at different states between 
amorphous, intermediate, and crystalline phases. 
 
Introduction: 
Antimony trisulfide (Sb2S3) is a low loss phase change material in the visible spectrum with a bandgap of around 2.25eV.1 
Sb2S3 has near unity refractive index contrast between amorphous and crystalline phases. Fig. 1a shows our proposed 
structure to obtain a tunable color display at different intermediate phases of Sb2S3. Our simulation results show a reflection 
peak at wavelength 480 nm at amorphous Sb2S3, and that reflection peak redshifted gradually to near 610 nm when the 
phase of Sb2S3 was changed from intermediate to crystalline phase in Fig. 1b. The measured refractive index and extinction 
coefficient of Sb2S3 at the amorphous and crystalline phases are shown in Fig. 1c and 1d, respectively. The refractive index 
of intermediate states in Sb2S3 has been calculated for different mixture ratios between the amorphous and crystalline 
phases.   
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Figure 1. Metal-dielectric-metal simulation results. (a) Schematic of proposed structure at different Sb2S3 intermediate states. (b) Corresponding reflection 



simulation results. (c) Measured amorphous and crystalline refractive index, and calculated index at intermediate states, and (d) its extinction coefficient. 

The multistates in Sb2S3 enable the development of tunable optoelectronic devices in the visible spectrum with fine-tune 
responses.2 For the testing of intermediate states in Sb2S3 during crystalline and reamorphous phase transitions, we have 
deposited the following stack layers titanium, aluminum, silicon nitride, Sb2S3, silicon nitride with a thickness of 5 nm, 100 
nm, 50 nm, 45 nm, and 50 nm respectively on a silicon substrate. Using a 532 nm CW-laser with a power of 6mW, we saw a 
gradual change in the Raman signal of Sb2S3 with time from an amorphous state to a mixture of amorphous and crystalline 
state, eventually reaching the full crystalline state as shown in Fig. 2a to 2c. Different intermediate states could be obtained 
by changing laser exposure time. Then, we studied the reamorphous phase transition using the previously annealed sample at 
300 °C for 5 minutes to ensure reaching the full crystalline phase. Using a single pulse of ~10 picosec of 1064 nm ps-laser 
and by changing the pulse energy, we were able to observe the intermediate states to the fully amorphous state by increasing 
the pulse energy as illustrated in Fig. 2f to 2d. The next step in our work is to fabricate the proposed structure in Fig. 1 and to 
measure the reflection at different intermediate Sb2S3 states. The metal-dielectric-metal cavity could save using extra 
nanofabrication steps to obtain different colors from Sb2S3 nanopillars supported Mie resonance.3 

cw-laser

ps-laser

(a) (b) (c)

(d) (e) (f)

 
Figure 2. Measured Raman of amorphous Sb2S3 thin film. (a) As deposited, (b) and (c) under different 532 nm CW-laser excitation time. (d) After 

annealing at 300°C for 5 minutes. (e) and (f) under different 1064 nm ps-laser pulse laser power. 
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Abstract: High-performance compact spectrometers are crucial for numerous consumer applications. In this work we 
demonstrate an ultracompact spectrometer able to simultaneously perform visible imaging and near-infrared 
spectroscopy on a single conventional CMOS image sensor. We utilize a novel bio-inspired dispersive element 
combining disordered scattering nanostructures with ordered resonances. We demonstrate an angular tolerance of 30°, 
sub-5nm spectral resolution with 200 nm bandwidth, and high throughput, opening up a new way to achieve 
high-performance sensing and detection. 
 
Optical spectroscopy is a key characterization technology for a variety of different fields ranging from 
fundamental study to healthcare1,2. Traditional spectrometers often utilize dispersive elements such as gratings or 
prisms to achieve to differentiate wavelengths. However, the limited dispersion provided by these elements 
restricts their performance in compact devices3. The proliferation of spectroscopy techniques outside of the 
laboratory is predicated upon the integration of spectroscopic functionalities into handheld form factors, such as 
smart phones. Thus, new spectroscopy technologies are required to satisfy this need.  
 In this work, we conceptualize and demonstrate a new ultra-compact high-resolution light-dispersing 
structure inspired by the compound eyes of long-legged flies. This bio-inspired dispersive element (BioDE) 
consists of semi-random nanostructures fabricated on top of a distributed Bragg reflection (DBR) interference 
filter (Fig 1A). The nanostructures are randomly oriented along one dimension, ensuring incident light is 
scattered along one dimension. The scattered light is then transmitted through the interference filter which 
provides an angle dependent transmission, the source of the dispersion. Simulations indicate a high ideal 
resolution and efficiency can be achieved, with a tradeoff existing as a function of number of layers in the DBR 
interference filter (Fig 1B/C). Moreover, due to the large dispersion provided by the DBR filter, a high resolution 
can be maintained even when utilizing a short focal length focusing length, providing a significant enhancement 
in resolution as compared to a grating in compact form factors (Fig 1D).  

 



Fig 1. A. Schematic of the BioDE and operating principle, with scatterers distributed subwavelength along one 
dimension and randomly along the perpendicular to introduce scattering along one dimension through a dispersive DBR 
cavity medium. B/C the resolution/efficiency of a BioDE element as a function of number of layers in the DBR stack. D. 
The achievable resolution of a BioDE element as a function of focal length, showing a significant enhancement in compact 
platforms over a grating due to its enhanced dispersion.  

 
A BioDE array with multiple BioDE elements oriented at different angles was fabricated using standard 

CMOS compatible procedures (Fig 2A). An average resolution of 4.5nm and an average efficiency of 6.6% per 
element over an 160nm bandwidth was measured, which is excellent compared to other compact spectrometers. 
Beyond these advantages, two other factors of the BioDE make it particularly suited for handheld applications. 
First, due to the random scatterers the BioDE can tolerate a large angular misalignment, which is particularly 
important for handheld applications where the precise alignment achieved in laboratory settings cannot be 
guaranteed. For the fabricated BioDE, an angular tolerance of +/- 15 o with a spectral variation of under 2% 
across the angular range is achieved. Second, due to the finite stop band of the DBR int eh interference filter of 
the BioDE, light at shorter wavelengths is transmitted through without any dispersion, enabling simultaneous 
imaging in the visible along with spectroscopy in the near infrared on the same convencional CMOS detector. 
This was demonstrated using the fabricated BioDE (Fig 2B) showing the devices’ ability to simultaneously take 
clear images while measuring spectrum.  

 
 

 
Fig 2. A. Optical and scanning electron microcscopy (SEM) images of a fabricated BioDE array. B. Example of image 

and spectrum taken with a BioDE array, showing the visible image in the middle and streaks corresponding to the 
wavelength spectrum. With additional processing both the image and the spectrum can be extracted.  

 
In summary, our work demonstrates a novel bio-inspired dispersive element which enables 

high-performance spectroscopy in compact, handheld platforms. We envision the integration of BioDE into 
handheld platforms enabling a variety of novel spectroscopy applications.  
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Abstract: In recent years, several nanoengineered materials have been proposed as alternatives to chemical 
colorants. However, many suffer from severe angle-sensitivity, limited color-palette, and are incompatible with 
industrial standards. Here, we present an approach to structural coloration that avoids these limitations by 
exploiting the strong hybridization of self-assembled plasmonic nanoparticles with an ultrathin cavity. Our 
approach offers a versatile platform for environmental-friendly, large-scale, and low-cost plasmonic paint that 
bridges the gap from proof-of-concept science to real-world industrial applications. 

 

 

Ultralight Plasmonic Structural Color Paint | a,b Demonstration of purely structural color based large 
scale butterflies and paints – complex 6-layers nanostructured flakes in ink format. 

 
Summary: Commercial paints rely on the use of molecules that selectively absorb photons matching their 
electronic transitions. These chemicals suffer from low resolution and environmental instability, while 
oftentimes are toxic and pollutant. Recently, several nanostructured materials have been proposed as potential 
alternatives for coloration. These engineered structures control the scattering and reflection of incident light 
producing the appearance of color without the need for harmful chemicals. However, these demonstrations suffer 
from severe angle and polarization sensitivity, lack of saturation, limited color-palette, and, critically, are 
impractical to integrate with industrial standards. Here, we report an approach to structural coloration that 
exploits the plasmonic resonances that arise naturally from the interaction of light with a random array of 
metallic islands at visible frequencies. 

Grown with conventional thin film techniques, these self-assembled nanoislands, are placed in proximity to 
a mirror leading to a strong hybridization of the localized plasmon and subwavelength cavity modes, resulting in 
a singular resonance with negligible angular and polarization dispersion and above 90% reflectance at selected 
wavelengths. Importantly, the optical response of these nanostructures can be easily tuned across the entire 



visible spectrum by simple changes on the geometrical parameters for realizing a full color gamut. 
This large-scale and low-cost process is compatible with different types of substrate materials and 

morphologies, thus offering a highly versatile colorization solution that bridges the gap from proof-of-concept to 
real-world industrial applications for non-toxic, fade-resistant, and environment-friendly structural color. 
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Abstract: Traditionally dielectric cavities were used to achieve structural colors. More recently, the use of 
sub-quarter wave cavities lossy media with high-refractive index has shown excellent results based on an abrupt phase 
change on the interfaces. Here we present a hybrid approach to achieve quasi-perfect wide band absorbers and tunable 
structural colors by integrating dielectric cavities and high-refractive index media, while keeping a sub-quarter-wave 
thickness. The structures are based on high-quality ultrathin Bi films (10 nm) and built on Si without back-metal 
mirror. 
 

Optical interference is an extremely well-known phenomenon, and Fabry-Perot type resonant 
cavities are widely used as optical coatings. These systems use dielectric media and a reflective 
back mirror to achieve constructive interference, with a gradual phase change on incident light. 
Recently, high refractive index materials were used on top of a metallic mirror [1] to achieve 
similar results with minimal thickness, due to big phase changes on the interfaces, generating a 
destructive interference. In this work we have used an asymmetric dielectric cavity combined with 
high refractive index materials (Bi) to tune the destructive interference to generate the desired 
output. Bismuth is an element with very interesting properties and an extremely high refractive 
index [2] and potential applications on plasmonics. However, its use on resonant cavities hasn’t 
been reported until a few years ago [3][4]. Furthermore, in this work we sill show that in contrast to 
most works that use metallic mirrors to maximize the reflectivity output, here we will show that the 
use of the silicon substrate as a back mirror suffices to obtain bright well defined colors, therefore 
simplifying the system and cutting costs significantly.  
 
Using a Transfer Matrix Method (TMM) formalism, we have designed the desired properties on our 
cavities, and we have built them via Pulsed Laser Deposition (PLD) by alternate deposition of the 
different materials (Bi and amorphous Al2O3). The resulting structures have been analyzed using 
spectroscopic ellipsometry. The used bismuth films are around 10 nm thick, they display 
extraordinary optical properties very similar to the bulk [5], and have a very smooth surface 
(roughness around 1nm as determined by AFM). Another important aspect is the robustness of the 
system, with the possibility of having different colors on a same cavity, just adjusting the thickness 
of the upper layer of dielectric material. In addition to the colors shown on Fig.1 we have 
successfully built a near-perfect absorber on the visible (absorption>0.9), both sustaining their 
properties with different incidence angle, in contrast with the typical quarter-wave resonant 
cavities. 
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Fig.1 a) Reflectance spectrum of thin film structures built using a lower dielectric film (Al2O3) with 25 nm thick, a Bi film 10 nm thick and an upper dielectric film with a 

thickness of 40nm (1), 70nm (2) and 100nm (3). b) Naked eye image of the fabricated structures on a Si substrate as acquired with a cellphone. c) General structure of 

our resonant cavities. 
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Abstract: Developing mechnochromic nano-/micro-pixels under global deformation is challenging, while can add 
one more freedom and enrich the data density for optical information. Herein, we report a method to achieve the color 
pixels in a single photonic micro-line by dynamically controlling the local surface topography through a strain 
redistribution principle. The method is effective and applicable to diverse switchable-optical applications. 
 

The global deformation for structural-coloring materials commonly leads to a uniform color change throughout 
materials. Developing mechanochromic pixels can significantly enrich the color information, while is challenging 
especially at nano-/microscale. Herein, we present a method to engineer switchable color micron-pixels by strain 
redistribution engineering and demonstrate it on a single micro-line, where the color originates from the 
height-dependent constructive/destructive transmittance across the visible spectrum. For example, by controlling the 
width along the length direction (Figure 1a), the micro-line shows a uniform color in the original state and switches 
into a series of color pixels under strains (Figure 1b). By controlling the local stiffness, we prove that the line shows a 
programmable topographic change when stretched due to the nonuniform strain redistribution along the line. We 
further demonstrate its application in optical encryption with a significantly enhanced data density than the micro-line 
with a uniform stiffness. The work provides an effective method to produce color pixels at the microscale, of which 
the principle applies to diverse optical devices based on dynamic structures and topographic changes. 

 
Figure 1. (a) Schematic of micro-line design and (b) optical micrograph in transmission mode of representative single 
micro-line with 4 identical pixels. The pixels show the same red in releasing state (0% elongation) and switch to blue in 

the stretching states (40% and 60%) distinct from the remaining section of the line. 
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Abstract: Biomedical implants and sensors typically suffer from biofouling leading to decrease in sensor 
performance and ultimately rejection of implants. Here we show that butterfly-derived nanophotonic structures 
can act as functional optical sensors for providing real-time health signatures as well as resist biofouling as a 
result of their structural properties. We discuss the theoretical basis of their behavior which can help us optimize 
their performance, and show experimental data revealing biofouling resistance as well as long-term stability of 
the implants in-vivo.  
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Abstract: Dynamic optical appearance plays a critical role for many animals that rely on adaptive camouflage or 
bright and varying color displays for their survival. Inspired by this are mechanochromic photonic materials, 
which change their optical properties in response to mechanical forces, providing a versatile platform for 
colorimetric force sensing. We have developed a roll-to-roll manufacturing technique by combining Lippmann 
photography with holographic recording materials, providing a fast, scalable, low-cost method of producing 
these materials with a variety of different properties. 
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Abstract: This work reports the development of the first multifunctional bioinspired contact lens sensor which 
combines enhanced optical and bactericidal properties as well as protein sensing in tears for ocular diagnostics. 
We created glasswing-butterfly-inspired (Greta oto1 and Chorinea faunus2) nanostructures using biocompatible 
parylene C and integrated them onto the surface of traditional scleral lenses. The nanostructure-integrated lenses 
minimize glare by 4.3-fold at 80o, improve VIS transmission by 1.1-fold, and block 2.8-fold more UVA 
compared to their traditional counterpart. Furthermore, the parylene nanostructures physically lyse Escherichia 
coli in vitro (dead: 89% in 4 hrs). Finally, when coated conformally with metal, we used the same nanostructures 
to sense lysozyme and lactoferrin (dry eye disease biomarkers) label-free in human tears using Raman 
spectroscopy. Detection is performed in 8 whole human tear samples, demonstrating good agreement (± 0.27 
mg/mL) with results produced using commercial ELISAs while reducing the diagnosis time by 16-fold with 
simpler sample preparation. 
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Abstract: We experimentally demonstrate an all-aluminum metasurface that generates tunable plasmonic colors 
depending on the polarization states of the incident and reflected light. The metasurface produces high-resolution 
images and can be used to realize kaleidoscopic steganography. Besides, a TiO2 metasurface is proposed to 
enable full-color generation integrated with ultrasmooth color brightness variations. The reproduced famous 
artwork “girl with a pearl earring” features photorealistic color presentation and stereoscopic image impression, 
mimicking the oil painting texture. 

 
Colors from metallic and dielectric nanostructures find increasing roles in optical display, data storage and 

cryptography due to the high spatial resolution and mechanical/chemical stability. Recently, dynamic colors 
generation attracts a lot of attention due to the increasing demand for high-density data storage and 
steganography techniques. In order to encode more information states in one pixel, extra degrees of freedom to 
tune the output colors are highly desired. Advancing from laser-induced deformation method which is 
irreversible, we utilize the optical-rotation effect to tune the color of the light reflected from a metasurface 
consisting of anisotropic aluminum nanoantennas1. When acted upon by two optically broadband polarizers, a 
judiciously designed pattern presents multiple information states which are sharply contrasted with the 
background at different incident-reflected polarizer angle combinations. In addition, the undesired mixing 
between different optical messages is well suppressed. Such an information-multiplexing metasurface holds a 
great promise for high-density data storage and advanced steganography techniques. In addition, another 
metasurface consisting of glass slide dotted with millions of elliptical-cross-section ‘nanopillars’ of titanium 
dioxide is proposed2. Upon optical-rotation effect, the metasurface can transform an incident beam of white light 
into a full-color photorealistic ‘nanopainting’. Mixing red, green and blue units in a geometrically 
non-conflicting manner enables us to create a square-millimeter replica of Jan Vermeer’s celebrated painting 
‘Girl with a Pearl Earring’ that captures much of the original oil’s delicate play of light and shadow. Beyond 
micro-renderings of master artwork, we see prospects for the new metasurface in applications such as optical 
communications, luxury decoration and anti-counterfeiting protection for currency. 
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Abstract: We present a new type of flat optics, which have an amphibious imaging capabilities, inspired by the 
eye of fiddler crab. The flat surface and graded refractive index of the artificial microlens arrays effectively 
suppresses the defocusing effect at different environmental conditions (i.e., changes of refractive index). 
Experimental demonstration supports the effectiveness of the amphibious imaging.  
 
In nature, various types of vision systems with distinct optic characteristics have evolved to survive under unique 
natural habitats. These have inspired the innovation of artificial vision systems, including human-eye-type 
(terrestrial environment), insect-eye-type (terrestrial environment), and fish-eye-type (aquatic environment) 
artificial vision1-3. The fiddler crab (Uca arcuata), which lives in an intertidal region (both terrestrial and aquatic 
environment), has developed compound eyes with flat face lenses that offer amphibious imaging capabilities and 
a panoramic visual field. The flat nature and graded refractive index (RI) of the corneal facet lens suppresses the 
defocusing effect caused by changes of the external environment. In addition, the structure of the compound eyes, 
which covers almost the entire eye stalk, enables an extremely wide field-of-view (FoV). Other crustaceans and 
insects living at the boundary between terrestrial and aquatic regions also have eyes with a flat corneal lens and a 
graded RI structure for amphibious imaging.  

These vision systems have inspired the development of artificial vision systems, but previous efforts to 
imitate the natural graded RI have mainly focused on aberration correction and anti-reflection. Furthermore, 
currently available bio-inspired electronic eyes are limited in their maximum FoV to a hemispherical FoV 
(around 180°), and thus do not offer panoramic viewing angle (around 360°). In this paper, we report an 
amphibious vision system with a panoramic FoV by mimicking the functional structure of the fiddler crab eye. 
Micro-lens arrays with a flat surface and a graded RI profile are integrated on flexible comb-shaped silicon 
photodiode arrays, which are mounted on a three-dimensional (3D) spherical structure. The flat surface and 
graded RI profile of the micro-lens were optimized to have a consistent focusing power regardless of external RI 
changes. The strategy used to develop this artificial vision can be applied to imaging systems for panoramic 
motion detection and obstacle avoidance in variable environments.  
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Abstract: There are usually trade-offs between maximizing the color saturation and brightness and minimizing 
the angle-dependent effect in structural colors. Here, a magnetic field-induced assembly for the rapid formation 
of scalable, uniform amorphous photonic arrays (APAs) featuring unique structural colors is demonstrated. The 
magnetic field plays a fundamental role in photonic film formation, making this assembly technology versatile 
for developing structural color patterns on arbitrary substrates. The synergistic combination of surface plasmonic 
resonance of the Ag core and broadband light absorption of high refractive index (RI) Fe3O4 shell in hybrid 
magnetoplasmonic nanoparticles (MagPlas NPs) enables breaking the trade-offs to produce brilliant, 
noniridescent structural colors with high tunability and responsiveness. These features enable the fabrication of 
various types of highly sensitive and reliable colorimetric sensors for naked-eye detection without sophisticated 
instruments. Furthermore, large-scale structural color patterns are effortlessly achieved, demonstrating the high 
potential of the present approach for full-spectrum displays, active coatings, and rewritable papers. 
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Abstract: We observe structural color from single nanopillars made of a low-refractive-index material. These 
nanopillars were produced using two-photon polymerization lithography. Full color and grayscale were obtained 
by single nanopillars with different heights and diameters. The generated hue was nearly independent of 
collection angle, an effect that is consistent with scattering off the nanopillar structures. In addition to full color 
and grayscale prints, we demonstrate steganography using individual nanopillars. 

 
 

Nanoantennae made of metal or high-refractive-index dielectric materials realize vivid structural colors by 
plasmonic or Mie resonances. It has been found that even a single nanoantenna can generate structural color with 
these materials, while low-refractive-index (LRI, n<1.6) materials generally achieve that only in the form of 
periodic structures, such as gratings, multilayers, and photonic crystals, or with refractive optics. Thus, 
identifying new mechanisms to generate colors with subwavelength dimensions in transparent and cost-effective 
LRI materials is essential.  

Here, we provide evidence that structural colors can be generated with single nanopillars made of LRI 
material (Fig. 1a), and the underlying mechanism of leaky waveguiding mode is investigated with the multipolar 
decomposition of scattering. It is found that the angular scattering patterns are nearly the same for forward and 
backward scattering, except that the forward scattering is generally 5 times stronger. Besides, the colors are 
almost the same for objectives with numerical apertures smaller than 0.45. When the nanopillars are observed 
with a numerical aperture of 0.9, the spectra are close to flat as the collection angle is much larger, while the 
peaks and valleys still exist in the simulated spectra (Fig. 1b), indicating that the hues are maintained. 
Furthermore, with a fixed pitch size of 800 nm and using one nanopillar representing one pixel, we 3D printed 
the colorful Starry Night by Vincent van Gogh and the grayscale portrait of James Clerk Maxwell (observed by 
10× objective lens, Figs. 1c-f). 

Our work provides a powerful platform to facilitate the applications for anti-counterfeiting and sensing, 
benefiting the high-resolution color print and flexible display. These findings will also enable the design of 
dye-free colorful items with unique decorative properties with recyclable or bio-compatible LRI materials, such 
as chitin and cellulose. 

 



 

Figure 1. Structural colors of single nanopillars. (a) Optical micrograph of colors from an array of single nanopillars 
with a height step of 0.1 μm, and an exposure time step of 0.02 ms, backlit and imaged using a 50×, NA = 0.4 objective lens. 
(b) Simulated normalized transmittance spectra of single nanopillars at different numerical apertures. Optical micrograph of 
the 3D printed colorful painting of Starry Night (c) and the grayscale portrait of James Clerk Maxwell. (e) Top view and (f) 
45° tilted view scanning electron micrographs. 
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Abstract: Despite its long history, we are now witnessing a revival in structural color research with numerous 
potential applications. Here, we provide a perspective of structural colors, highlighting some of the major 
achievements and new discoveries in the field. 
 

In the past decades, structural colors have been extensively pursued, guided by insights in physics and 
materials. New optical mechanisms have only recently surfaced, leveraging on resonances from individual 
nanostructures. Effects from localized plasmon resonances,[1] Mie scattering,[2] and quasi 
bound-state-in-continuum modes [3] have given rise to unprecedented functional advantages.[4] Figure 1 shows 
examples of structural color microprints from a range of nanostructured materials. We have explored metallic, 
high refractive-index dielectrics, and more recently 3D-printed low refractive-index dielectrics, each based on 
different underlying mechanisms.[5] The advent of high-resolution nanoscale 3D printing methods, has provided 
an extra degree of freedom to design structural colors, with enhanced light manipulation, e.g. enabling facile 
integration with lenses and phase plates.[6,7] In addition, it has opened up new opportunities to utilize functional 
material properties such as shape memory polymers that were not possible using conventional nano-fabrication 
methods.[8] These advanced materials and methods led to early demonstrations of submicron 4D prints, the 
fabrication of multi-functional structural colors that respond to various external stimuli, e.g. temperature and 
mechanical stress.[9,10] With these new effects, we witness a revival in structural colors for commercial 
applications, ranging from low-power reflective displays to anticounterfeiting labels,[11–14] bringing structural 
colors from lab to commercial use-cases.  

 
Figure 1. Microprints from metallic, high-index, and low-index dielectric nanostructures[2,5,15] 
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Abstract: We report on the optimal overlap of antenna’s near-field and active medium whose spatial distribution 
is controlled via a plasmon-triggered 2-photon polymerization of a photosensitive formulation containing QDs. 
Both liner and circularly polarized excitation are considered.  

  
Hybrid nanomaterials are highly attractive by a rapidly growing group of nanooptics researchers, due to the 
promise in light control and effective methods for both fundamental studies and applications of the surface 
plasmon.1,2 Hybrid plasmonic nanosources, generally formed by metal and other luminescent material connected 
at the nanometer scale, combine the surface plasmons of metal, light emission of emitters and additional 
properties due to synergistic effects between the components.3  

Our work aimed at fabricating anisotropic hybrid plasmonic nano-emitters using near-field two-photon 
polymerization which is triggered by localized field enhancement from localized surface plasmons by metal 
nanoparticles.2 By trapping the nano-emitters (QDs) inside the polymer or at its surface, location of the 
nano-emitters can be controlled by changing the spatial distribution of the polymer near the metal nanostructures. 
Furthermore, this hybrid plasmonic nanosource can be commanded by a simple polarized monochromatic beam 
and presents the unique specificity to be based on mixing of colors issued from an anisotropic hybrid 
nanostructure containing different quantum dots whose spatial distribution is anisotropic and controlled at the 
nanoscale. We will present recent achievements on this approach. (See Fig. 1) 

 

 

Figure 1 Top: Calculated near-field intensity |E|2 in x-y plane of an Au triangle deposited on ITO-coated glass 
substrate, excited at 800 nm (left and middle) and 700nm (right); Bottom: SEM images of hybrid plasmonic 
system obtained by plasmonic 2-photon polymerization under ϕ =0º and =90º linear excitation and left-hand 

circularly polarized light. 
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Abstract: Tm-doped energy transfer upconversion (ETU) NaYF4: Yb
3+

:Tm
3+

 nanoparticles have 

potential applications in deep tissue imaging and energy conversion devices due to their visible 

(450nm) and infra-red (800nm) upconversion emission, but suffer from low quantum efficiency. 

Radiative decay engineering through coupling of the rare earth transitions to surface plasmon 

polaritons has potential to enhance the ETU process. We seek a detailed understanding of the 

multistep ETU process and the effects of plasmonic coupling on the upconversion efficiency. We 

use single particle spectroscopic imaging and statistical analysis to assess the plasmonic 

enhancement of NIR-to-visible upconversion luminescence (UCL) from single β-

NaYF4:Yb
3+

:Tm
3+

 upconverting nanoparticles (UCNPs) supported on substrates consisting of 

random arrangements of Ag nanowires composites (NWCs) and Au nano-cavity arrays. By 

examining the effects at the single particle level, and accumulating a statistical sampling of single 

particle emitters, both on and off the plasmonic substrates studied, we obtain a statistical 

description of UCL emission enhancement in the Tm-doped UCNPs and map out the statistical 

distribution of excitation and luminescence enhancement on the plasmonic substrates. The 

distributions obtained are compared to Finite Difference Time Domain (FDTD) calculations of the 

fields near the plasmonic substrate, assuming the variations are due to variations in UCNP coupling 

to the plasmonic substrate based on an exponential decay with distance. We use both wide field 

and confocal spectroscopic imaging of single UCNPs on and off the plasmonic substrates in 

combination with energy and time resolved spectroscopy and compare these results to a coupled 

rate equation analysis to elucidate the energy transfer upconversion enhancement mechanisms for 

these substrates. 

 

 
  

Figure: (left) FDTD simulation of NWC on glass substrate; (middle) UCL vs excitation intensity from single 
UCNP on and off NWC substrate; (right) Statistical distribution of excitation enhancement for an 
ensemble of single UCNPs on NWC substrate. 
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Abstract: Nano- and microparticles particles embedded in compact layers interact with light in diverse ways. 
We investigate the scattering by semiconductor, metal, or oxide particles to direct near-infrared light without 
excessive heating. Optical responses under irradiation by solar and blackbody emitters are calculated. 
Reflectance efficiency factors of over 80% are predicted in 200 µm thick compact layers with only 1% volume 
fraction. The computational results are validated with experiments and implemented in near-infrared sensing 
applications. 
 
 

Directing the propagation of near-infrared radiation is a major concern in sensing applications and the 
efficiency of solar cells and thermal insulators. A facile approach to scatter light in the near-infrared region 
without excessive heating is to embed semiconductor particles into compact layers [1]. We calculate the optical 
properties such layers using classical electromagnetic and multiscale modeling models. The predictions are 
validated experimentally. 

 
Reflectance efficiency factors of up to 83.7% and 63.9% are achieved for near-infrared solar and blackbody 

radiation in 200 µm thick compact layers with only 1% volume fraction of bare Si particles with a radius of 0.23 
µm and 0.50 µm, respectively. The addition of an oxide coating modifies the surrounding dielectric environment, 
which improves the solar reflectance efficiency factor to over 90%. In this manner, the scattering mode energies 
of core@shell particles can be tuned to match the incident spectral density [2]. We also investigate how the 
shape and orientation of oblate spheroidal nanoparticles influences the reflectance. 

 
The inclusion of metals gives rise to localized surface plasmon resonances. This allows for a unique 

interrelation between the strong characteristic magnetic dipole mode of the semiconducting layer and the 
localized surface plasmon resonance of the metallic layer [3,4]. Such particles have control over the forward and 
backward scattering efficiencies in the near-infrared in accordance with the predictions based on the Kerker 
conditions.  

 
The optical spectra predicted computationally were validated experimentally [5]. Compact layers containing 

embedded semiconductor particles consolidated using pulsed electric current sintering exhibit intense, broadband 
near-infrared reflectance. The 3 mm thick composite compacts reflect up to 72% of the incident radiation in the 
near-infrared region with a semiconductor microinclusion volume fraction of 1% which closely matches 



predictions from multiscale Monte Carlo modeling and Kubelka-Munk theory [5]. The porous microstructure 
causes scattering at the air-matrix interface and larger reflectance primarily in the visible region. We predict 
decreasing the average particle size or broadening the standard deviation can lead to colorful compacts with 
improved reflectance.  

 
High reflectance is achieved with minimal dissipative losses and facile manufacturing, and the composites 

described herein are well-suited to control the radiative transfer of heat in devices at high temperature and under 
harsh conditions. The layers are spectrally sensitive and can be applied as a back or front reflector for solar 
devices, high temperature thermal insulators, and optical filters in gradient heat flux sensors for fire safety 
applications. 

 
 
 
This work was performed as part of the Academy of Finland project 314488 and QTF Centre of Excellence 

program (project 312298). We acknowledge computational resources provided by CSC -- IT Center for Science 
(Finland) and by the Aalto Science-IT project (Aalto University School of Science); the Discovery Grants and 
Canada Research Chairs Program of the Natural Sciences and Engineering Research Council (NSERC) of 
Canada; and Compute Canada (www.computecanada.ca) 
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Abstract: Metasurfaces are ideal platforms for enhancing the inherently weak chiroptical signals of natural 

optically active molecules, as they can provide the necessary strong resonances for coupling the probing 

radiation with the chiral molecules. In this work, we derive analytically, and verify numerically, expressions that 

provide insight into the enhancement mechanism, we explain why circular dichroism measurements in 

metasurfaces with chiral inclusions must be interpreted with care and we propose a scheme for the unambiguous 

determination of an unknown chirality. 

 

The detection of chirality is of fundamental importance for many research disciplines and industries, such as the 

chemical, agricultural, and pharmaceutical [1]. Traditionally, circular dichroism (CD) spectroscopy – the 

differential absorption between left- and right- circularly polarized light – has been used for the discrimination 

between left- and right- handed enantiomers. However, the main challenge of CD spectroscopy still remains the 

inherent weak nature of chiroptical signals. Recently, nanophotonic approaches for chiral sensing have allowed 

for the measurement of chiroptical signals unattainable using traditional polarimetric techniques [2]; these 

platforms usually involve metasurfaces that sustain the electric and magnetic resonant dipoles to enhance the 

weak chirality of natural optically active materials. Despite achieving strong chiroptical signals, these 

approaches are focused on performing and enhancing CD measurements, i.e., measurements of only the 

imaginary part of the chirality parameter, Im(κ). 
    In this work, we examine chiral inclusions in achiral metasurfaces; the latter sustain the electric and 

magnetic resonant dipoles to enhance the chirality features of the inclusions. We show that, because the 

magnetoelectric coupling of the composite system involves contributions from both the chiral inclusions and the 

metasurface, a difference in the absorption between left and right circularly polarized waves (CD measurements) 

can result from both the real and the imaginary part of chirality κ, Re(κ) and Im(κ), respectively, correcting thus 

existing misconceptions. Our findings are in accord with recent experimental works [3] and explain why CD 

measurements should be interpreted with care with respect to the magnitude and sign of κ, particularly at 

frequency ranges far from the molecular resonances, where Re(κ) is significantly stronger than Im(κ). 
    In our approach we replace the actual metasurface with a polarizable sheet that supports electric and 

magnetic surface currents and we work with the effective surface conductivities of the equivalent current sheet. 

Since the metasurface has no inherent chirality, the magnetoelectric coupling comes entirely from the coupling 

of the two equivalent currents via the chiral inclusions. Using this model, we derive analytically, and verify 

numerically, expressions that provide insight into the enhancement mechanism of the magnetoelectric coupling 

and we show that the far-field measurements are proportional to the chirality parameter κ of the chiral inclusions, 



 

Figure 1. Achiral metasurface for enhanced chiral sensing. (a) Excitation with a Linearly Polarized (LP) wave. The 

metasurface consists of dielectric nanodisks of refractive index 3.5-0.01i with cylindrical holes, in which a chiral inclusion 

of refractive index 1.33-0.001i is contained. The unit cell is periodically repeated along the x and y directions with 

periodicity a = 500nm, forming an infinite metasurface. (b) Polarization state of the transmitted wave, analyzed in terms of 

its rotation θ and ellipticity η. (c) Schematic of the unit cell; here d = 130 nm. (d) Field distribution of the electric-type (ED) 

and magnetic-type (MD) modes along the axis of the nanodisk, where the chiral inclusion is located. (e) Retrieval of the 

unknown chirality parameter κB of inclusion B, with reference chirality parameter κA of inclusion A, using the chiroptical 

signals θ, η in transmission. Top row: chirality parameters κA, κB of the two inclusions (cyan lines) and retrieved κB (black 

lines) of inclusion B. Bottom row: numerically calculated chiroptical signals θ, η of the transmitted wave. 

thus justifying why the identification of both sgn(κ) and |κ| is possible with the utilization of achiral 

metasurfaces. Our analysis demonstrates distinct chiroptical signals (rotation θ and ellipticity η of transmitted 

wave) where the contributions from both the real and imaginary part of κ can be independently observed and, 

based on such measurements, we propose a scheme for the unambiguous and complete measurement (magnitude 

and sign of both Re(κ) and Im(κ)) of an unknown chirality [4-6], as demonstrated in the example of Fig. 1. 
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Abstract: We will present an optomechanics platform based on photonic bound states in the continuum and show 
that this platform is very flexible and makes it possible to reach different regimes of cavity optomechanics, e.g., 
with linear or quadratic coupling of either dispersive or dissipative type. Bound states in the continuum enable to 
build compact optomechanical devices, resulting in linear optomechanical coupling strengths that are orders of 
magnitude larger than conventional out-of-plane systems and comparable to values observed for in-plane 
geometries. 
 

In this contribution, we will show how nanophotonic structures can be used to gain access to previously 
inaccessible regimes in cavity optomechanics [1]. We introduce a novel optomechanics platform, built from two 
photonic crystal membranes [2], one of which is freely suspended [see Fig. 1(a)]. This cavity supports a series of 
photonic bound states in the continuum (BICs) that, in principle, trap light forever [3] and can be favourably used 
together with evanescent coupling for realizing various types of optomechanical couplings, such as linear or 
quadratic coupling of either dispersive or dissipative type, by tuning the photonic crystal patterning and cavity 
length. By combining light propagation in both free-space (between the photonic-crystal membranes) and guided-
mode (over the photonic-crystal membranes) form, our platform merges the strengths offered by in-plane (photonic 
crystals with colocalized photonic and phononic modes [4]) and out-of-plane optomechanical systems (such as 
end-mirror and membrane-in-the-middle systems [5]). 

  
Fig. 1 (a) A sketch of the novel nanophotonic platform for cavity optomechanics, a double photonic crystal slab cavity. (b) 

Transmittance map against frequency and separation for two PhC slabs with a period of 0.6 λ0 and radius of 0.1525 λ0, with the 

cavity eigenmodes overlaid in blue. A BIC with zero linewidth appears at discrete points close to the avoided crossings. 

(c) Transmittance map for two homogeneous slabs with an effective refractive index given by the lattice parameters of (b).  

 

(a) 

(b) 

(c) 

 



We will first analyze the modes of the double-photonic-crystal cavity and show that this cavity supports bound 
states in the continuum (modes without radiative decay). Indeed, at discrete points close to the avoided crossings 
between the dispersion of the Fabry-Perot modes and the guided modes on the photonic crystal membrane, the 
linewidth of the transmission resonance [indicated by the size of the circles in Fig. 1(b)] vanishes. This effect does 
not appear for simple unpatterned mirrors with similar reflectance [see Fig. 1(c)], which demonstrates that the 
internal dynamics of the guided-mode resonance leads to new optomechanical effects. Bound states in the 
continuum make it possible to construct optomechanical cavities less than one wavelength long, which completely 
changes the design philosophy of optomechanical devices based on nanophotonic structured slabs. 

Our new optomechanics platform is very flexible and makes it possible to reach different regimes of cavity 
optomechanics, e.g., with linear or quadratic coupling of either dispersive or dissipative type. We find Q-factors 
around 7×105 limited by dissipative loss and a normalized linear single-photon coupling rate of –46 GHz/nm at 
the BIC. Because our system is so compact, we can achieve linear optomechanical coupling strengths that are 
orders of magnitude larger than conventional out-of-plane systems [5,7] and comparable to values observed for 
in-plane geometries [4]. Our optomechanical platform also has the advantage that no outer cavity is necessary, 
considerably simplifying fabrication and operation. 

Our new platform has furthermore the potential to access the regime of single-photon optomechanics by 
obtaining a large single-photon quantum cooperativity [2]. Using realistic parameters of suspended photonic-
crystal slabs yields a single-photon cooperativity of Cq ≈ 4.0. A value exceeding unity has not yet been achieved 
in any other cavity optomechanics system. Thus, our optomechanical platform offers a promising alternative to 
proposals in the microwave domain or to cavity optomechanics with atoms. 

Finally, we will show that we can also achieve purely dissipative coupling and pure quadratic coupling using 
our photonic-crystal-membrane platform. 
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Abstract: The talk deals with the possibility to control the spatial distribution of the active medium in hybrid 
nano-plasmonics. 
 

In microscale optoelectronics, the possibility to precisely control the spatial distribution of the active 
medium allows for the optimization of systems and devices. At the nanoscale, this issue still constitutes a 
challenge.  

Here, we report on the study of the spatial overlap between the exciting optical near-field and the nanoscale 
active medium whose position in space is controlled via plasmon-assisted two-photon polymerization1 of a 
photosensitive formulation containing nano-emitters.2 By using different geometries of gold nanoparticles and 
different modes of plasmon excitation, nano-emitter-containing active medium can be structured selectively with 
different degrees of symmetry in the close vicinity of the metal nanoparticles. The resulting hybrid plasmonic 
nano-emitters (e.g. Figures 1(a), 1(b)) are shown to be highly sensitive to the direction of polarization used for 
exciting the system (Figures 1(c), 1(e)). This sensitivity is quantified through the photoluminescence contrast 
between different states of emission, and related polarization-sensitive nanoscale spatial overlap integral 
between the local exciting optical field and the active medium.3 

By decreasing the concentration of the nano-emitters within the formulation, single quantum emitters can be 
trapped in the vicinity of gold nanocubes. As a result, we report preliminary observation of a nano-switch in the 
single photon regime that is driven by polarization.3 

Finally, we report a very recent new approach. The photopolymer has been functionalized to grab the 
emitters to its surface by electrostatic interaction after polymerization.4 In this way, we can control both the 
position of emitters attached to the polymer surface and the average emitter-metal surface distance by adjusting 
the thickness of the polymer on the plasmonic structure. As a result, the emitter fluorescence life time can be 
controlled.  

This approach has resulted in the promising concept of “smart photopolymer” for hybrid nanoplasmonics. 
The cunning use of the polymer is actually twofold. First, it “records” both the selected site and the future 
emitters-GNC distance through plasmon-assisted photopolymerization. Second, because the polymer is 
chemically functionalized, it makes it possible to attach the nano-emitters right at the preselected polymerized 
sites which subsequently “recognize” the nano-emitters to get attached.5 

 



 

 
Fig. 1 (a) Schematic representation of a nanocube-based hybrid plasmonic nanoemitter. (b) SEM image of 

the hybrid nanosystem. (c) Far field image of the photoluminescence (PL) from a single hybrid nanosuurce 
excited with an incident polarization (l=405 nm) parallel to the polymer lobes shown in (b). (d) PL spectrum 
from a single hybrid nanosource. (c) Far field image of the photoluminescence (PL) from a single hybrid 
nanosource excited with an incident polarization (l=405 nm) perpendicular to the polymer lobes shown in (b). 
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Abstract: This study was aimed to investigate the growth process of thin films on a nanostructured surface. 
Optical characterization revealed the presence of Fano-like resonance phenomenon in such single-layer structure, 
surrounded by a lower refractive index media. Moreover, we demonstrate a 5 µm thick photonic multilayer 
structure composed of alternating high- and low-index materials, providing angular selectivity of light. The 
proposed 2D photonic structure can be considered as a promising component for intracavity spatial filtering even 
in high power microlasers. 

 
In micro-lasers, especially in high power emission regimes, the spatial quality of laser light beam 

deteriorates, i.e. the energy distribution deviates from the Gaussian form. Typically, a confocal arrangement of 
lenses with a diaphragm in the focal plane is used for intracavity spatial filtering. Such conventional filtering 
requires access to the far-field domain. In microlasers, however, conventional filtering is impossible due to the 
lack of space in micro-resonators to access the far-field. Therefore, a novel concept for more compact and 
efficient spatial filtering is necessary. 

This work presents the investigation of single-layer photonic structures by conformal deposition of optically 
transparent thin films on the modulated surface, where the deposited layer repeats the initial surface. As the 
investigation revealed, quite exceptional optical characteristics, such as Fano-like resonance, can be found even 
in a single structured layer of the higher refractive index than of the surroundings media. The proposed compact 
photonic structure shows high angle-wavelength sensitivity of transmission/reflection, which can be used to 
manipulate the reflection/transmission properties of the beam radiation [1]. 

Moreover, in this study, we propose and demonstrate a conceptually novel mechanism of spatial filtering in 
the near-field domain, by a nanostructured multilayer coating - a 2D photonic crystal structure with a periodic 
index modulation along the longitudinal and transverse directions to the beam propagation (see Fig.1) [2,3].  

The structure is built on a nano-modulated substrate, which provides the transverse periodicity. The physical 
vapor deposition of materials with different refractive indexes is used for the self-repeating modulation in the 
longitudinal direction.  

We experimentally demonstrate a 5 µm thick photonic multilayer structure composed of nanostructured 
layers of alternating high- and low-index materials (Nb2O5 and HfO2, respectively) providing spatial filtering in 
the near-infrared frequencies with 2° low angle passband. The proposed 2D photonic structure can be considered 
as a promising component for intracavity spatial filtering even in high power microlasers systems.  

 



  
Fig. 1 a) The schematic representation of designed Photonic Crystal spatial filter, b) SEM image of the 

cross-section of the fabricated structure. 
 
In the presentation, the investigation of different technologies for the single- and multi-layer coating 

deposition on nanostructured surfaces will be reviewed. The focus will be on the possibility to form the dielectric 
structures with periodic modulation of optical constants by Ion Beam Sputtering technology together with the 
application of angular filtering of light. 

 
References 
1. Grineviciute L., Nikitina J., Babayigit C., Staliunas K., “Fano-like Resonances in Nanostructured Thin Films”, Applied 

Physics Letters, 118, 2021. 
2. Grineviciute L., Babayigit C., Gailevičius D., et al., “Nanostructured Multilayer Coatings for Spatial Filtering”, Adv. 

Optical Mater. 9, 2001730 2021.  
3. Grineviciute L., “Nanostructured optical coatings for the manipulation of laser radiation”, Doctoral Thesis, Vilnius 

University, DOI: 10.15388/vu.thesis.185, 2021.  
 

a) b) 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Chiral Metasurfaces of Nanohelices with Giant Intrinsic Chiro-Optical Activity 
 

Thu H. H. Le1*, and H. Sato2 
1Department of Electronics and Manufacturing - Device Technology Research Institute,  

National Institute of Advanced Industrial Science and Technology (AIST), Japan 
2Graduate School of Science and Engineering, Ehime University, Japan 

*corresponding author: thu.le@aist.go.jp 
 
Abstract: This study reports the fabrication of metasurfaces composed of metal nanohelices that exhibit giant 
intrinsic chiro-optical properties in mid-infrared (IR) regime. Our fabrication method exploits the stress-
driven self-folding of metal thin films to generate helical structures with tunable diameters, controllable 
handedness and alignment directions. This approach allows the high-throughput fabrication of 3-dimensional 
nanostructures for mass-production of metasurfaces in wafer-scale. The fabricated metasurface opens new 
perspectives for practical applications of chiral metamaterials in chiroptical spectroscopies and chiral chemistry. 
 
 Chiral metasurface has emerged as a promising 
candidate to enhance the chiro-optical activity for 
spectroscopic applications and chiral chemistry. Recent 
theoretical and experimental works show that the 
chiroptical signals of chiral molecules are significantly 
amplified when they couple with chiral plasmon 
structures. Among chiral metasurfaces reported so far, the 

nanohelices are one of the most studied structures that can 
generate intrinsic optical chirality resulted from their 
inherent geometries.[1-2] However, metasurfaces of helical 
structures have been restricted by very low-throughput 
fabrication methods, which is a major drawback for many 
potential applications. 
 In this study, we demonstrated a versatile and robust 
fabrication of metal helices with tuneable sizes and 
alignment directions by exploiting the stress-driven self-
folding in metal thin films. Herein, the folding is assisted 
by the nanogroove patterns on metal ribbon-structures that 
induce an angular curling to form nanohelices. The radius 
and pitches of helices can be accurately programmed by 
the widths and the heights of nanogrooves. Moreover, the 
handedness, the alignment of helix against the substrate 
can be designed beforehand by the alignment of metal 
ribbons and the groove patterns. Figure 1(a) shows the 
fabricated aluminium (Al) helices aligned in parallel to the 
silicon substrate plane. We have succeeded in fabricating 
helices with diameter ranging from 800 nm to several 

 
Figure 1. (a) Al nanohelices fabricated by employing 
stress-driven self-folding of metal films, and (b) VCD 
spectrum of the corresponding helices  



µms. It should be noted that our method employed conventional top-down nanofabrication techniques using for 
planar structures such as UV photolithography, electron-beam lithography and reactive-ion etching that can be 
processed at extremely high speed. It allowed us to fabricate nanohelices in wafer-scale sample, which was 
necessary for characterization of chiro-optical properties by conventional spectroscopic apparatus.  
 The circular dichroism spectrum in the mid-IR regime of the corresponding helical structure taken by a 
commercial vibrational circular dichroism (VCD) instrument (JASCO – FVS-6000) reveals the absorption of one 
of the circularly polarized light, whereas the other is transmitted, in a broad frequency range from 2000 to 850 cm-

1. A giant optical activity with maximum g-factor of 0.6 has been achieved. The numerical calculation of the 
corresponding structures shows similar spectrum, which is in good consistence with the experimental one. 
Moreover, the result unveils that under irradiation at normal incidence, the plasmon resonance generates an electric 
dipole that induces the current and the consequent oscillating magnetic field and vice versa. Such kinds of electric 
and magnetic dipoles attribute to the chiro-optical activity in far-field observed in the VCD spectra. [2] Moreover, 
our calculation result also predicts the formation of chiral near-fields with large optical chirality in the enclosed 
volume inside the helices. Our metasurfaces of helical structures are expected to open a new perspective for 
practical applications of chiral plasmons in spectroscopies and chiral chemistry. 
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Abstract: Two-photon polymerization (TPP) is one bottom-up and layer-by-layer fabrication method. Polymer
structures can be hybridized with different materials to optimize and improve optical properties. In this article,
we report on fabrication of hybrid micro-nanostructures based on the polymer template. One strategy involves
functionalizated photopolymers selectively attract nanoparticals on the surface, allowing their reliability and
uniformity even within complex 3D structures. One strategy involves metal material fills polymer pre-patterning
voids on conductive substrate by eletrodeposition method.

In the recent years, the commercial applications of metamaterials has attracted widespread attention. The
freely designable TPP laser direct writing gives the metamaterial a great degree of freedom. At the same time, it
has advantages in large-scale fabrication. On this basis, nanoparticles assembly and electrodeposition are
efficient and straightforward hybridization methods for hybrid structure. It is showing a potential toward
nanophotonic and metamaterials applications. In Figure 1, different 3D hybrid structures, chiral structure and
multilayer Bragg structure are shown by nanoparticles assembly. And different diameter gold nanoparticles are
implemented in the structures. We will present the optical properties and structures by electrodeposition in the
next work.

Figure 1: a) 3D helix structure attached GNP(D:50nm). b) Bragg structure template. c) after attract
GNP(5nm). Scale bar is 500nm.
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Abstract: Hot electrons generated from the decay of localized surface plasmons in metallic 
nanostructures have the potential to transform photocatalysis, photodetection and other 
optoelectronic applications. However, the understanding of hot-carrier generation in realistic 
nanostructures, in particular the relative importance of interband and intraband transitions, 
remains incomplete. Here we report theoretical predictions of hot-carrier generation rates in 
spherical nanoparticles of the noble metals silver, gold and copper with diameters up to 30 
nanometers obtained from a novel atomistic linear-scaling approach. As the nanoparticle size 
increases the relative importance of interband transitions from d-bands to sp-bands relative to 
surface-enabled sp-band to sp-band transitions increases. We find that the hot-hole generation 
rate is characterized by a peak at the onset of the d-bands, while the position of the 
corresponding peak in the hot-electron distribution can be controlled through the illumination 
frequency. In contrast, intraband transitions give rise to hot electrons, but relatively cold holes. 
Importantly, increasing the dielectric constant of the environment removes hot carriers 
generated from interband transitions, while increasing the number of hot carriers from 
intraband transitions. The insights resulting from our work enable the design of nanoparticles 
for specific hot-carrier applications through their material composition, size and dielectric 
environment. 
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Abstract: Recent advances in nanotechnology enabled the effective fabrication of artificially engineered 
composites with customized physical properties called metamaterials. Such non-natural behavior gave rise to many 
physical phenomena such as negative refraction, deep subwavelength imaging or cloaking. This paper presents the 
theoretical characterization of enhanced nanowire metamaterial structure consisting of anisotropic semiconductor 
nanowires. By changing the semiconductor’s parameters such as doping results in effective tuning of the 
hyperbolic dispersion of the metamaterial, which is not possible with noble metals. At last, the effects of the 
nanowire’s diameter, spacing and structure symmetry on hyperbolic dispersion were analytically investigated.  
 
Summary: Semiconductors are known to exhibit a metal-like properties in the NIR range due to their tunability 
of the carrier concentration, which when achieves the levels of N = 1021 cm-3, many of the common semiconductors 
such as silicon obtain metal-like behavior [1]. The tunability resulting from the variation of semiconductor’s 
parameters was previously studied on multilayer anisotropic metamaterial, showing a broadband application 
potential [2]. By implementing inclusions in the form of anisotropic semiconductor nanowires into the host 
dielectric material, one can achieve wide range of tunability of the hyperbolic dispersion by changing the nanowire 
parameters such as the filling ratio and unit cell symmetry. To characterize a nanowire metamaterial, one first 
needs to obtain analytical expression of permittivity tensor based on Maxwell–Garnett approach in the form of 
perpendicular and parallel components [3] 

                                                       𝜀⊥(𝜔) = [ 𝑖𝜀𝑏𝜔𝑝
2 𝜔𝜔𝑐

(𝜔2+𝑖𝛾𝜔)2−𝜔2𝑐2] 𝜌 + 𝜀ℎ(1 − 𝜌),                                                     (1) 
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,                                              (2) 

where 𝜀𝑏 is the background high frequency dielectric constant of the semiconductor, 𝜀ℎ is the dielectric function 
of the host material,  𝜔𝑝 is the plasma frequency, 𝜔𝑐 is the cyclotron frequency, 𝜔 is the angular frequency of the 
incident electromagnetic field. The plasma frequency and cyclotron frequency are linked with the semiconductor 
properties by 

                                                            𝜔𝑝 = √ 𝑁𝑒2

𝜀𝑏𝜀0𝑚∗ ,                                                                                            (3) 

                                                            𝜔𝑐 = 𝑒𝐵
𝑚∗,                                                                                                      (4) 

where e is the electron charge, 𝜀0 is the vacuum permittivity, B is the magnetic field strength and N and m* are the 
carrier concentration and effective mass respectively. Last, 𝜌 is the filling factor of the anisotropic semiconductor 
nanowire in the host material which is given by  

                                                           𝜌 = 𝑁𝑎𝑛𝑜𝑤𝑖𝑟𝑒 𝑎𝑟𝑒𝑎
𝑈𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 𝑎𝑟𝑒𝑎

.                                                                                       (5) 

For the anisotropic semiconductor we chose InAs, which parameters are as follow [2], Hb = 16.3, m*= 0.026 me and 



J = 4.7 THz. For the host material, SiC was chosen with 𝜀ℎ = 4.4. Spacing between the nanowires was chosen to 
be 60 nm and kept constant during the simulation and the diameter of the nanowire varied from 10 nm to 60 nm. 
Additional to the tuning possibilities caused by the variation of filling factor, we also investigated the surface wave 
propagation along the interface of metamaterial and dielectric as a function of carrier density and magnetic field 
strength. It is worth to mention that both these parameters have tremendous impact on the width of the frequency 
band of the surface waves. Dispersion relation of the surface wave propagating along the interface of the 
metamaterial and dielectric takes form 

                                                            𝛽 = 𝒌√(𝜀𝑑−𝜀∥)𝜀⊥
(𝜀𝑑−𝜀∥𝜀⊥)

,                                                                                        (6) 

where 𝜀𝑑  is the permittivity of the dielectric material, k is the free-space wavevector of the incident 
electromagnetic field and E is the propagation constant of the surface wave. The result of SPP’s dispersion behavior 
tuned by the nanowire physical parameters is shown in Fig.1.  

 
a) b) 

Fig. 1: SPP's dispersion calculated at the boundary of anisotropic semiconductor-based metamaterial and dielectric for a) hexagonal 

symmetry of the nanowire unit cell, b) square symmetry of the nanowire unit cell (colorbar represents the filling factor of the anisotropic 

nanowires) 

The filling factor U turned out to be an effective way to engineer a specific broadband optical response of the 
surface wave arising from equations (1), (2) and (6). We have analytically demonstrated the tuning properties of 
the metamaterial not only as an effect of filling factor variation, but as well by means of changing the carrier 
concentration and magnetic field strength [2]. All these mentioned tuning possibilities emerge exclusively by the 
implementation of crystallographic growth of anisotropic semiconductors and therefore are a great candidate to 
compete with traditional metal-based plasmonic structures. 
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Abstract: The talk is devoted to constructive formulas for the effective constants of 2D composites. The previous 
results for two-phase composites are extended to multi-phase composites. The effective constants are obtained as 
linear combinations of structural sums expressed in terms of geometrical distribution of inclusions with the contrast 
parameters weights. Such an approach leads to a rigorous theory of representative volume element (RVE) when a 
class of dispersed composites is determined by its set of structural sums. This method can be considered as an  
alternative approach to application of multi-point correlation functions restricted by 2- point (auto-) correlation 
functions by computational reasons.  

 
 

We extend the representative volume element (RVE) approach [3, 1] for two-phase 2D composites to 
multi-phase composites. Let z denote the complex coordinate on the plane. Consider the unit square cell with N 
circular non-overlapping inclusions of radius r centered at z = ak. The concentration of inclusions has the form f 
= N S�r2. Let the conductivity (heat or electric conductivity, permittivity etc.) of host is normalized to unity and 
the conductivity of kth inclusion be a positive number Hk. Introduce the contrast parameters represented by the 
values Uk = (Hk – 1)/ (Hk + 1). Let the constants Uk take the values from a set J which contains M elements less than 
N, i.e., the composite has M + 1 phases and Uk = U(j)  (j = 1, 2, … M).  
   It is demonstrated that the component of the effective conductivity tensor H can be represented as a linear 
combination of the generalized structural sums constructed as discrete multiple convolutions. Below, few first 
structural sums are written 

 
 
Here, Ep(z) denotes the Eisenstein function of order p. The bar stands for the complex conjugation. It is assumed 
for shortness that Ep(ak – am) = 0 when m = k. In the case of two-phase composite Uk = constant for all k and the 



structural sums depend only on the centers of inclusions.  
The set of structural sums is infinite and it can be considered as the set of basic elements in the space of 

effective conductivity tensors. Then, the effective property tensor can be exactly represented as a linear 
combination of structural sums with numerical coefficients. Exact and approximate analytical formulas for H can 
be found in [1, 2]. As an example, we write below such an approximate formula for the components (1,1) and (1,2) 
of tensor H  

 
where   

 
Analogous expressions hold for other components of H��
   The normalization method [2] is applied in order to find the percolation exponent s near the critical 
concentration fc when H�~ (fc – f)-s as f tends to fc . This value s characterizes the degree of randomness (regular, 
shaken and stirred). It is establish that s continuously changes from 0.5 for regular structures to 1.3 for 
completely stirred composites. 
   The method is extended to 2D dispersed composites with inclusions of arbitrary shapes [4].   
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Abstract:  In this work, we present several active metasurfaces and dynamically tunable metadevices. The 
investigations are expected to promote the further development of new-generation active optoelectrionic devices. 
 

 
It  is known  that most of metastructures cannot dynamically  tune  the optoelectric properties once  their 

structures are  fabricated.    Naturally developing active materials and dynamically  tunable devices becomes 
especially  desired  and  necessary.  In  this  work,  we  present  several  active  metasurfaces  and  dynamically 
tunable metadevices based on the following approaches: 1) from thermal tuning to electrical tuning based on 
phase change materials  [1‐3]; 2)  real‐time mechanical  tuning  [4], and 3) dynamically adjusting  the ambient 
environments of the materials and devices [5].    The investigations here can be applied in constructing novel 
dynamically‐tuning metasurfaces and metamaterials, and are expected to promote the further development 
of new‐generation active optoelectrionic devices. 
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Abstract: Tunable metasurface made of a monolayer of gold nanoparticles on a glass substrate in close 
proximity to a thin aluminum film is studied numerically and experimentally. We observe three angle and 
polarization dependent peaks in the extinction spectra of the metasurface. By using a FDTD method we confirm 
the position of both the collective surface plasmon and the gap modes. Changing the polarization of the incident 
light leads to a shift of the wavelength of the peaks. 

 
A strong coupling between the gap and collective surface plasmon polariton modes have been recently reported 
in a system that consists of a monolayer of gold nanoparticles supported on a glass substrate and separated from 
a thin aluminum film by a shellac polymer spacer film with a varying thickness.1-3 Two optical extinction bands 
were identified as the long wavelength gap mode and a short wavelength collective surface plasmon mode. The 
position and amplitude of both modes strongly depend on the thickness of the shellac dielectric spacer. Changing 
the spacer thickness leads to the shift of the two modes and their degeneration into a single mode as the thickness 
of the spacer increases.1-3 These results revealed an intricate interplay between the gap and the collective surface 
plasmon polariton modes. Although detailed numerical and experimental studies were conducted for various 
geometries of the plasmonic metasurface, all of these studies were carried out at normal incidence of the probing 
light beam. There have been no reports on the polarization dependence of the extinction spectra of monolayers of 
gold nanoparticles in close proximity to a thin metal film.  
 
Here we examine a plasmonic metasurface composed of a monolayer of gold nanoparticles in close proximity to 
a thin aluminum film. The shellac dielectric spacer is used to control the distance between the gold nanoparticles 
and the aluminum thin film, i.e., the gap size. A structure like the one presented in this work, consisting of a 
monolayer of gold nanoparticles separated from a thin aluminum film by a shellac spacer of varying thickness, 
was recently studied at normal incidence of the probing beam.1 Two modes were identified under this normal 
excitation: a gap mode and a collective SPR mode. Both the collective surface plasmon and the gap mode were 
excited when the spacer thickness was less than 30 nm. For spacer thicknesses larger than 30 nm, the two modes 
degenerated into one hybrid surface plasmon-gap mode.1-3 Here we study different polarizations and angles of 
the incident probe beam for similar metasurfaces. 

 
Fig. 1 shows the experimental results (a) and FDTD numerical calculations (b) of the extinction spectrum of the 
metasurface as a function of the polarization of the probe beam when the angle of incidence relative to the 
normal of the surface is q = 60°. The polarization angle of the incident beam is gradually changed from f = 0° 
for s-polarization (E remains parallel to the surface of the sample for all angles of the incident beam) to f =90° 
for p-polarization (E has both parallel and perpendicular components to the plane of the sample when the angle 
of incidence is varied).   



  
Figure 1. Experimental (a) and numerical (b) extinction spectra of the 

metasurface as a function of polarization angle f  of the incident 

probe beam for a sample with a shellac thickness of 10 nm. The angle 

of incidence of the light beam relative to the normal of the surface is  

q = 60°. The polarization angle of the incident light beam is gradually 

changed from f = 0° (s-polarization) to f =90° (p-polarization).   

The inset picture (b) shows the results of the FDTD calculations of the 

intensity of the electric field in the middle of the shellac spacer as a 

function of the wavelength.   

 

The experimental results for s-polarized incident light (  = 0°) exhibit three peaks around 550 nm, 620nm, and 
650 nm. We attribute the peak near 550 nm to the collective SPR in the monolayer of gold nanoparticles. The 
wavelength of the collective SPR is close to the wavelength of the localized SPR in individual spherical gold 

nanoparticles with a size of 90 nm embedded in a 
dielectric with an index of refraction of n=1.5. 
The broader gap mode peak is located around 700 
nm. The FDTD calculations reveal a SPR 
collective mode near 550 nm and a narrower 
two-peak gap modes near 610 – 650 nm, as seen 
in Fig.1 (b).  
As the polarization of the incident beam gradually 
changes from f = 0° to f =90 degrees, the 
wavelength position of the collective SPR peak 
remains around 550 nm. At the same time, the 
low-energy gap modes decrease in amplitude and 
exhibit a distinct two-peak structure. The FDTD 
numerical calculations reveal a two-peak structure 
of gap modes with a narrower bandwidth for the 
peaks of the p-polarized light beam. The broader 
bandwidth of the collective SPR and gap mode 

observed in the experiment may be explained by a relatively large size distribution of the gold nanoparticles in 
the sample. The inset in Fig.1 (b) shows the numerically calculated intensity of the electric field at the shellac 
level in the gap. The maximum intensity is observed at a frequency of ~650 nm, corresponding to the maximum 
of the optical density where the gap mode is excited, Fig. 1 (a, b). This confirms that the excited peak at ~650 
nm is attributable to the gap mode. The wavelength of the collective SPR peak does not change significantly as 
the polarization is adjusted from s-polarization to p-polarization, but the amplitude of the gap mode decreases. 
This effect is more pronounced in the experiment than in the numerical calculations. The bandwidth of the gap 
mode increases as the polarization is increased from 0° to 90°. The wavelengths of the collective SPR mode and 
the gap modes are similar to those observed for a normal incidence of the probing beam.  
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Abstract: We present a new and simple route to synthetize aluminum nanoparticles showing a plasmon 

resonance in the UV range.  

 

 

Aluminum nanostructures appear as a good alternative to gold or silver because of the broad range of their plasmonic 

resonances (UV to NIR) and their reduced cost [1-2]. The main ways developed to obtain aluminum nanostructures are 

essentially based on top-down techniques (lithography’s, laser ablation…).  

Contrary to silver, these structures are very stable in air because with oxygen inclusion, a 3nm native passivation alumina 

layer is created and act as a protective layer. However, deterioration appears in a solvent for these structures [3]. 

Nevertheless, a lot of biological experiments occur in the UV range and aluminum nanostructures could help to enhance 

fluorescence detection. Consequently, it is of first importance to be able to work in organic solvents [4]. Consequently, the 

main objective is to synthesis colloidal aluminum nanoparticles with a tunable size and a sufficient stability in solvent to 

use them for biological sensing.  

 

Based on sonochemistry and solvothermal reaction, we created a new way to synthesis aluminum nanoparticles in 

organic solvent with a short size distribution and a spherical appearance [5]. 

By varying controlled parameters, we can obtain different size with plasmonic responses in the UV range. The final aim is 

to do Metal-Enhanced Fluorescence of organic fluorophores for biological applications. 
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Abstract: The generalized alternating method of Schwarz can be presented as an infinite sequence of all the mutual 
interactions between  inclusions in the boundary value problem stated for a composite. New approximate analytical 
formulas for the effective properties of dispersed composites are derived by Schwarz’s method for two-dimensional 
composites.  

 
 

   The present work is devoted to Maxwell's self-consistent approach [2] applied to composites in 1873 and its 
mathematical embodiment in the form of the alternating method of Schwarz proposed by S.G. Mikhlin [3] in 1949. 
The main result of the present talk consists in application of Schwarz's method to composites and demonstration that 
Maxwell's approach coincides with the first order approximation in Schwarz's method.   The sequential steps of 
Schwarz's method can be presented in symbolic form. This leads to analytical approximate formulas for the local 
fields and for the effective constants of composites. For instance, the interactions between circular (spherical) 
inclusions were written by reflections on circles and the effective constants were obtained in terms of Eisenstein 
functions [1,4].  
   Following the homogenization theory we consider a doubly periodic representative cell Q with an arbitrary 
number of inclusions per cell. The method of complex potentials and constructive results on the R-linear problem are 
systematically applied.  Such an approach includes the investigation of random composites by the method 
summarized in [1] for circular inclusions. In particular, a symbolic-numerical computational approach was 
implemented and presented in codes. Symbolic computations performed can be considered as an extension of [1] to 
inclusions of various shapes and performed now for lower concentrations. The proposed method yields new 
approximate analytical formulas for the effective properties of dispersed composites with the exactly derived precision 
of their validity in concentration and contrast parameter. 
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Abstract: I will present our recent advances on enhancement of various optical nonlinearities in different 
two-dimensional layered materials. 

 
In this talk, I will discuss our recent results on enhancing nonlinear optics in two-dimensional 
(2D) layered (e.g., graphene, black phosphorus, and transition metal dichalcogenides, Figure 1) 
materials [1-10]. These results show the advantages of utilizing 2D materials for various 
photonic and optoelectronic applications, such as wavelength converters, and actively and 
passively mode-locked ultrafast lasers. Further, I will present our recent attempts in employing 
hybrid structures (such as mixed-dimensional heterostructures [4,5], plasmonic structures [6], 
and silicon/fibre waveguides integrated structures [7]) and states [8,9] for quantum photonics. 

 

 
Figure 1. Nonlinear optical images of different two-dimensional layered materials 
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Short Abstract: 
The large variation of the optical properties of nonvolatile phase-change materials 
enables new classes of reconfigurable nanophotonic and metaphotonic devices with 
subwavelength feature sizes. This talk is dedicated to demonstration of hybrid material 
and device platforms that enable such reconfigurable devices. The fundamental properties 
of such devices and their ability for dynamic wavefront engineering as a major 
functionality for enabling state-of-the-art applications like switching, structural color, and 
ranging will be discussed.  
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Abstract: We explore the emergence of bound states in the continuum (BICs) in metasurfaces consisting of dipolar 
meta-atoms, through a coupled electric and magnetic dipole theoretical formulation.  Robust symmetry-protected 
BICs at the Gamma point are investigated through different mechanisms in various kinds of arrays of interest 
throughout the electromagnetic spectrum, all exhibiting a variety of dipolar resonances. BIC-induced 
phenomenology leading to applications such as mirrorless lasing and high-Q electromagnetically-induced 
transparency will be also discussed. 
 

Bound states in the continuum (BICs) have attracted much interest lately in photonics for their (theoretically) 
infinite Q factor. These states are leaky modes that in a certain limit of some parameter space cannot couple to any 
radiation channel [1]. In order to trap light in such nearly-zero-linewidth electromagnetic modes, a common 
approach is to exploit metasurfaces: outgoing specular channels can be suppressed by tuning the parameters of the 
system in various manners, leading to symmetry-protected BICs. 

 
Here we will show that simple metasurface configurations may support robust, symmetry-protected BICs. On 

the basis of a generalized coupled electric/magnetic dipole theory for infinite arrays [2], a variety of scenarios are 
investigated where single/double resonant meta-atoms can be simply described by a combination of various 
electric (ED) and/or magnetic dipoles (MD). First, a dipole-dimer array is shown to yield a BIC at normal incidence 
as the dipole detuning parameter vanishes; this has been experimentally verified through Au-rod dimer metasurface 
in the THz domain [3], unveiling the symmetry-protection mechanism through near-field excitation and detection 
[4]. Second, an array of single perpendicular MDs exhibits a so-called Brewster BIC at normal incidence, which 
evolves into a quasi-BIC at oblique incidence with a rich phenomenology as the (non-degenerate) MD is tilted. 
We will show that a high-refractive-index disk metasurface in the GHz domain in turn provides clear experimental 
evidence of such Brewster quasi-BICs [5]. Similar configurations allow to tune the quasi-BIC spectral position so 
that a high-Q transparency band emerges [6]. 

 
All these configurations can be exploited at the nanoscale on the basis of all-dielectric resonant metasurfaces, 

allowing for robust BICs in the visible domain with Si nanodisk metasurfaces [7], in turn leading to e.g.: lasing 
action demonstrated in TiO2 disk metasurfaces [8], and magneto-optical BIC tuning and switching, theoretically 
proposed in Ref. [9]. 

 
Our formalism also predicts the emergence of accidental BICs away from the G point (non-normal incidence), 

allowing to design a nanodisk array in such a way that BICs for both polarizations arise at ad-hoc 
spectral/wavevector position [9]. 
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Abstract

The VO2 attracts wide interest for its insulator-to-metal
transition when heated-up above the relatively low critical
temperature of 68�C. Plasmonic nanoantennas are known
to concentrate light at the nanoscale around their surface
when resonantly illuminated in the Vis-NIR. Here we show
how this nanoantennas plasmonic feature can be used to
steer and control a fast and nanoscaled insulator-to-metal
transition in a VO2 film. We investigated the effect of both
an array and a single nanoantenna, which is the smallest
unit-block.

1. Introduction
Gold nanoantennas are well-known for addressing plasmon
excitation when illuminated at a specific wavelength in the
Vis-NIR [1]. This plasmon excitation gives rise to, e.g.,
enhanced light extinction, antenna heating and electromag-
netic field concentration close to the antenna surface [2].
This last effect allows to manipulate light at the nanoscale
by strengthening the light-matter interaction and the non-
linear response.
To obtain metasurfaces with enhanced optical properties,
plasmonic antennas are often combined with active ma-
terials, namely materials whose properties change under
the application of an external stimulus. As an example,
magneto-optical materials [3], giant-magneto-resistance
materials [4] and phase change/transition materials [5] have
attracted a wide interest in the latest years. Among the
phase transition materials, VO2 is one of most studied be-
cause its insulator-to-metal transition, induced by heating,
occurs at relatively low critical temperature (68�C).
In our combined experimental-theoretical study, we show
how plasmonic nanoantennas can be used to induce a fast
and nanoscaled phase transition in a VO2 film. By means
of laser pump-probe experiments and multiphysical optical-
termodynamical simulations, we determine the system pa-
rameters influencing the VO2 transition and we explain
the underlying physical mechanisms. This capability of

the antenna-VO2 hybrid is desirable for the realization of
nanoscaled nonlinear optical devices and switches.

2. Experimental and Modelling
Two systems were realized by e-beam lithography: 1) an
array of gold nanoantennas, with size 210 nm x 80 nm
x 50 nm (length x width x height) and placed in a
cross-arrangement with a face-to-face distance of 180 nm,
and 2) a single gold nanoantenna with size 312 nm x
105 nm x 50 nm. On both cases the antennas were de-
posited on a 30 nm high FTO film grown on a SiO2 sub-
strate. A pump-probe scheme was employed to investi-
gate the effect of pumping the antenna at a wavelength
of 1060 nm and with an energy of 0.6 nJ. To study the
difference between the spectrum of the array before and
after the pumping, the normalized difference in optical
density (�OD/ODmax) was measured, whereas the spa-
tial modulation microscopy (SMM) technique was used for
single-antenna spectroscopy, namely to obtain the normal-
ized spatial modulation transmission of the single antenna
(��T/T )SMM, where �T is connected to the difference
between the transmission of the system with and without
the antenna.
Numerical simulations by means of the Finite-Element-
Method were performed in order to reproduce the optical
response and understand the underlying physical mecha-
nism. The theoretical normalized difference in optical den-
sity of the array before and after the pumping and the nor-
malized differential transmission of the system with and
without the antenna (��T/T )th were calculated through
hybrid optical-thermal multiphysics simulations. For accu-
rate results, a bi-dependent temperature-wavelength mod-
elling of the complex permittivity of the VO2 was devel-
oped.

3. Discussion
We first studied the array system, whose normalized dif-
ference in optical density is displayed in Figure 1A for the



pump laser polarized either parallel (black curve) or per-
pendicular (red curve) to the probe laser (which is aligned
along the length of the horizontal antennas). The results
reveal that a significant difference (dip) is produced by
the pumping for the parallel case, whereas a negligible ef-
fect is detected for perpendicular pump-probe. Figure 1C
shows the longitudinal spatial modulation transmission of
the system obtained under no pump (black curve) and a
pump with polarization parallel (blue curve) and perpen-
dicular (red curve) to the antenna length. The peak in the
spectra is ascribable to the plasmon excitation in the an-
tenna. For both polarizations the pump produces a blue-
shift of the peak and a decrease of the optical response,
with respect to the no-pumped system. The theoretical re-
sults, displayed in Figures 1B and 1D, are qualitatively in
agreement with the experiments, confirming that our mod-
elling is well-suited. The difference in OD revealed by the
pumped array and the blue-shift of the plasmon peak for
the pumped single-nanoantenna system is due to creation
of VO2 regions around the antennas where the permittiv-
ity decreases, even if a metalization is not reached. This
is revealed by the maps of the simulated pumped-system
temperature (Figure 1E and 1F, for parallel and perpendic-
ular pump polarization, respectively), where hot-spots with
increased temperature, with respect to the starting sample
one of 45�

C, appear around the antenna. The dependence
of the size, shape and position of the hot-spots on the pump
polarization explains the difference observed between the
blue and red curves of Figure 1C and 1B. For more com-
prehensive studies see references [5,6].

4. Conclusions
Our study demonstrates how plasmonic single antenna can
be used to achieve an active control of the VO2 down to the
nanoscale. In this direction, we showed how the geometry
of the nanoantenna and the polarization of the light are a
key-parameter in determining the size, shape and position
of the phase changed hot-spots in the VO2 film. The studied
antenna-VO2 hybrid is of paramount interest for the realiza-
tion of non-linear thermo-optical nanodevices, like thermal
memristor and optical fast switches.
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Abstract: GST-225 thin films were prepared using: magnetron sputtering (MS), pulsed laser deposition (PLD) 
and a combination of the two, namely MSPLD. MS has the advantage of easily leading to fully amorphous films 
and to a single crystalline phase after annealing and produces the highest optical contrast between the 
as-deposited and annealed films. PLD leads to the best stoichiometric transfer, whereas the annealed MSPLD 
films have the highest mass density. The properties of GST-225 are significantly influenced by the deposition 
technique. 

 
 

Phase-change materials are strong candidates for developing non-volatile memories due to their fast 
crystallization kinetics that can compete in speed with dynamic random access memories. This pushed the 
semiconductor industry to active investigation and gives hope that a universal memory can be accomplished [1]. 
The ability of phase-change materials to provide simultaneous changes in both optical (refractive index) and 
electrical (resistivity) properties when switched reversibly between amorphous and crystalline states, leads to 
new (opto)electronic applications [2]. 

The objective of this work [3] is to compare the structural and optical properties of GST-225 films obtained 
by magnetron sputtering, pulsed laser deposition and combining both methods simultaneously. The aim was to 
explore thin films synthesized by different physical vapor deposition methods, and to find materials with 
improved structural and optical properties. 

The compositions of the GST-225 films have been assessed by Rutherford Backscattering Spectroscopy. 
The stoichiometry of the PLD film (20.6 at. % Ge, 23.7 at. % Sb and 55.7 at. % Te) is the closest to the ideal 
GST-225, PLD being known for the good stoichiometric transfer of the material from target to substrate. For the 
other two methods, a small amount of Te is lost during deposition, the concentrations being 22.6% Ge, 30.5% Sb 
and 46.9% Te for MS and 21.1% Ge, 27.9% Sb and 51.0% Te for MSPLD. 

The mass densities (ρm) of the thin films are inferred by fitting the measured X-ray reflectivity data in the 
as-deposited state and after annealing at 200 °C. In the as-deposited state, the highest value of the ρm (6.1 ± 0.1 
g/cm3) is obtained for the MS GST-225 thin film, while in the annealed state, the MSPLD has the highest mass 
density (6.4 ± 0.1 g/cm3). The largest change in mass density is observed in PLD, an increase of 9.5%, which is 
higher than the usual change in density associated with the transition from a-GST-225 to c-GST-225. On the 
other hand, the low variation in mass density observed in the MS is ideal for electronic memory devices, since 
less detrimental voids are formed. 

The microstructure and phase composition of the GST-225 thin films in the as-deposited state and after 
annealing at 200 °C are analyzed by X-ray diffraction. For the as-deposited films, MS sample is 100% 
amorphous while the others contain 93% amorphous phase combined with a 7% polycrystalline cubic 
(Ge0.402Sb0.402)Te for PLD case and 94% amorphous phase with a 6% polycrystalline cubic (Ge0.4Sb0.4)Te for 
MSPLD coating. For the annealed films, MS has 2 phases: 82% polycrystalline cubic (Ge0.4Sb0.4)Te and 18% 
amorphous phase, PLD has 3 phases: 85% polycrystalline cubic (Ge0.402Sb0.4)Te, 5% polycrystalline hexagonal 



GeSb4Te4 and 10% polycrystalline hexagonal Te, as well as the MSPLD: 90% polycrystalline cubic 
(Ge0.4Sb0.4)Te, 5% polycrystalline hexagonal GeSb4Te4 and 5% amorphous phase (Fig. 1a).  

  
Figure 1. Structural and optical properties of the GST-225 films. a) XRD patterns and b) refractive index of 

the as-deposited films and after annealing at 200 °C. 
 

The refractive indices at 405 nm (Blue-Ray Drive), at 587.6 nm (visible), at 650 nm (DVD-RAM), at 780 
nm (CD-RW) and at 1550 nm (near-IR) [4] were measured. A smaller refractive index (3.84) for the MS 
compared to PLD (4.02) and MSPLD (4.01) films in the visible domain (587.6 nm) was obtained (Fig. 1b). 

In the case of the GST-225 annealed films, the refraction index (n) increases between 820 and 1770 nm 
compared to the as-deposited films and decreases after 1770 nm. n increases by 65% in MS samples, at 1550 nm, 
and has a maximum of 6.78 at 1240 nm in the PLD film at this wavelength. A high relative optical contrast [5], 
is needed in optical memories. The reflectivity of the films increases by approximately 30% between the 
as-deposited and annealed states, in the range of 350 – 1400 nm. The highest relative optical contrast is observed 
for MS due to the single-phase crystallization of these films as compared with PLD and MSPLD. 
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Abstract: The theoretical design of light surface plasmon resonance (LSPR) effects in perovskite based 
optoelectronic devices is discussed, by exploring different size, shape and concentration of metallic 
nanoparticles embedded in perovskite thin film. Also, direct experimental evidence obtained for perovskite film 
embedding silver nanocubes is unambiguously demonstrated, showing absorption enhancement at well-defined 
spectral ranges. A reliable measure of the magnitude of the LSPR effects expected for perovskite films is 
presented, with the aim of reducing environmental impact of lead-based optoelectronic devices. 
 

 
Hybrid organic-inorganic perovskites represent one of the most important materials in optoelectronic 

technology due to their amazing properties, such as high carrier diffusion length, high photoluminescence 
quantum yield and tunable bandgap. Furthermore, the facile, versatile and cost effective deposition of perovskite 
thin film induced a fast progression of perovskite-based devices, such as solar cells, light emitting diodes and 
photodetectors. On the other hands, perovskites still present some drawbacks that need to be addressed, such as 
instability toward ambient conditions (moisture, oxygen, temperature) and, by an environmental point of view, 
lead toxicity.  

Recently, many photonic approaches have been introduced in perovskite-based optoelectronic devices in 
order to enhance the light harvesting efficiency, photoemission and charge carrier transport while decreasing the 
amount of perovskite used. Among others, localized surface plasmon resonance (LSPR) given by the inclusion 
of metallic particles of subwavelength dimension, constitutes an effective route towards near-field 
enhancement.[1] In fact, in the last few years, a lot of works have been published in which the improvement of 
photovoltaic performances by the inclusion of metallic nanoparticles within the perovskite has been reported.[2] 
However, in most cases there was no univocal evidence of the plasmonic resonance, since no clear spectral 
fingerprint of near field enhancement was observed. 

Here, a theoretical model of LSPR effect on MAPbI3 thin film is presented, considering different metal 
particles of different shape, size and composition, by means of reducing of the amount of absorbing material 
employed and hence the environmental impact of the use of lead-based semiconductors.[3] Furthermore, 
experimental evidence of LSPR effect of silver nanocubes embedded in methylamonium iodide thin layer is 
unambiguously demonstrated, providing a reliable measure of the magnitude of the plasmonic enhancement 
effects expected for optoelectronic devices based on perovskite thin films. 
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Abstract: The plasmonic photodetectors are an attractive novel approach as their photocurrent can be over one 
order of magnitude higher than in conventional devices. However, this enhanced sensitivity is unfortunately 
accompanied by a strong selectivity to wavelength, incidence angle, and polarization, which limits their use in 
wideband photonic applications. We are discussing in this paper an original design and modeling methodology 
of the interdigitated surface plasmon enhanced photodetectors which will allow wideband detection and 
minimization of the light polarization effect.   
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Abstract: Photonic circuits have the potential to transform the way we process information through data 
multiplexing and parallelisation of computational tasks. Yet, the ability to electrically program, reconfigure and 
store information in conventional dielectric photonics remains challenging. Here we explore hybrid structures 
combining electrically and optically active phase-change materials, with nanoplasmonic components which are 
designed to enhance light-matter interactions and confine optical fields to dimensions compatible with CMOS 
nanoelectronics. 
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Abstract: Phase change nonvolatile memories rely on the ultrafast and reversible transitions between amorphous 
and crystalline phases. The increase in the storage capacity can be achieved by reducing the size or by storing 
multiple states in a recording cell. Multiple logical states can be achieved by stacking different films of 
chalcogenide materials or by controlling the crystalline to amorphous ratio in a single chalcogenide cell, several 
results as well as methods to mitigate the identified issues being presented in this work. 

 
 

Nonvolatile memories, which are based on the ultrafast and reversible transitions between amorphous and 
crystalline phases in chalcogenides/pnictides, are in a great need to increase memory density and data storage 
capacity. The increase in the storage capacity can be achieved by reducing the cell size, but those limits have 
been already reached. Storing multiple states in a recording cell is the nowadays a challenge. Multiple logical 
states can be engineered by stacking different films of chalcogenide/pnictide materials [1-3], or by controlling 
the crystalline to amorphous ratio in a single chalcogenide/pnictide cell [4].  

GeTe (Tc=138 °C [1,2,5,6]) is a growth dominated material with a crystallization time of a few nanoseconds, 
being considered one of the best materials for phase change memories. GaSb (Tc=198 °C [1,3,5]) is a 
nucleation-dominated material, with a high thermal stability due to a very stable amorphous phase as well as due 
fast crystallization time (<15 ns). GaSb, a pnictide, shows negative optical contrast, which is not a typical aspect 
of chalcogenides upon crystallization, but this does not affect electrically assisted memories. Sb is often 
proposed for replacing Te and has the potential to offer a fast phase transition due to minimal changes in the 
atomic rearrangement from the amorphous to the crystalline phase. SnSe (Tc=292 °C [2,3]) is other possible 
candidate for PCM cells, proposed for the minimization of the reset current due to high resistivity in the 
crystalline state. 

GeTe/GaSb [1]: The stacked films showed different characteristics than single films in terms of 
crystallization temperatures. Ga atoms diffused from the GaSb layer into the voids of the crystalline GeTe layer, 
after 140 °C. This diffusion leads to a remaining Sb-rich GaSb phase with a lower crystallization temperature. At 
higher annealing temperatures (> 200 °C), the antimony excess from the remaining Sb-rich GaSb layer 
crystallizes. The segregation of antimony is unfavorable because it is irreversible and deteriorates the stability 
and reliability of PCM cells. 

GeTe/SnSe [2]: Compared with single films, the two layers properties completely change under thermal 
stress. The pulsed laser deposition process leads to partial crystallization of both layers, while rhombohedral 
GeTe transforms in the cubic structure after annealing at 210 °C. At 350 °C, the Ge0.75Sn0.25Te solid solution 
appeared, proving the inter-layer diffusion and layer mixing. Also, part of Se is evaporated. Thus, the effect of 
temperature on the stability of the two layer structure should be foreseen. One solution is to use a buffer 
conductive layer to suppress diffusion and, moreover, a capping layer to block the Se evaporation. 

SnSe/GaSb [3]: A new response has been observed as compared to single films leading to a complex mixing 



of the films at high temperatures. An unindexed quaternary body-centered orthorhombic Ga-Sn-Sb-Se phase (a/b 
= 1.01126 and c/b = 0.99155) shows up after 350°C. This phase observed in X-ray diffraction, is suggested also 
by the neighborhood of Se and Ga atoms in Extended X-ray Absorption Fine Structure measurements. Ga is 
four-fold coordinated in both amorphous and crystalline phases, while Se is bonded to two Sn atoms in 
amorphous phase and six-fold coordinated in the crystalline one. The necessity of a diffusion blocking layer 
between the stacked films is again promoted as mitigation, as in the GeTe/SnSe and SnSe/GaSb cases. 

The memristive behavior with multiple resistance steps can be obtained in single layers, such as GeTe lateral 
devices by sweeping in the low-field regime (less than 5 x 103 V cm-1) [4]. Multiple resistance levels between 
1MΩ and 1 kΩ can be obtained, by operating the devices in both DC sweeps and rectangular pulse modes. 
Experimental data of the devices in the high resistive state show that there are three major field-dependent 
regions in the I–V characteristics: i) an ohmic region at very low voltages (I ~ V); ii) a SCLC region at higher 
voltages (I ~ V2), and iii) a stronger field dependence near the threshold field (I ~ V3). When reaching the low 
resistivity states, the DC sweeps can be described by a single linear ohmic region. The multiple resistance states 
can be used as synaptic weights, modulating them by electrical pulses, showing that such devices are suitable for 
neuromorphic computing. 

The compositional, structural and optical properties of the Si–Ge–Te amorphous thin films, focusing on the 
variation of Te concentration on a large compositional obtained by combinatorial magnetron sputtering, proved 
to be a reliable method for fast screening of materials for optical memories [7]. Rutherford backscattering, 
grazing incidence X-ray diffraction and spectroscopic ellipsometry have been used to map the properties of the 
resulting library. Targeting near-IR waveguides applications, the near-IR refractive index can be tuned from 2.7 
up to 3.6, having a minimum when the Ge concentration lies between 28 and 45 at%. 
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Abstract 

Metals are highly opaque, yet we show numerically and experimentally that densely packed arrays of

metallic nanoparticles can be more transparent to infrared radiation than dielectrics such as germanium,

even for arrays that are over 75% metal by volume. Despite strong interactions between the metallic

particles, these arrays form effective dielectrics that are virtually dispersion-free, making possible the

design of optical components that are achromatic over ultra-broadband ranges of wavelengths from a

few microns up to millimetres or more.  Furthermore,  the local refractive indices may be tuned by

altering the size, shape, and spacing of the nanoparticles, allowing the design of gradient-index lenses

that  guide  and  focus  light  on  the  microscale  (see  figure  a).  The  electric  field  is  also  strongly

concentrated  in  the  gaps  between  the  metallic  nanoparticles,  and  the  simultaneous  focusing  and

squeezing of the electric field produces strong ‘doubly-enhanced’ hotspots (see figure b) which could

boost measurements made using infrared spectroscopy and other non-linear processes over a broad

range of frequencies, with minimal heat production.
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Figure 1: (a) Schematic of a ‘concentrator’ gradient-index lens composed of gold nanocylinders on a triangular lattice with 50nm site-to-site separation (b)

Magnetic near-fields and broadband ‘doubly-enhanced’ electric field hotspots.



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Anapolar excitation for an enhanced thermo-optical response 
 

Javier González-Colsa1, Juan D. Olarte Plata2, Fernando Bresme2 and Pablo Albella1* 

1Group of Optics, Department of Applied Physics, University of Cantabria, 39005, Santander, Spain. 
2Department of Chemistry, Molecular Sciences Research Hub, Imperial College London, W12 0BZ UK. 

 

*corresponding author: pablo.albella@unican.es 
 
Abstract: High Refractive Index (HRI) nanostructures are ideal platforms to generate strong electric and 
magnetic field modes applicable in a wide range of applications such as biosensing or opto-thermal 
conversion. In this work, we perform a theoretical analysis of anapolar excitations in disk-ring hybrid nanostructures 
to enhance the temperature generated by a plasmonic resonator. We also present this mode as a simple mechanism to 
shift the thermal response of these structures to the NIR range.  

 
 
HRI dielectric materials support strong electric and magnetic modes with low absorption [1,2] that are being used in a 
wide range of nanophotonic applications [3]. Far from the quasi-static regime, HRI nanoresonators present an 
additional feature that makes them of huge interest in nanophotonics and thermoplasmonics: they can support a 
toroidal dipole, enabling the possibility of engendering anapolar excitations. A perfect anapole is non-radiative and 
non-absorbing, so that it can be seen as a powerful energy reservoir [4]. 
 
Here, we present our more recent investigation in which we exploit this ability of confining the electric field for 
longer times to amplify the ohmic losses of a system, thus improving its thermal efficiency. To show this proof of 
concept, we investigate a metallic toroidal-like nanostructure [5], as heating source and an HRI dielectric disk [6], 
designed to support anapole modes, located in its center and acting as an electromagnetic resonator. The proposed 
system results in a ten-fold temperature increase when illuminated, thus behaving as powerful nanoheating source. We 
will also discuss its tunability capabilities, showing that this platform can be easily tuned by modifying the anapole 
boundary conditions, i.e., the disk structural parameters and its refractive index. Finally, we will show a simple 
approach to achieve high temperatures in the NIR, a spectral region of particular interest in biomedical applications. 
This proof of concept can motive the development of novel strategies to reach efficient nanoheating structures highly 
demanded in applications that require temperature-controlled devices, thus being of general interest to the 
thermoplasmonic community. 
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Abstract: Combination of materials with radically different physical properties in the same nanostructure gives rise 
to the so-called Janus effects, allowing phenomena of contrasting nature to occur in the same architecture. Here we 
will report on how Janus-based nanoheaters possess superior photothermal conversion features and directional heating 
capacities that can be exploited in highly demanded applications such as photothermal cancer therapies, drug-delivery 
or heat-gradient-free metasurfaces to control transitions in phase change films without the need of local resistive 
heaters and external electronics. 
 

Nowadays, heat generation in the nanoscale using metallic nanoparticles is an active research topic [1]. When 
those nanoparticles are optically-excited they can show plasmonic resonances, generally accompanied with large 
resistive losses that transform the optical energy into heat [2]. The strength and localization of that heat strongly 
depend on the nanostructure composition and its geometry; therefore, different systems can be designed for 
specific purposes, opening a wide range of fascinating photothermal applications. Some examples are 
micropollutants degradation, sensing, drug delivery, bio-imaging, photocatalysis, micro-thermophoresis or 
plasmonic photothermal therapy [3,4]. 

The use of nanostructures as local thermal nanoheaters often requires them to present a significant 
enhancement and robust spectral tunability to work at the desired spectral range. In this talk, we will discuss 
some of our most recent results in this active topic of thermoplasmonics. In the first part, we will show a 
thorough comparison of different efficient and tunable heating prototypes based on Janus structures that exhibit 
an outstanding tunable photothermal response under typical illumination conditions, i.e., partially polarized light 
[5,6]. Furthermore, we will analyse how nanoparticle heating in microfluidic environments strongly depends on 
the particle orientation with respect to the illumination source, a circumstance that has been barely studied and of 
key importance in photothermal applications. In the second part of the talk, we will briefly discuss the use of 
Janus nanoheaters in metasurfaces to generate light-to-thermal energy conversion and diffusion over large 
homogeneous temperature areas. 
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Abstract: We review and adapt the well-established ideas by Ginzburg [1] to model ultra-fast, non-thermal 
phase transitions for the EU`s Horizon 2020 research and innovation program PHEMTRONICS.  
 
The underlying innovative concept is that phase transitions, described by the (Helmholtz) free energy F are 
mainly governed by thermodynamic extensive quantities like (binding) energy and entropy, and by further terms 
like the sored magneto-static or electro-static energies, or volume, strain energy or surface contributions, or 
intensive quantities as e.g., pressure or temperature. Electromagnetic fields respectively photons do not enter this 
balance. V. Ginzburg came up with the idea that the binding energy can efficiently (and extremely fast) be varied 
by modifying the band structure through electron phonon coupling, which depends on the number of electrons, 
as well as the number of phonons. The number of phonons can hardly be influenced, if then, either by 
temperature, or by external vibrations, however the number of electrons in a semiconductor can be modified 
through photon absorption. Because the binding energy depends on the number of free electrons N(Eel) in the 
valence and conduction band, as well as on the band gap, a nonthermal modification of N(Eel) can trigger a phase 
transition. 
 
Using a suitable laser, one can control the N(Eel), as well as the (equivalent) number of holes. In the papers of 
Kristoffel and Konsin[2], as well as Bersuker et al. [3] the conceptual analogy to the Jahn Teller effect has been 
discussed and exploited. Changing the electronic band structure, however, yields to a new formation of the 
lattice in the solid, respectively the atomic positions in the chemical compound, resulting in parallel in the 
wanted 1st order phase transition. The following graphic visualizes the physical origin of this non-thermal phase 
transition: 
 
 
 
 
 
 
 
 
 
 
Figure 1: The blue and grey curve visualize the depends off the energy E from the two different electronic states on 
the lattice distortion x. Due to the photon absorption the electronic band structure strongly deforms (marked with 
the green circle). Now the total energy is in favor for the distortion position, triggering the phase transition. 
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To model the photo-induced phase transition in mathematical detail, we use the Hamiltonian suggested by 
Kristoffel et al. [2]: 
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Containing two sub-systems, namely the phononic one (first two terms in the 1st line represent the harmonic 
contribution, the third one the first two anharmonic and the last term includes higher phononic terms) and the 

electronic one (first two terms in the 2nd line). These interact with each other via p eH − , describing the 

electron-phonon coupling (2nd line, last two terms with linear and higher coupling). With such a Hamiltonian and 
concepts derived by Landau-Lifshitz one can determine the order of the phase transition and the physical key 
parameters and learn, how to modify the transition 
 
We are thankful for support through the EU’s Horizon 2020 research and innovation program (grant No. 899598, 
PHEMTRONICS). 
References 
1. V. L. GINZBUBG, Uspekhi fiz. Nauk 38, 490 (1949) 
2. Kristoffel, N., & Konsin, P. (1988). Vibronic Theory of Structural Phase Transitions and Displacive Ferroelectrics. 

Physica Status Solidi (B), 149(1), 11–40. https://doi.org/10.1002/pssb.2221490102 
3. I. B. Bersuker, “The Jahn-Teller Effect and Vibronic Interactions in Modern Chemistry”, Springer, Berlin, 2013 

 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Interplay between Structure, Dielectric Function and Amorphous-to-Crystalline 
Phase Change in Sb2S3 
 

Y. Gutiérrez1,*, S. Dicorato1, S. A. Rosales2, D. Juan2, M. M. Giangregorio1, M. Georghe3, C. 
Cobianu3, M. Modreanu4, F. Moreno2 and M. Losurdo1 

1 Institute of Nanotechnology, CNR-NANOTEC, c/o Department of Chemistry, Università degli Studi di Bari, Via Orabona 
4, 70126 Bari, Italy. 

2 Departmento de Física Aplicada, Universidad de Cantabria, Avda. Los Castros s/n 39005, Santander, Spain. 
3NANOM MEMS srl, G. Cosbuc 9, 505400 Rasnov, Brasov County, Romania. 

 4Tyndall National Institute-University College Cork, Lee Maltings, Dyke Parade, Cork, T12 R5CP, Ireland. 

 

*corresponding author: yael.gutierrezvela@nanotec.cnr.it 
 
Abstract: Antimony trisulfide, Sb2S3, has been recently proposed as low-loss phase-change material due to its 
wide band gap value and high refractive index contrast. Nevertheless, optical properties of this material in its 
amorphous, crystalline, and crystallized phases are still widely scattered. In this work we analyze the interplay 
between the structure and the dielectric function of this material in its crystalline and amorphous phases as well 
as its dependence on the crystallization process and its stability when exposed to ambient conditions.  

 
Phase-change materials (PCMs) that can be switched between amorphous and crystalline phases by thermal 

annealing or laser irradiation are being exploited in a wide range of reconfigurable photonic platforms that 
expand from programmable photonics neuromorphic computing [1], non-volatile and rewritable data storage [2], 
to tunable metasurfaces and flat optics with amplitude/phase control [3], and reflective displays [4]. GST is 
established as a mature technology. Nevertheless, GST has a non-null extinction coefficient of the crystalline (k 
= 1.49) and amorphous phases (k = 0.12) at telecommunication wavelengths, introducing absorption losses that 
impose limitations to applications in phase modulation. 

In the quest for low-loss and high bandgap PCMs antimony trisulfide, Sb2S3, is being explored as phase 
change material for applications that require high transmission from the visible to the telecommunication 
wavelengths, due to its band gap that can be tuned in the visible spectrum from 2.2 to 1.6 eV, depending on the 
amorphous and crystalline phase. Considering the technological relevance that Sb2S3 is gaining, this work 
presents results of an interlaboratory study aimed at understanding how the structure and bonding nature of 
Sb2S3 determines its electronic and optical properties and how those properties change upon the 
amorphous-to-crystalline transformation triggered by thermal annealing and laser irradiation. 

To this end, Raman spectroscopy was considered for establishing statistically structural fingerprints, as it is a 
sensitive probe for isostructural transitions, whereas spectroscopic ellipsometry was exploited to obtain the 
spectral dependence of the refractive index, n, and extinction coefficient, k, in the broad range of 1700 – 190 nm 
(0.75 – 6.50 eV), in order to evaluate the spectral applicability of Sb2S3 in reconfigurable devices. Those 
analyses were further corroborated by extensive chemical (energy dispersive x-ray spectroscopy – EDX; x-ray 
photoelectron spectroscopy – XPS), morphological (atomic force microcopy – AFM; scanning electron 
microcopy – SEM) and optical (polarimetry) characterization. 

 
 



By statistical analysis of Raman and ellipsometric spectroscopic data, we have identified two regimes of 
crystallization, namely 250°C < T < 300°C resulting in Type-I spherulitic crystallization yielding an optical 
contrast ∆n ~ 0.4, and 300 < T < 350°C yielding Type-II crystallization bended spherulitic structural network 
with different dielectric function and optical contrast ∆n ~ 0.2 at photon energies below 1.5 eV. 
 
This work has received funding from the European Union’s Horizon 2020 Research and Innovation Program under 
Grant Agreement No. 899598—PHEMTRONICS 
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Abstract: We demonstrate the use of neural networks (NN) to improve the design of plasmonic nanostructures 
(PN). The scattering properties of a PN calculated by a slow numerical method is subrogated by a trained NN. 
The NN results are almost indistinguishable from those calculated with the numerical solver, but up to 106 times 
faster. We illustrate the capabilities of this approach by optimizing infrared light absorption of a Transition Edge 
Sensor, which could be bring interesting applications for single photon detection. 
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Abstract: Phase-Change Materials (PCMs) enable local addressing of individual meta-atoms in metallic and low-loss 
dielectric metasurfaces. Here, we focus on tuning of electric dipole (ED) and magnetic dipole (MD) resonances. We 
introduce the non-volatile PCM In3SbTe2 (IST) whose optical properties change from dielectric to metallic upon 
crystallization in the whole infrared spectral range. With multiple optical writing steps, we demonstrate reconfiguration 
of complex antenna shapes like split ring resonators and spectrally tune their MD resonances, while keeping their ED 
resonances fixed.  

 
Despite their nanometer thickness, metasurfaces (MS) comprising resonant metallic or dielectric nanostructures offer 
comprehensive control over light fields and allow for the creation, detection and transformation of light. Phase-change 
materials (PCMs) provide a switchable dielectric environment for resonant nanostructures, altering their resonance 
frequencies in a non-volatile, reversible way. While PCMs usually exhibit a high dielectric contrast between their 
amorphous and crystalline phases [1], the optical properties of In3SbTe2 (IST) can be switched from dielectric to metallic 
upon crystallization in the whole infrared spectral range [2]. Resonant metallic and dielectric nanostructures (meta-
atoms) can host a variety of different modes, ranging from electric dipole (ED) over electric quadrupole to even magnetic 
dipole (MD) modes, etc. The full control over each resonance mode individually remains elusive, although this could 
dramatically improve the design freedom for optically addressable meta-atoms. 
 
Here we present our recent progress on the local optical addressing of individual meta-atoms in both metallic [3] and 
low-loss dielectric [4] metasurfaces, with special emphasis on how to tune ED and MD resonances. While a 
homogeneous change of the refractive index around a meta-atom shifts both ED and MD in a similar way [4], the 
controlled optical addressing or modification within each meta-atom unit cell allows to specifically tune ED and MD 
separately. With a series of direct optical writing and erasing steps in an IST thin film, we now demonstrate the ability 
to completely reconfigure complex antenna shapes like split ring resonators (SRRs) and spectrally tune their MD 
resonances, while keeping their ED resonances fixed.  
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Abstract:  We demonstrate two different platforms and strategies for creating highly tunable VO2-based 
building blocks for a multi-application metamaterial-based optical system. Our first strategy is based 
on VO2 nanocrystals (NCs) embedded in SiO2, in which we show that the multipole resonances 
supported by VO2 NCs can be actively tuned by its insulator-to-metal transition (IMT) and tailored 
according to its size. Our second strategy is based on the integration of a VO2 layer coupled to a 
dielectric metasurface consisting of silicon (Si) resonators, where the interaction between these 
resonances and the incident light can be tuned depending upon the transition state of the VO2. 

Summary: Metasurfaces and metamaterials have been at the forefront of optical progress in terms of 
applications over the past decades. With the growth of the telecommunications sector and quantum 
advances have propelled the requirement for compact, energy efficient and reconfigurable nanophotonic 
components in an optical system. All-dielectric meta-photonics research, in search for these ideal 
characteristics is reaching maturity, as optical devices based on dielectric metasurfaces are currently 
outperforming their conventional counterparts [1]. However, the design and fabrication of efficient, 
switchable, and reconfigurable metamaterial-based components or meta-devices for practical 
applications [2] are still in their infancy and remain largely unexplored. 

Since most metamaterial-based devices are functionally locked once fabricated, subsequent progress in 
the search for reconfigurable and switchable nanophotonic components has seen the increasing use of 
phase change materials (PCMs), thanks to their stable switchable phases with different refractive 
indices. This makes them an attractive choice for various applications such as beam steering [3], 
memory devices [4, 5], electro-optical modulation [6], neuromorphic computing [7], metasurfaces and 
metamaterials [8, 9].  

Among all PCMs, vanadium dioxide (VO2) is a prototypical example of functional materials exhibiting 
large changes in physical properties upon specific external excitation.  Its easily controllable transition 
(optically, electrically or thermally at near-ambient temperatures) and the exceptionally large change in 
optical properties upon its insulator-to-metal transition (IMT) open interesting possibilities for 
dynamically tunable optical systems. Above all, change of its atomic structure during IMT is crystalline 
to crystalline in nature allowing the possibility of repeatability in the design of nanophotonic devices 
without the creation of defects. We demonstrate two different platforms and strategies to create highly 
tunable VO2-based building blocks for a multi-application metamaterial based optical system.  



Our first strategy is based on VO2 nanocrystals (NCs) embedded in SiO2, in which we show that the 
multipolar resonances supported by VO2 NCs can be actively tuned through its insulator-to-metal 
transition (IMT) and tailored based on its size. By combining Mie theory and Maxwell-Garnett effective 
medium theory we retrieve the complex refractive index of the effective medium containing VO2 NCs 
in SiO2. Through this, we show that the resulting NC metamaterial exhibits distinct tunability compared 
to the unstructured VO2 thin film. In addition, we also show the possibility of designing these composite 
NCs in order to achieve refractive index variation with almost no variation in its extinction coefficient 
during its transition, in other words zero induced extinction value. This property is predominantly 
important for designing reconfigurable optical system with minimal losses. 

Our second strategy is based on embedding a layer of VO2 coupled to a dielectric metasurface 
consisting of silicon (Si) resonators. We demonstrate designing and fabrication strategy and 
characterize the resulting metasurface that is designed to support both electrical and magnetic Mie 
resonances. The interaction between these resonances and the incident light can be tuned depending 
upon the transition state of the VO2, and we show, first, 2 orders of magnitude modulation in 
metasurface transmission and second, a spectral modulation of near-perfect absorption. These spectral 
and magnitude modulations are accompanied by hysteresis-like behaviour; an inherent property of the 
VO2 transition that can be exploited for versatile memory effects and can find their application in 
optical communication, memory devices, imaging, detectors and sensors. 
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Abstract: Group-III monochalcogenides compounds are layered van der Waals semiconductors intensively 
studied for development of optoelectronic applications. Their large optical contrast between 
crystalline-amorphous phases is among the desirable properties for the new paradigm of reconfigurable devices. 
In this contribution we will present band and dielectric function simulations of GaX (X=S, Se, Te) using 
density-functional theory. Although the description of optical response poses a great challenge for single-particle 
formalisms, insight gained from detailed and orbital contributing is very useful in material engineering.  



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Exploiting Mie resonances in VO2 nanoantennas for achieving optically tunable 
metasurfaces in the visible range 

 
P. Kepič1, F. Ligmajer1, M. Hrtoň1, H. Ren2, L. de S. Menezes3,4*, S. A. Maier3,5, and T. Šikola1 

1Central European Institute of Technology and Institute of Physical Engineering, Faculty of Mechanical Engineering, Brno 
University of Technology, 612 00 Brno, Czech Republic 

2MQ Photonics Research Centre, Department of Physics and Astronomy, Macquarie University, MacquariePark, NSW 
2109, Australia 

3Chair in Hybrid Nanosystems, Nano Institute Munich, Faculty of Physics, Ludwig-Maximilians-University Munich, 
Königinstraße 10, 80539 Munich, Germany 

4Departamento de Física, Universidade Federal de Pernambuco, 50670-901 Recife-PE, Brazil 
5Department of Physics, Imperial College London, London SW7 2AZ, United Kingdom 

*corresponding author: l.menezes@physik.uni-muenchen.de 
 
Abstract: We study the optical properties of VO2 nanodiscs in the visible range. These nanostructures present 
strong Mie resonances not only in the known high-temperature, plasmonic phase, but also in the low-temperature 
phase, in which the material’s behavior is predominantly dielectric. A large extinction modulation is observed 
when the nanodiscs go upon phase transition. The nanodiscs present large potential for being used as building 
blocks of a metasurface which can be tuned by shining a CW laser on it. 

 
 

Metasurfaces, artificial structures composed by extended arrays of metallic and/or dielectric nanostructures, 
have been consolidated as the paradigm of modern nanophotonics, enabling not only the realization of 
ultracompact versions of diverse traditional optical elements and sensors [1], with high figure of merits like 
efficiency [2], sensitivity [3] and ultrafast response times [4]. However, modern applications demand also the 
possibility that the high-end metasurfaces can have their optical properties dynamically changed, that is, they 
need to be tunable through the use of external control mechanisms. This has been achieved already using 
different strategies, like by applying a voltage to the structure [5] or illuminating it [6]. Different physical 
systems have been investigated along this way; however, they have the characteristics of either showing low 
modulation contrasts and/or being difficult to integrate to more conventional photonic platforms. 

The use of critical media to fabricate metaatoms or metamolecules leads to dramatic changes in the 
metasurface properties when controllably inducing the corresponding phase transitions, that is when tuning the 
metasurface optical properties. One such critical medium is vanadium dioxide (VO2), which goes through a 
transition between the low-temperature, insulating phase to a high-temperature, conductive phase at a relatively 
moderate temperature of 67°C [7]. The phase transition causes dramatic changes in the material’s conductivity 
and dielectric function (change in the refractive index ∆n~1 in the visible) over a wide spectral range and with a 
low thermal hysteresis (5-10 K), which allows for repeated switching operations. This makes VO2 an attractive 
system for realizing tunable nanophotonic platforms. In fact, it is possible to induce reversible structural phase 
transition in VO2 using diverse perturbation stimuli, like electrical, electrochemical, mechanical, magnetic, 
thermal and optical [8]. 

There is a vast set of studies in the literature investigating the use of VO2 plasmonic properties for 



nanophotonic applications, this meaning they focus on material’s properties in the high-temperature phase and in 
the infrared region. However, studies of low-loss Mie resonances in the VO2 low-temperature phase in the 
visible are much less abundant. The present contribution focuses on the study of Mie resonances in dielectric 
VO2 nanodiscs and on the potential of VO2 as building blocks for dielectric metasurfaces in the visible range. It 
is found that these nanostructures present strong scattering properties in both dielectric and conductive phases. 
The nature of these resonances is clarified by a multipole decomposition analysis. The scattering contrast 
between the two material phases is shown to extend over hundreds of nm and reach values up to 8 dB. 
Additionally, a sharpening of these resonances is observed when the VO2 nanodiscs are used as metaatoms for 
an extended metasurface. 

Finally, we investigated the possibility of optical switching and tuning capabilities of the VO2 nanodiscs for 
evaluating their potential use in tunable metasurfaces. Using a CW laser, it was possible to drive the Mie 
resonances through the visible range with extinction modulation depths of 1.5 dB. Altogether, the results 
presented here confirm the potential of VO2 nanodiscs for designing optically tunable metasurfaces active in the 
visible range [9]. 
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Abstract: Plasmonic metamaterials open a new avenue for engineering of enhanced optical 
nonlinearity largely surpassing that of optical materials composing them, or indeed any other natural 
material. In this talk we overview our recent results on achieving ultrafast intensity and polarization 
control in plasmonic nanorod metamaterials, which are highly sensitive to the nonlinear changes in 
the epsilon-near-zero regime. Combining this approach with Kerr-type metallic nonlinearities based 
on free-electron energy dynamics, we demonstrate ultrafast all-optical switching with femtosecond 
response times. 
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Abstract: Tunability is a key point to reinforce the competitiveness of nanophotonics. It can be achieved with 
the use of active materials such as phase change materials based on chalcogenide alloys. Here, we present an 
emerging PCM: Sb2S3, which exhibits promising properties for the next generation of tunable nanophotonics. 

 
 
 

Nanophotonics can be used for many applications ranging from display devices to communication systems 
and sensing. Tunability is a key milestone to further reinforce the competitiveness of nanophotonic devices. 
Active materials, whose dielectric properties can be tuned by an external stimulus, are promising to achieve 
tunability. Among them, phase change materials (PCMs) based on chalcogenide alloys exhibit several 
advantages. They can be rapidly and reversibly switched between their amorphous and crystalline states. This 
results in a significant variation of their optical and electrical properties. Additionally, both phases are stable at 
room temperature, which is desired for non-volatile nanophotonic and enables low energy consumption [1].  

 
Some PCM such as GST have already been extensively studied and are used by industrials. Still, for 

photonic applications, GST is not the most suitable material as it presents high optical losses in the visible and 
near IR spectrum.  Here, we focus on a new emerging PCM: Sb2S3, which has low extinction coefficients in 
both phases while showing a significant change of optical index between the crystalline and amorphous phase 
(∆n=1) [2]. As this material has emerged recently, its switching mechanisms and properties such as chemical 
stability, optical properties of the intermediate states, cyclability, switching speed, etc. are not well known. There 
are also some integration issues to address: Sb2S3 reacts with oxygen when crystallizing [3], hence a need to find 
an appropriate capping, and thermal crystallization is harder to achieve for small volume of material. 

 
Our work focuses on understanding and controlling the phase change mechanisms of Sb2S3 as well as 

characterizing this emerging material to use it in the next generation of tunable nanophotonics. The work 
consists in the study of Sb2S3 thin films, deposited by ebeam evaporation on silicon substrate. The as-deposited 
films are amorphous and have been crystallized by annealing under different conditions. Subsequently, the 
different states of crystallization were characterized. It appeared that the film morphology and quality depend on 
the crystallization conditions (temperature, capping, …). Additionally, the change of optical properties was seen 
not only for the completely amorphized and crystallized states but also for the intermediate states. 
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Abstract: Antimony-based chalcogenides such as Sb2Se3 and Sb2S3 are rapidly emerging materials for photonic 
applications owing to their ultra-low optical losses at telecommunication wavelengths in both crystalline and 
amorphous phases. In this work, we investigate their dynamic response from nanoseconds to milliseconds under 
optical pumping to study their optical performance during phase transitions induced by direct pulsed optical 
switching. Our aim is to provide fundamental insights for the optimization of the material family and its 
employment in photonic applications. 

 
Introduction 

Switchable and adaptive photonic components are currently at high demand [1-3] with phase change 
materials (PCM) providing a very attractive solution ought to their non-volatile tunable contrasting of optical 
and electrical properties between their crystalline and amorphous states [4]. The reversible switching between 
states enables a wide range of applications such as metasurfaces [5], optical memories [6] and reconfigurable 
photonic integrated circuits [7]. Desirable traits of PCMs in these applications include high optical contrast, 
multiple distinguishable states and high durability. 

The most used PCM for optical memories and signal routing in photonic applications is Ge-Sb-Te (GST) 
due to its large refractive index contrast, fast switching speeds and durability in the visible and near-infrared 
wavelengths. However, the large extinction coefficient of GST limits its applications. Recently, antimony-based 
PCMs (Sb2Se3, Sb2S3) have garnered interest because to their minute extinction coefficients and their potential 
application as reprogrammable photonics [7]. Here, we investigate the time-resolved switching characteristics of 
thin film Sb2Se3 by a pump-probe tester with pulsed optical writing at 488 nm and fast time-resolved detection at 
980 nm. Our studies show that the dynamic response of the Sb2Se3 PCM ranges from nanoseconds for 
vitrification to milliseconds for the crystallization kinetics. 

 
Results 

We performed transient reflectance measurements, to investigate the temporal evolution of the optical 
response of Sb2Se3, for the crystallization and amorphization processes. Time-resolved measurements, during the 
phase switching of Sb2Se3 films are shown in the first column of Figure 1. To crystallize the film, we used long 
optical pulses from a 488 nm laser (12 mW, 1 s). A steep increase in the reflectance is observed at the beginning 
of the laser pulse, which is indicative of the fast lateral crystal growth achieved initially at the center of the 
irradiated area, where the film temperature is highest. As the crystal grows radially throughout the duration of 
the crystallization pulse the growth rate decreases, as does the rate of increase of the reflectance. At the end of 
the pulse, removal of the pump excitation results in a sharp decrease of the reflectance. This is a direct result of 
the final cooling to ambient temperature and is attributed to a temperature dependence of the refractive index. 
The retention of the increased reflectance beyond the duration of the laser pulse confirms the change of phase.  



The right column of Figure 1 demonstrates the re-amorphization 
of prior crystallized areas by 950 ns pulses of various pulse powers. 
This pulse length is used to exemplify the behavior commonly seen 
for high energy pulses. At the beginning of the pulse duration the 
reflectivity of the sample rises due to an induced thermo-optic change 
in the refractive index. Removal of the optical excitation results in the 
quenching of the intermediate phase (highlighted in blue). At suitably 
high pulse powers the crystalline regions can be partially amorphized 
in the center, with increasing degrees of amorphization with 
increasing pulse power. In all cases, the signal remains steady after the 
quenching of the molten region, within a few hundreds of 
nanoseconds. This demonstrates the ability to achieve intermediate 
states by partial area crystallization, an imperative feature for 
multistate memories and neuromorphic applications. 

 
Conclusions 

We have demonstrated the time resolved switching behaviour of 
phase change Sb2Se3. The onset of crystallisation in response to the 
optical heating occurs on the order of a few hundred milliseconds, 
indicative of the slow crystallisation dynamics of Sb2Se3. The 
vitrification dynamics were also explored by utilising transient optical responses. This work has been focussed 
on our understanding of the switching dynamics of phase change thin films. The experimental setup can also be 
used to investigate the local behaviour of more complex nanoscale geometries. We will use this technique to 
explore the effect of local nanostructuring on the crystallisation and amorphization dynamics of novel PCMs.  
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Abstract: The changing balance of forces at the nanoscale allows nanomachines that can alter optical properties of 
metamaterials with electromagnetic and acoustic forces and heat. We overview recent results in this field and report 
new metamaterials with volatile and non-volatile optical bistability previously seen in phase change media and 
explore optical parametric phenomena and controlling light with light in such media. 
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Abstract: We revisit the optical properties of a chiralitonic metasurface. We focus on the spin-orbit coupling as

a result of the local rotation of the coordinate system induced by the rotation of the nanoapertures. The most

striking result is that the widely-used spin-momentum locking is not exact in spin. It is exact in momentum but

approximate in spin. The results are experimentally confirmed with Mueller polarimetry measurements, which

allows to capture the full polarization, energy and momentum response of the metasurface.

We revisit the optical properties of a plasmonic Pancharatnam-Berry metasurface. We focus on the spin-orbit

coupling as a result of the local rotation of the coordinate system induced by the rotation of the nanoapertures,

which is known to imprint a very strong polarization response in the far-field. In our work, we have studied a

particular  system consisting of  a  nanostructured metallic  slab (gold),  where a  very specific  slits  have been

drilled, resulting in this Pancharatnam-Berry metasurface. The selection of a noble metal as the metallic slab is

also  critical.  They  have  positioned  themselves  as  the  most  promising  materials  to  host  surface  plasmon

polaritons (SPPs) in the optical regime over the years. And a properly hosting of these SPPs is fundamental for

our job because we have used them to obtain a strong far-field repsonse. Finally, in order to trigger the spin-orbit

coupling, we have nanostructured the metallic slab by performing rectangular drillings with a stepwise rotation. 

In  order  to  tackle  this  problem  we  use  the  coupled-mode  method,  which  consists  on  expanding  the

electromagnetic  fields  in  a  superposition  of  plane-wave  modes  in  the  region  above  the  metasurface,  and

waveguide modes inside the sub-wavelength slits. We obtain the governing equations for the far-field landscape

via the reflection coefficients and we study in detail each element of these equations. We show that the reflection

off the surface allows for a spin to momentum or momentum to spin conversion twice if a plasmon is excited in

between. We derive some selection rules which reveal a series of possible scattering processes for photons, that

are associated to very specific changes in photon momentum and input/output polarizations. These selection

rules are a theoretical confirmation of the spin-orbit momentum-matching condition, which is the momentum

conservation of the spin-momentum locking. This is not the first time that a theoretical derivation for a system

like this is implemented [1], but this is a simpler and more general way of exploring this kind of systems. The

most  striking  result,  though,  is  that  the  widely-used  spin-momentum  locking  is  not  exact  in  spin.  We

demonstrate that spin-momentum locking is exact in momentum but only approximate in spin, under rather

general conditions.

The results are experimentally confirmed with Mueller polarimetry measurements, which allows to capture the

full polarization, energy and momentum response of the metasurface. Besides, these experimental results are

compared with numerical simulations and the agreement between both is excellent. Our results provide the much

needed microscopic understanding of this metasurface, which is already widely used for its distinct interaction



properties with circular light.

To conclude, we have also started to analyze this behavior for arbitrary lattices. In [1], they study the Kagome

lattice, so we apply our formalism to this system too. The derived results are aligned with what we obtained for

our previous metasurface. However, this is still work in progress.
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Abstract: Significant effort is being invested in developing alternative materials whose optical properties can be 
reversibly modified. Here, we demonstrate the reversible non-volatile MoO3 to MoO2 “chemical” transition 
reporting a change from a metallic to a dielectric behavior in the dielectric function through cycles of annealing 
in different atmospheres. Applicability of the reversible cycling to reconfigurable color pixel displays is shown. 
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Abstract: Advanced materials that can provide volatile or non-volatile switching capabilities are of extreme 
interest for many applications requiring active control of absorption, emission and flow of light. I will provide an 
overview of our recent efforts in developing new materials and integration into functional devices, including the 
newly emerging low-loss phase change material Sb2Se3, infrared metasurfaces using local plasma patterning of 
Al:ZnO, and atomic layer deposition of W-doped VO2 for non-volatile switching and thermal regulation. 
 

The ability to actively precisely control the absorption, emission, and flow of light is one of the main 
features of Nanophotonics research. Next to clever designs, the availability of advanced materials that can 
provide volatile or non-volatile switching is of key importance. In our recent work we combine state of the art 
nanofabrication with materials development and demonstrate new capabilities. We have developed new low-loss 
phase-change materials [1] for use in visible and near-infrared which combine a number of favorable 
characteristics for silicon photonics [2] and metasurfaces [3]. I will also briefly discuss capabilities for 
non-volatile programming of infrared metasurfaces using local plasma treatment of transparent conducting 
oxides [4].  

Finally, we report the first demonstration of 200mm wafer-scale fabrication of tungsten-doped vanadium 
dioxide (W:VO2) using atomic layer deposition, showing room-temperature insulator-to-metal phase transition 
[5]. This capability opens up a wide range of new applications in integration of non-volatile switching in 
metasurfaces and integrated photonics, with potential applications in communications, optical data processing 
and, thermal control coatings. 
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Abstract 
Controllable beam splitting and switching provide basic 
beam tuning functionalities in many applications, such as 
communications, LiDAR, remote sensing, imaging 
processing. Here, we present a controllable near-infrared 
beam splitting and switching device based on chalcogenide 
phase-change metasurface operating in the 
telecommunication wavelength region. It exhibits 
polarization-insensitive and large-angle beam switching 
with a high modulation depth operating in transmission 
mode. 

1. Introduction 
Development of controllable beam tuning devices is 
important for photonic systems in applications of 
communications, sensing, data processing, etc.  Traditional 
approaches are based on electrical and thermal modulations 
with relatively fast tuning speed [1,2], while their bulky and 
complex components generate undesirable heat, making it 
difficult to be fully integrate with existing photonic circuit 
chips. Metasurface devices, due to their ultrathin 
dimensions, have attracted a lot of attention for tunable 
optical components with ultrathin dimensions and low-
power consumption. However, the available beam tuning 
metasurfaces are either polarization sensitive or operated in 
the reflection mode only, which limited their integration 
with miniaturized photonic chips. Here, we designed and 
optimized an unpolarized meta-grating in the transmission 
mode operation for large angle beam splitting and switching 
using chalcogenide-based phase change materials.  

2. Results 

Phase change material based on transition metal 
chalcogenide alloys such as Ge2Sb2Te5 (GST) is an optical 
material of unique characteristics because of its large and 
revisable change in its refractive index between amorphous 
and crystalline states induced by optical, electrical, and 
thermal excitation [3-5]. According to our measurement 
results, the GST films shows refractive index change of Δn 
= 2.5 from the amorphous to the crystalline state while 
possessing low loss after λ=1500 nm, as shown in figure 1. 
The low loss and nanosecond phase transition response 

speed of GST material provides an attractive tuning 
mechanism for device applications in the telecommunication 
wavelength regime.  

 
 
 
 
 
 
 
 
 
 

 
 

Fig. 1. Refractive index (n) and extinction coefficient of the 
GST films measured in amorphous and crystalline states.  

 
Fig. 2 (a) The unit cell of phase-change meta-grating composed of 
circular GST nanorods standing on a quartz substrate. (b) 
Schematic of the beam splitting and switching meta-grating in 
transmission mode. (c) The wavefront of transmitted meta-grating 
in amorphous and crystalline states at 1500 nm wavelength. (d) 
Lumerical FDTD simulation results of meta-gratings with 
deflection angles of 15°, 30°, 45°, 60°, and 75°, respectively. [6]  
 



 

2 
 

The designed meta-grating comprises of square unit-cell 
of quartz substrate and circular GST nanorods, as shown in 
Figure 2(a) and (b) [6]. The transmitted beam wavefront of 
the amorphous GST meta-grating shows a beam deflection 
of 15° in Figure 2(c). Lumerical FDTD simulation results 
for beam tuning angle of 15°, 30°, 45°, 60°, and 75° are 
shown in Figure 3 (c). By changing the phase of GST 
material between amorphous and crystalline states, these 
meta-gratings can be used as a high efficiency large angle 
beam switching devices.  
 

 
Fig. 3 (a) The SEM image of 800 µm × 800 µm phase-
change meta-grating with designed deflection angle of 15°. 
(b) The optical images and transmitted intensity 
distribution of phase-change meta-grating in amorphous, 
partially crystalline and crystalline states at 1500 nm 
wavelength. The sample is successively placed on the 
hotplate at a selected temperature for two minutes before 
the characterization. [6]  

 
We fabricated amorphous GST nanostructured meta-

grating (Figure 3(a)), which consists of an array of nanorod 
structure with a radius varying from 50 nm to 225nm and a 
height of 650nm to realize 15º beam tuning transmitted light 
with high transmission efficiency of 89.2%. After GST 
meta-grating is crystallized with hotplate, the beam is tuned 
back to 0º with modulation depth of 96%. In addition, the 
precision temperature controlled gradually phase transition 
of GST metasurface demonstrated controllable non-
polarized beam switching and splitting function, as shown in 
Figure 3(b).     

3. Conclusion 

We experimentally demonstrated an unpolarized meta-
grating for near-IR beam splitting and switching between 0° 
and 15° using chalcogenide phase change material. The 
simulation results show a large beam steering with an angle 
of up to 75 degrees is feasible with high efficiency. In 

addition, reconfigurable electrical/optical tunning is also 
possible for high-speed phase change of GST meta-grating 
in the future [7-8]. The ultrathin meta-grating can be 
integrated with high-speed chip-to-chip communication, 
wearable augmented reality display, LiDAR sensing and 
may open the door to meet the future demand of highly 
integrated photonic system. 
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Abstract: We present methods for the design and characterization of foundry-compatible waveguide-integrated 
microheaters for electrically programmable phase-change photonic devices. In the first part of this talk, 
computational modeling approaches will be applied to various microheater designs (metallic, resistive, and 
diode-based microheaters) and insights for optimizing switching speed and energy efficiency will be presented. 
In the second part of this talk, recent experimental work on optically mapping the dynamic thermal response of 
these microheaters will be presented and compared with our computational models. 

 
Phase-change materials (PCMs)—such as Ge2Sb2Te5 (GST), Ge2Sb2Se4Te1 (GSST), Sb2Se3, and 

others—show great potential for next generation reconfigurable photonic circuits, in-memory computing 
platforms, and tunable metasurfaces1. This is made possible by high speed, high contrast, and nonvolatile 
changes in the refractive index of these materials, making them suitable for applications requiring optical 
memory. In the past, the majority of experimental works have demonstrated bistable switching between the 
amorphous and crystalline states of PCMs using either optical pulses or thermal annealing on a hot plate, which 
has limited scalability for real-world applications. Thus, integrated approaches are needed which enable 
electrical switching of areas larger than the optical wavelength. 

In this talk, we present methods for the design and characterization of foundry-compatible 
waveguide-integrated microheaters for electrically programmable phase-change photonic devices. We apply a 
multi-physics computational modeling approach to various microheater designs (i.e., metallic, resistive, and 
diode-based silicon microheaters). From these results, we gain insight for optimizing the switching speed and 
energy efficiency of waveguide-integrated silicon microheaters and explore the effects of doping, geometry, and 
material choice. We experimentally validate these computational results using a novel approach to optically map 
the dynamic thermal response of these microheaters. Here, we leverage the thermo-optic response of GST2 and 
correlate dynamic changes in the optical reflection with the real-time thermal response of various microheaters. 
Our complementary experimental and computational approach allows us to model and validate the fast heating 
and cooling dynamics of these devices with diffraction-limited resolution—a crucial step towards optimizing the 
energy efficiency and operation speed of electrically reconfigurable phase-change photonics. 
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Figure 1: COMSOL multi-physics simulations of metallic, resistive, and silicon PIN diode-based waveguide-integrated 
microheaters. The peak temperature and quenching rate are crucial for reversible switching of optical PCMs. 
 

 
Figure 2: Dynamic thermo-optic measurements on a metallic microheater. a) Relative change in reflection (blue) and 
microheater current (red) versus DC voltage. b) Fit to relative change in reflection vs. temperature using transfer matrix 
method. The model (red) utilizes GST thermo-optic coefficients and reflection values from the measurements in a) (blue). c) 
Dynamic measurement of thermo-optic reflection changes during an application of RF pulses (red shaded region). 
Corresponding achieved temperature can be predicted from results in b) and subsequently modeled versus time. 
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Abstract: Phase transformations in chalcogenide phase change materials depend strongly on the “right” amount 
and the dynamics of heating and cooling. This talk will touch on the fundamental principles of (laser) heating, 
melting, heat conduction and cooling and discuss the underlying macroscopic radiation absorption and heat 
equations. 
 

The temperature distribution in laser heating depends on the optical parameters of the laser beam and 
material properties as well as the geometry or thickness of the treated sample or thin film. The time evolution of 
the temperature distribution and the cooling rate are also important when crystallization is to be prevented or 
desired. The strong dependence of the cooling process on the size of the heated volume and the thermal 
neighborhood will be discussed with special emphasis on thin films and nanostructures. 

 
 
For making a glass or an amorphous solid, melting and sufficiently fast cooling is needed to prevent 

crystallization of the melt. To achieve a good device design, some understanding of the physical principles is of 
great help. Therefore, those principles will be shown in simple systems, to get a better physical intuition for the 
laser treatment of such materials. 

 

 
Figure 1. Simulated temperature distribution during laser heating of a thin film with low thermal 

conductivity on a metallic substrate 
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Abstract:  
 
High Refractive Index (HRI) dielectric nanoparticles (NPs) can be considered as nanoantennas whose radiation 
directionality can be controlled depending on the incident wavelength, the surrounding medium, and the NP geometry. 
Here, a NP with a core-shell configuration is analysed. The core is made of an HRI material and the shell of different 
phase change materials (PCMs), such GaS and Sb2S3. We show how the scattered light direction can be controlled 
depending on the PCM phase (amorphous/crystalline).  
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Abstract: Topological materials, such as semi-metals and topological insulators, display outstanding electronic 
band structure and optical properties, which can be tuned by adjusting the material’s composition and structure. 
This makes them great candidates for applications in nanophotonics. Herein, after introducing their specific 
electronic structure and optical properties, we explain how they enable designing nanophotonic devices beyond 
the state of the art. We discuss how to harness crystal phase tuning in such materials for switchable 
nanophotonic solutions. 
 

Topological materials, such as semi-metals and topological insulators, display outstanding electronic band 
structure and optical properties, which can be tuned by adjusting the material’s composition and structure. In 
particular, bismuth, antimony and their compositionally tuned chalcogenides show bulk interband plasmonic and 
giant refractive index properties in the UV-visible and infrared regions, respectively.1,2 These features enable a 
deeply subwavelength confinement of light in a broad wavelength region. Furthermore, for selected 
compositions, topological spin-polarized states emerge at the material surface. These properties are appealing to 
achieve tailor-made ultracompact quantum nanophotonic devices. Herein, we explore the possibility of 
reversibly tuning the electronic and optical response of such materials for switchable nanophotonic solutions.2-4 
We demonstrate and predict how phase transitions in bismuth - based compounds, composites, and 
metamaterials, can be harnessed to reversibly tune their outstanding optical response either by a slow thermal 
route, a fast pulsed-laser irradiation route, and more.  
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Abstract: Phase-change materials (PCMs) are used very successfully for optical and electrical memories. Such 
success arises due to large electro-optical contrast between their amorphous and crystalline states, non-volatility, 
fast switching and large cycling endurance. These same properties can also be exploited to deliver a form of 
active dielectric, which, combined with metamaterials concepts, leads to novel devices for the control of light: 
LiDAR, displays, holography, imaging, sensing, photonic computing and more. Here we discuss development of 
some of these novel devices.  
 
The use of chalcogenide phase-change materials (PCMs), such as the archetypal alloy Ge2Sb2Te5, in non-volatile 
memory applications is now very well established, with re-writable optical disc technology having been around 
for several decades, and electrical phase-change memories now commercially available too. The suitability of 
PCMs for memory applications arises from the exceptionally large contrast in both optical and electrical 
properties that exists between their amorphous and crystalline states, the ability to switch between those states on 
the nanosecond (or even faster) timescale, a cycling endurance (number of switches between states before failure) 
in the hundreds of billions, and their scalability (devices tend to work better the smaller they are, in terms of 
switching speed and energy consumption). These self-same properties also make PCMs very attractive for use as 
a form of ‘active dielectric’ in optical metamaterial and metasurface applications. Conventional optical 
metamaterials or metasurfaces usually achieve a desired functionality by utilizing plasmonic resonances in 
structures combining metal and dielectric layers (e.g. in the classic metal-insulator-metal configuration used for 
perfect absorbers [1]), or alternatively exploit high-index dielectrics, such as Si and Ge, in so-called 
‘all-dieletric’ metamaterials that rely on Mie type (displacement current) resonances for their operation [2]. If we 
replace all, or some, of the conventional dielectric material in such metamaterial/metasurface structures with a 
PCM we immediately add the capability, by switching the PCM between its amorphous and crystalline states (or 
indeed to some intermediate state) for active control of dielectric properties (since the real and imaginary parts of 
the refractive index of PCMs varies enormously between states). This opens up a new realm of device and 
application possibilities, including, for example, beam steering with no moving parts (for LiDAR), active 
filtering (for colour control, multi-spectral imaging etc.), modulation and mode conversion (for optical 
communications), holography and optical computing (both in free-space and integrated photonics 
configurations), to name but a few. Moreover, since PCMs with suitable optical contrasts can be found over the 
entire optical wavelength range (e.g. Sb2S3 and Sb2Se3 for the visible range, GeSbTe and GeSbSeTe 
compositions for the near-infrared and mid-infrared), applications from the visible right through to the THz 
become available. In this paper, we showcase the development of some of these novel application possibilities 
[3], both from free-space optics and from integrated photonics perspectives.    
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ABSTRACT 

Controlling a state of material between its crystalline and glassy phase has fostered many real-world 
applications. Switching between these two different states is particularly interesting if it is 
accompanied by a significant change of optical properties. Phase change materials provide the 
interesting property combination of fast switching between these two states which is accompanied 
by a pronounced property change. For nanophotonic applications it is crucial to tailor the 
crystallization kinetics, the relevant length scale of the switching processes as well as the optical 
contrast. We are trying to devise design rules for crystallization and vitrification kinetics, control of 
the nanostructure as well as the contrast of the corresponding optical properties. So far, for all three 
aspects only basic stoichiometry trends have been established. Here, we identify systematic 
stoichiometry trends for these processes in phase change materials, i.e. along the GeTe-GeSe, GeTe-
SnTe, and GeTe-Sb2Te3 pseudo-binary lines employing a pump-probe laser setup and calorimetry. 
We discover a clear stoichiometry dependence of optical properties and crystallization speed along 
a line connecting regions characterized by two fundamental bonding types, metallic and covalent 
bonding. Increasing covalency slows down crystallization by six orders of magnitude and promotes 
vitrification. The stoichiometry dependence is correlated with material properties, such as the 
optical properties of the crystalline phase and a bond indicator, the number of electrons shared 
between adjacent atoms. A quantum-chemical map explains these trends and provides a blueprint 
to design crystallization kinetics, nanostructure control and property contrast. 
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Abstract: We develop a plasmonic nanoparticle-in-groove nanocavity coupled with a few hundred molecules, 
demonstrating optomechanical transduction of sub-microwatt continuous wave signals from the mid-infrared (32 
THz) onto the visible domain at ambient conditions. The dual resonant nanocavity offers an estimated 13 orders 
of magnitude enhancement in upconversion efficiency per molecule. Our results establish molecular cavity 
optomechanics as a new paradigm for coherent frequency conversion free of phase matching constraints. 
 
  Coupling molecules or nanomaterials to plasmonic nanocavities with extreme light confinement allows for 
largely boosted light-matter interaction at the nanoscale. This feature not only enables to study various optical 
processes of nanosystems toward novel phenomena [1-2], but can also resolve poorly understood atomic 
interface dynamics linked to the local optical response [3]. Furthermore, based on the recent prediction in the 
picture of molecular cavity optomechanics, surface-enhanced Raman scattering (SERS) and infrared absorption 
(SEIRA) of molecules can be coherently linked to realize frequency upconversion toward the single-photon level 
[4]. This scheme opens new possibilities for nanoscale spectroscopy, imaging and sensing whereas has not been 
experimentally demonstrated.  

 
Fig. 1 (A) Concept of molecular optomechanical upconversion based on a plasmonic dual nanoresonator. (B) Vibrational 
levels and transitions involved in upconversion, along with the field enhancement performance of the dual nanocavity. (C) 
Low- and high-resolution Stokes Raman spectra with and without IR radiation.  



  Here, we utilize a plasmonic nanoparticle-in-groove nanocavity coupled with a few hundred molecules (Fig. 
1A) to demonstrate optomechanical transduction of sub-microwatt continuous wave signals from the 
mid-infrared (32 THz) onto the visible domain at ambient conditions (Fig. 1B) [5]. The incoming IR field 
resonantly drives a collective molecular vibration via SEIRA, which imprints a coherent modulation on a visible 
pump laser and results in upconverted Raman sidebands (SERS) with sub-natural linewidth (Fig. 1C). Our dual 
resonant nanocavity offers an estimated 13 orders of magnitude enhancement in upconversion efficiency per 
molecule. Our results demonstrate that molecular cavity optomechanics is a flexible paradigm for frequency 
conversion leveraging tailorable molecular and plasmonic properties. 
 
  This work received funding from the European Union’s Horizon 2020 Research and Innovation Program 
under grant agreement nos. 829067 (FET Open THOR), 820196 (ERC CoG QTONE), and 732894 (HOT) 
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Abstract: We show that the optomechanical interaction that governs the coupling of molecular vibrations with 
plasmonic structures can be strongly affected by higher-order plasmonic modes of metallic nanocavities, leading to 
strong modifications of the vibrational states and Raman spectra of organic molecules located in the proximity of 
the nanostructures, illuminated by a very intense laser. We discuss changes on the energy and effective losses of 
the molecular vibrations, as well as on the scaling of the emitted signal with laser intensity. 
 

Vibrational modes of organic molecules can couple with plasmonic modes of metallic structures at much 
larger energies. The description of this coupling as an optomechanical interaction explains the strong 
enhancement of the Raman signal observed in Surface Enhanced Raman Spectroscopy (SERS)[1-3]. This novel 
molecular optomechanical framework is fully consistent with a frequently-used classical model that is valid for 
relatively weak illumination.  Further, the molecular optomechanical description reveals the possibility to 
manipulate the population [4], energy and losses of the vibrational states, as well as to exploit collective effects 
[5], thus opening new avenues to optimize SERS and achieve molecular control.  

 
A first understanding of these phenomena can be gained by considering a single plasmonic mode. In this 

case, a systematic description of the optomechanical dynamics is obtained, as described by simple analytical 
expressions. A laser blue-detuned with respect to the plasmonic mode induces a decrease of the effective losses 
of the molecular vibration with increasing laser intensity, which provokes a narrowing of the Raman line and a 
divergence of the vibrational population and scattered Raman signal for intense illumination. In contrast, 
red-detuned illumination results in opposite tendencies: larger effective losses, broadening of the Raman line and 
saturation of the population. 

 
We show that the standard optomechanical trends, valid for conventional cavity-optomechanical systems, 

can be completely modified in nanometer-thin plasmonic nanocavities illuminated by an intense laser, as a 
consequence of the coupling of the molecular vibrations with higher order plasmonic modes. By applying a 
continuum-field description of the optomechanical interaction [6], we find that these plasmonic modes affect 
quantitatively and qualitatively the optomechanically-induced modification of the effective vibrational losses, 
and thus the scaling of the scattered Raman signal and vibrational population with laser intensity [7]. For 
example, by correctly engineering the optical response of the plasmonic nanocavity, an increase of the 
vibrational losses and a saturation of the vibrational population can be found for situations where a single-mode 



description would predict a decrease of the effective losses and a divergence.        
 
Additionally, the optomechanical interaction can also modify the energy of the vibrational mode, traceable 

in experiments by tracking the frequency shifts of the Raman peaks in the scattered spectra. The single 
plasmonic mode description predicts, however, very small shifts except for very large laser intensities, which can 
lead to damage of the samples. We show that the coupling with higher order plasmonic modes can have again a 
drastic influence on these results, enhancing the energy shifts by up to two orders of magnitude and thus 
considerably simplifying the experimental realization of this new approach to optical control of vibrational 
energies. This large increase of the energy shift further stresses that the complex plasmonic response needs to be 
included when modelling the optomechanical interaction of nanocavities with vibrational states of organic 
molecules, when excited by intense illumination, to correctly interpret the resulting SERS spectra.  
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Abstract: We present a framework that provides a few-mode master equation description of the interaction 
between quantum emitters and an arbitrary electromagnetic environment. It requires only the fitting of the 
spectral density, obtained through classical electromagnetic simulations, to a model system involving a 
“minimal” number of discrete lossy and interacting modes. It allows the description of complex environments 
characterized by several overlapping and interacting resonances, as typically encountered in plasmonic (metallic) 
and hybrid metallodielectric nanocavity setups.  

 
The control of the interaction between one or several quantum emitters and light modes in nanophotonic 

structures holds great promise for quantum technology applications. However, the theoretical description of such 
processes for complex nanostructures is a highly demanding task as the electromagnetic (EM) modes are in 
principle described by a high-dimensional continuum. We present our recently developed framework that 
permits a quantized description of the full EM field through a "minimal" number of discrete modes [1,2]. The 
framework can treat an arbitrary number of emitters with arbitrary orientations, without any restrictions on the 
emitter level or transition structure. The field quantization requires only the fitting of the (generalized) spectral 
density, which in the general multi-emitter case is a matrix-valued function describing the interactions between 
the emitters and the EM-field, including the EM-mediated emitter-emitter interactions. This quantity can be 
straightforwardly obtained through classical electromagnetic simulations. A fitting procedure then gives a model 
system involving a small number of lossy and interacting modes that reproduces the generalized spectral density. 
We illustrate the power and validity of our approach by describing the population and electric field spatial 
dynamics for emitters placed within a complex metallodielectric photonic structure consisting of a metallic 
dimer embedded in a dielectric nanosphere. We show that excitation transfer between different emitters is highly 
sensitive to the properties of the hybrid photonic-plasmonic modes, demonstrating the potential of such 
structures for achieving control over emitter interactions.  
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Abstract: In this work we improve the optomechanical quality of a molecule by several orders of magnitude 
through phononic engineering of its nanoscopic surrounding. By dressing a molecule with long-lived 
high-frequency phonon modes of its host matrix, we achieve storage and retrieval of photons at millisecond 
timescales and allow for the emergence of single-photon strong coupling in optomechanics. Our strategy can be 
extended to the realization of molecular quantum optomechanical networks. 

 
The optomechanical character of molecules was discovered by Raman about one century ago. Nowadays, single 
organic molecules are promising contestants for realizing quantum optical networks in solid-state platforms due 
to their outstanding coherent properties. Such a high degree of coherence is a result of strong zero-phonon lines 
that are Fourier-limited linewidths. However, their associated timescales are limited to nanoseconds, which 
implies a significant challenge for practical implementations of quantum networks with such molecular 
platforms. 
 
In this theoretical work, we propose exploiting the optomechanical character of single molecules in the 
solid-state to build a new molecular system with quantum coherences up to millisecond timescales [1]. For such 
purpose we tailor the host matrix of a single organic molecule to the nanoscale and position it on a structured 
phononic environment that suppress its phononic decay. We show that the resulting long-lived vibrational states 
in these systems facilitate reaching strong optomechanical regimes at single photon level, which can be 
witnessed from strong anti-stokes scattering in the molecular emission spectrum. We exploit such long 
optomechanical coherence time of the molecule to store and retrieve optical information with proper pulse 
excitation up to milliseconds. The proposed system shows the prospects of organic molecules for reaching 
unexplored optomechanical regimes and realizing long-lived quantum memories. 
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The optical and electronic properties of nanostructured plasmonic metals afford a promising means of 
developing highly efficient miniaturized components for devices operating at an atomic scale1-3. Whilst imaging 
techniques can allow for a detailed visualization of nanoscale structures, other techniques, such as surface-
enhanced Raman spectroscopy (SERS) can enable a more in-depth interrogation of the properties of such 
nanostructures, with the vibrational spectra associated with probe molecules present in proximity to metal 
nanostructures being correlated with the properties of the material. However, the precise nature of the impact of 
nanostructure electronic and optical properties on probe molecule vibrations remains unclear. Therefore, 
simulation and modelling of such systems can provide valuable insights into how the electronic and optical 
properties of nanostructures affect the vibrational spectra of such probe molecules. 

In the present work, plane-wave density functional theory (DFT) techniques are used to investigate a self-
assembled molecular monolayer (SAM) composed of cyanobiphenyl-4-thiol molecules (BPT-CN) as a probe 
molecule for SERS confined within a model Au picocavity4, resembling the nanoparticle-on-a-mirror structure5. 
The model consists of a three-dimensional periodic unit cell containing two BPT-CN molecules within the 
vacuum gap between adjacent periodic images of a 7-layer Au slab. Two different SAM conformations were 
considered, having been previously identified as the most stable structures from DFT calculations using 
localized basis set techniques, featuring two different tilting orientations of the BPT-CN molecules: in the first 
confirmation, the BPT-CN molecules form a parallel array, whereas in the second, the tilting orientation of the 
BPT-CN molecules alternates in a herringbone-like fashion. The calculations suggest that the strength of 
interaction of BPT-CN molecules with surface Au atoms within the Au picocavity does indeed depend on the 
tilting orientation of the BPT-CN molecules, providing valuable insights to explain observed spectroscopic 
trends. Ongoing calculations aim to investigate similar SAM probe molecules, and to provide a detailed analysis 
of the impact of Au-SAM interactions on vibrational spectra. 

 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
  
 
 
 

 
 
 
Figure 1: Graphic illustrating the structure of two BPT-CN SAM comformations, with the “parallel” (left) and 
“herringbone” (right) structures depicted. 
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Abstract: Nanoparticle on a mirror (NPoM) cavities offer unrivalled performance in terms of extreme 
photon confinement in nm-scale gaps. The easiest way to produce them - drop-casting of Nanoparticles (NPs) on 
a metallic surface covered by a molecular monolayer - fails when the NPoM cavity has to be created on a 
nanostructure with finite boundaries. Here we report a method to position single metallic NPs on top of photonic 
nanostructures covered by a self-assembled monolayer with sub-micron resolution. 
 

 NPoM is an extremely useful technique recently developed for sensing at the nanoscale where a plasmonic 
NP is placed onto a gold mirror separated by a nanometric gap1. The strong confinement of light within the gap 
allows the detection of molecules localized in the cavity via Surface-Enhanced Raman Spectroscopy (SERS).2 
However, one of the main drawbacks is the controlled positioning of NPs on a large scale in specifics places 
with nano-micro accuracy. Here we report a method for the controlled delivery at a large scale of single gold 
NPs onto finite lithographed substrates based on the controlled wetting of polymeric patterned stamps.3 The 
stamps are “inked” with a NP solution that permits the controlled transfer of single NPs to the target 
functionalized nanophotonic structures by capillary forces.4 Both inked stamp and functionalized sample are 
aligned with a micropositioning self-made inexpensive experimental setup.5 We show a fast and reliable 
methodology that improves the yield of the NP transfer onto disks by reaching 15-20% of single NP positioning 
at a large scale. This opens the path towards deterministic NPoM cavities on nanophotonic structures such as 
disks or slit antennas.1,6 

 

 
Figure 1: a) Representation of the alignment of the inked stamp and the sample and how the meniscus is 

created. b1) Trap with NP inside. b2) Functionalized disk Byphenil-4-thiol (BPT) c) SEM images of single NPs 
transferred onto disks of the same sample.  

 
We thank funding from European Commission (Project THOR, EU-829067), Generalitat Valenciana (Grants 

No. PROMETEO/2019/123, BEST/2020/178 and IDIFEDER/2021/061) and Spanish Ministry of Science and 
Innovation (ICTS-2017-28-UPV-9 and PGC2018-094490-BC22). E.P.-C. gratefully acknowledges support from 

a) b1) 

b2) 

c) 60nm 



Generalitat Valenciana (Grant No. SEJIGENT/2021/039).  
 

References. 
 
1. Xomalis, A. et al. Detecting mid-infrared light by molecular frequency upconversion in dual-wavelength 

nanoantennas. Science (80-. ). 374, 1268–1271 (2021). 
2. Benz, F. et al. SERS of Individual Nanoparticles on a Mirror: Size Does Matter, but so Does Shape. J. 

Phys. Chem. Lett. 7, 2264–2269 (2016). 
3. Lee, J. B. et al. Template Dissolution Interfacial Patterning of Single Colloids for Nanoelectrochemistry 

and Nanosensing. ACS Nano 14, 17693–17703 (2020). 
4. Cavallini, M., Gentili, D., Greco, P., Valle, F. & Biscarini, F. Micro-and nanopatterning by 

lithographically controlled wetting. Nat. Protoc. 7, 1668–1676 (2012). 
5. Zhao, Q., Wang, T., Ryu, Y. K., Frisenda, R. & Castellanos-Gomez, A. An inexpensive system for the 

deterministic transfer of 2D materials. J. Phys. Mater. 3, 016001 (2020). 
6. Chen, W. et al. Continuous-wave frequency upconversion with a molecular optomechanical nanocavity. 

Science (80-. ). 374, 1264–1267 (2021). 
 
 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Selective Enhancement of Raman Scattering with a Nanocube-on-Mirror in a 
Cavity 

 
I. Shlesinger, J. Vandersmissen, E. Verhagen and A. F. Koenderink* 

 
Center for Nanophotonics, AMOLF, Amsterdam, The Netherlands 

*Corresponding author: koenderink@amolf.nl 
 
Abstract: We report on the fabrication of a new generation of hybrid resonators using a bottom-up process and 
featuring in-situ tunability. It consists of the gap mode of a Nanocube-on-mirror coupled to the mode of a tunable 
Fabry-Perot cavity. The system allows the demonstration of selective enhancement of single vibrational lines of 
molecules and paves the way towards parametric instabilities with a reduced number of molcules.  
 

Raman scattering of molecules is a very inefficient process, so the usual strategy to enhance it consists of using 
plasmonic resonances at the surface of metallic nanoparticles to confine the electric fields into small hotspots. These 
optical resonances are broad compared to the typical frequency shift of the Raman lines, and thus enhance all the Stokes 
and anti-Stokes peaks with the same magnitude. The ability to enhance only one sideband or even single Raman peaks 
would not only allow to detect specific molecules but would set the stage to non-linear enhancements with a few number 
of molecules1. Alas, narrow resonances are only typically achieved with optical cavities whose large mode volumes 
don’t allow the detection of Raman scattering for a reduced number of molecules. Hybrid resonators made of a 
nanoantenna coupled to a cavity give rise to flexible resonances combining narrow linewidths and good enough 
confinement who are ideal to selectively enhance a few Raman peaks of molecules2.  

Unfortunately, accurately combining a cavity with an antenna necessitates complex fabrication procedures and so 
far, has only been demonstrated for simple constituents such as single nanorods limited in field confinement. Here we 
report on the fabrication of hybrids that combine nanoscale gaps of bottom-up plasmonic structures made of Nanocube-
on-mirror, placed inside an open access cavity providing a narrow and tunable resonance. We demonstrate selective 
enhancement of single Raman peaks with in-situ tunability of the specific vibration line. This will allow to explore 
parametric instabilities and the orthogonality of different vibrational modes. 

 
Figure 1. Nanocube on mirror in a Fabry-Perot cavity. Left: FEM simulation showing the hybridization of the cavity mode with the gap 

resonances. Right: White light transmission measurement and Raman scattering of the BPT molecules in the gap. Only the Raman peak 

resonant with the cavity resonance is strongly enhanced. 

 
This work is part of the research program of the Netherlands Organisation for Scientific Research (NWO). 



The authors acknowledge support from the European Union’s Horizon 2020 research and innovation program 
under Grant Agreements No. 829067 (FET Open THOR) and No. 732894 (FET Proactive HOT), and the European 
Research Council (ERC starting Grant No. 759644-TOPP). 

 
References 
1. Roelli, P.; Galland, C.; Piro, N.; Kippenberg, T. J. “Molecular cavity optomechanics as a theory of plasmon-enhanced 

Raman scattering.” Nat. Nanotechnol. 2016, 11, 164−169. 

2. I. Shlesinger, K. G. Cognée, E. Verhagen, and A. F. Koenderink, “Integrated Molecular Optomechanics with Hybrid 

Dielectric–Metallic Resonators” ACS Photonics 2021 8 (12), 3506-3516. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

 

Plasmonic Nanogap-enhanced Single-molecule Raman Spectroscopy: Towards 
Single-protein Raman Sequencing 

 
Y. Zhao1,2, M. Iarossi2, A.F. De Fazio2, J.A. Huang1*, F. De Angelis2 

1University of Oulu, Finland 
2Istituto Italiano di Tecnologia, Italy 

*corresponding author: Jianan.huang@oulu.fi 
 
Abstract: Current protein analysis and sequencing rely on insensitive mass spectroscopy that generally requires 
1 billion copies of proteins. The fact that proteins cannot be amplified results in a serious lag of proteomics 
behind genomics and transcriptomics, hampering not only mechanistic studies but also clinical applications. 
Here, we report our recent work on a plasmonic nanogap biosensor that has demonstrated single-molecule 
Raman detection of all 20 proteinogenic amino acids and detecting single amino acid residues within single 
peptide molecule. 
 

Proteins are the workhorses in biological systems that can be used to characterize cellular functions and 
progress of diseases as biomarkers. Current protein analysis and sequencing rely mainly on mass spectroscopy 
that generally requires 1 billion copies of proteins. The low sensitivity of mass spectroscopy faces a significant 
challenge in analyzing trace amount of biomarker proteins in human biofluids in early stage of diseases and the 
low-abundance proteins (10 - 100 per cell) in single cells. The fact that proteins cannot be amplified results in a 
serious lag of proteomics behind genomics and transcriptomics, hampering not only mechanistic studies but also 
clinical applications. The state-of-the-art single-molecule sequencing technologies towards protein sequencing 
include label-based fluorescence methods and label-free nanopore resistant pulse sensors. Compared to DNA, 
proteins are folded 3-dimentional structures and consist of 20 proteinogenic amino acids with different charges. 
These features limit these single-molecule sequencing methods to sequencing only single peptides, because they 
can detect 4 at maximum of the 20 proteinogenic amino acid residues comprising the primary sequence of a 
protein.  

 
Surface-enhanced Raman spectroscopy (SERS) as a powerful label-free biomedical detection method for 

with single-molecule sensitivity. It could pave a way to new generation single-protein sequencing platforms by 
the single-molecule SERS spectra of the 20 types of amino acids as building blocks of proteins. In fact, each 
amino acid molecules have their own fingerprint Raman scattering signals that can be used for sequencing. But 
the Raman signals of single amino acids were too weak to be detected even by surface-enhanced Raman 
spectroscopy (SERS). In the tremendous amount of literature of SERS-based protein detections in past decades, 
the SERS spectra of proteins are mostly occupied by SERS signals of aromatic amino acids and backbones, 
while those of non-aromatic amino acids are invisible.  

 
In this talk, we will present our recent work on a plasmonic nanogap biosensor that has demonstrated 

single-molecule Raman detection of all 20 proteinogenic amino acids.1 By trapping single gold nanoparticle in a 
gold nanopore to generate a single plasmonic hot spot in the nanogap,2 the sensor achieved detecting single 
aromatic and non-aromatic amino acid residues within single peptides, as shown in Figure 1.3 Our results suggest 



that the signal dominance due to large spatial occupancy of aromatic rings of the peptide sidechains can be 
overcome by the high localization of the single hot spot. With reference to a protein database, our works have 
paved a ground-breaking way to nanogap-enhanced Raman identification and sequencing of single proteins. 

 

 
Figure 1. The plasmonic nanogap biosensor that detected single residues in single vassopresin peptide. 
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Abstract: Spin-orbit photonic devices usually rely on 2D (transverse) material structuring and are designed for 

optimal coupling between the polarization state and the spatial  degrees of freedom at  a given wavelength 1. 

Exploiting the third dimension (longitudinal) provides ways to bypass monochromatic limitations. We show here  

that chiral liquid crystals endowed with 3D helix axis orientational distribution exhibit broadband spin-orbit 

optical vortex generation as well as an optical diode effect.  

Three-dimensionnal  chiral  liquid crystal (CLC) architectures opens up new spin-orbit  photonic 

functionalities such as broadband shaping and optical diode effect2. This can be done by exploiting the 

spin-dependent photonic bandgap of anisotropic media endowed with helical ordering for the optical 

axis. First, we present experimental observations of transmissive broadband vortex generation from 

CLC slab without any structural singularity. We provide an analytical description of the 3D optically 

anisotropic  structure  (Figure  1)  and  verify  the  spin-orbit  optical  diode  effect  inside  the  circular 

photonic bandgap both experimentally and numerically (Figure 2). 

Second, based on the geometric Berry phase associated with the circular Bragg reflection phenomena, 

we report on the experimental realization of flat mirrors : the intrinsic spectrally broadband character 

of spin-orbit  generation of  optical phase singularities  is  demonstrated over the full  visible  domain 

(Figure 3). These results are independent of any requirement for birefringent retardation and foster the 

development of a new generation of robust optical elements for spin-orbit photonic technologies.
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Figure 2 : Illustration of the 
spin-orbit photonic diode effect 

Figure 1 : Modeled 3D 
rendering of the chiral 

liquid crystal structure. 

Figure 3 : Generation of a 
white-light optical vortex beam 
from Bragg-Berry vortex mirror. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Tailoring Light-Matter Interaction through Resonant and Evanescent 
Epsilon-Near-Zero Nanostructures 

 
V. Caligiuri1,2,*, A. Patra, A. Pianelli3, M. Miscuglio4, N. Maccaferri5, R. Caputo1,2, M. P. De 

Santo1, A. Forestiero6, G. Papuzzo6, R. Barberi1, R. Krahne7 and A. De Luca1,2 

 

1Department of Physics, University of Calabria, via P. Bucci 31c, 87036 (CS) Italy; 
2Consiglio Nazionale delle Ricerche – Istituto di Nanotecnologia (CNR-Nanotec), via P. Bucci 33c, Rende 87036, Italy; 
3Institute of Applied Physics, Military University of Technology, Warsaw 00-908, Poland; 
4Department of Electrical and Computer Engineering, George Washington University, Washington, D.C. 20052, United 
States 
5Department of Physics and Materials Science, University of Luxembourg, Luxembourg 1511 Luxembourg; 
6CNR-ICAR, Institute for High Performance and Networking, 87036 Rende, Cosenza, Italy; 
7Optoelectronics, Istituto Italiano di Tecnologia, via Morego 30, 16163 Genova, Italy 

 

 
*corresponding author: vincenzo.caligiuri@unical.it  
 
Abstract: Metal/Dielectric multilayers are often present in light-matter interaction scenarios since they can be 
easily designed to tailor the electromagnetic environment surrounding quantum emitters, through the engineering 
of Local Density of States. In this presentation we showcase two examples of metal/dielectric multilayers 
leveraging on either evanescent or resonant optical responses. The described applications unlocked by these 
multilayers are multiple, from λ/1660 resolution, to polariton generation through “pseudo-cavity” modes to end with 
a particular example of plasmonic/photonic physical unclonable functions.  

 
 

Metal/Dielectric multilayers constitute one of the most versatile platforms to access an exotic propagating 
regime called “Epsilon-Near-Zero” (ENZ). To access the ENZ regime, such structures can rely on either a 
resonant or an evanescent response.  

If the thickness of the dielectric layer sandwiched between the metallic layer is thin enough to rule out the 
possibility to host any resonance, then the evanescent response predominates. An eminent example of such 
structures are the so-called Hyperbolic Metamaterials (HMM), structures in which the presence of an ENZ 
transition is well-known. If, on the contrary, the dielectric is thick enough, resonances can be excited and the 
ENZ regime is accessed through a peculiar condition sometimes called “resonant tunneling”. [1,2]  

In this presentation we showcase examples belonging to both the two classes of structures, HMMs and 
resonant multilayers, manifesting ENZ regimes associated to which a rich phenomenology arises. Regarding the 
first case, we will describe graphene-based HMM systems designed to reach exceptionally high resolution down 
to λ/1660 that can as well be used as atto-joule electro/optic modulators (see Figure 1a). [3] Regarding the 
second case, we will showcase two particular examples of resonant multilayers. The first one is what we called a 
“pseudo-cavity” since the top mirror is missing. Nonetheless, such a structure is still able to manifest 
Fabry-Perot-like resonances. For this structure, we document the achievement of the strong coupling between 



pseudo-cavity modes and excitons present in the dye-doped dielectric by which the pseudo-cavity is made (see 
Figure 1b). [4] The second resonant structure consists in a nano-structured metal/insulator/metal (MIM) 
resonator in which the top metal is replaced with a layer of Ag nano-islands possessing plasmonic properties 
(Figure 1c). For this structure, we demonstrate that the interplay between plasmonic modes occurring in Ag 
nano-islands and Fabry-Perot resonances can be used as an ultra-strong, three-levels, manufacturer-resistant 
physical unclonable function (PUF). [5]     

 

 
Figure 1: a) Sketch of the graphene-based HMM manifesting λ/1660 resolution in the canalization regime. b) 
Three-oscillator anti-crossing associated to the achievement of the strong coupling regime between R6G excitons and 
pseudo-cavity modes (in the inset, a “pseudo-cavity” is shown). c) Sketch of the nanostructured MIM cavity where 
top metallic layer is replaced with plasmonic Ag nanoislands.   
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Abstract: Topological order in materials is generally calculated from the integration of certain curvature 
function in momentum space, such as the Berry curvature. We elaborate a relation between quantum geometry of 
the Bloch states and the curvature function called metric-curvature correspondence. It follows that bulk 
measurement of quantum geometry via exciton absorption or pump-probe experiment can directly reveal the 
topological order. 

 
The topological order in materials is usually identified via certain measurement related to the existence of 

edge states, such as quantized Hall conductance and Majorana fermions, whereas the bulk of the material is 
usually considered indistinguishable from a simple gapped material. We overthrow this conventional wisdom by 
proposing a bulk measurement of topological order based on a relation called metric-curvature correspondence 
[1]. The correspondence relates the curvature function in momentum space that integrates to the topological 
order, such as the Berry curvature, to the quantum metric that measures the distance between Bloch states in 
momentum space. We further use a linear response theory to generalize the definition of Berry curvature and 
quantum metric to the realistic materials that contain many-body interactions and disorder [2]. Our theory 
indicates that bulk measurement of the quantum metric can directly reveal the topological order, which may be 
done by measuring the exciton absorption rate or in a pump-probe type of experiment using a polarized electric 
field, as elaborated schematically in the figure below.   
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Abstract: We study negative couplings amid local resonances of photonic metasurfaces and their radiation 
polarizations. In our analysis, we discover circularly polarized, wave-vector variant, radiational eigenstates that 
are attributed to inter-orbit negative couplings. Our theoretical model is exemplified via a guided resonance 
dielectric metasurface that possesses Type-II Non-Hermitian Dirac points, from where the circular polarization 
lines emanate. The high quality factor nature and field enhancement of the designed metasurface could lead to 
applications for spin-selective sensing, beam control and nonlinear optics.  

 
 
 

Recent years have seen a plethora of research on the photonic polarization patterns in the momentum space, 
adding further knowledge to real-space singular optics [1]. In 2-dimensional (2d) momentum space polarization 
patterns, besides the fundamental topological singularities including L(linear polarization) lines and C (circular 
polarization) points that was likewise discovered in singular optics, bound states in the continuum and band 
degeneracies could emerge, involving information of the energy bands and the associated Bloch modes. 
Stemming from the interests in circularly polarized light and matter interactions, spin-orbit related phenomena in 
optics has raised tremendous interests in recent years, unveiling a variety of appealing fundamental physics and 
applications of photon. Moreover, analogue of electrons’ Rashba and Dresselhaus spin-orbit interactions with 
photons in liquid crystal [2], photonic graphene [3], and Pancharatnam-Berry phase metasurface [4] reveal great 
prospect for photonic spin-orbit interactions empowered by these platforms.  

Among these platforms, subwavelength metasurfaces emerge in recent years as a pathway towards more 
versatile and compact light manipulation devices. It is worth noticing, however, that near field couplings in 
metasufaces has been mostly overlooked, and treated as an unfavorable perturbation to local responses of the 
consisting meta-atoms. We hereby unveil that metasurfaces with negative couplings (NC) realized by engineered 
inter-orbit couplings could conveniently fulfill the 2-fold constrains of circular polarizations in their radiations. 
This surprisingly leads a wave-vector variant circularly polarized radiational eigenstates, forming C lines in 2d 
momentum space. The effects are exemplified in a guided resonance silicon metasurface with promised high 
quality factor.  

We analysis the metasurface consist of coupled silicon waveguides as is depicted in Figure.1 (a). The 
designed metasurface involve two basic elements, namely, the single waveguide and the double waveguide 
colored in grey and blue respectively. The inset figure depicts the top view of one unit cell of the Metasurface. 
Notice that the waveguides are sinusoidally modulated as such that the mirror symmetry centered at each 
waveguide remains. For simplicity, the waveguides are placed into a homogeneous environment that is ambient 
air, omitting the influences from higher diffraction orders in high refractive index substrates.  



 

                1)                   

To understand the metasurface’s electromagnetic properties, one should start with the widely accepted fact that 
mode propagation of such waveguide complex can be well approximated, in the paraxial limit, by tight binding model. 
A quantum mechanical shell model was then exploited to study leaky radiations of the waveguide modes to the 
ambient environment. Accordingly, the non-Hermitian effective Hamiltonian can be expressed as equation (1). 
Numerical simulations show that the designed metasurface manifest type-II non-Hermitian Dirac points and fully 
circularly polarized lines as is shown in Figure. 1 (b, c), which can be satisfyingly captured by our theoretical model. 
We further study the metasurface’s spin dependent scattering properties and find that the designed metasurface 
admits circular polarization even in higher diffraction orders, manifesting near field couplings as compelling 
means for creating photonic devices with spin selective functionalities. 

 

 
Figure. 1 (a) Schematic of the silicon metasurface. (b) Real and imaginary part of the difference of eigen frequencies E1 and 

E2 . The real part resembles a lossless Dirac cone while the imaginary part obtains two crossing line nodes noted by the 
solid red lines. (c) Eigen polarizations’ parameters of the two bands around the Dirac point. 
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Abstract: We provide a spin and orbital angular momentum representation of the inverse Faraday effect in a metal. We
analytically show the role of the spin and orbital angular momenta of light (SAM and OAM, respectively), as well as the
spin-orbit interaction (SOI), in the generation of an optoinduced magnetization. We also show that resonances in plasmonic
nanoantennas enhance and confine the IFE on the nanoscale, thereby leading to static magnetic fields directly applicable in a
vast application domain including all-optical magnetization switching and spin-wave excitation.

Light is known to possess polarization and spatial degrees of freedom, manifested by its linear momentum as well as spin
and orbital angular momenta[1]. Remarkably, the SAM of light can be transferred to electrons in matter, a phenomenon
which refers to as the IFE [2, 3]. The IFE has attracted much attention for its ability to generate light-induced magnetization,
thereby opening the prospect of an ultrafast magnetic data storage and a non-contact excitation of spin-waves. On the basis of
a hydrodynamic model of the conduction electron gas [4, 5], we provide a spin and orbital angular momentum representation
of the IFE in a metal [6]. The OAM and SOI of light provide additional degrees of freedom in the control of the IFE usually
solely attributed to the SAM. We also investigate a resonant IFE within individual nanoantennas [7, 8]. Upon illumination,
individual subwavelength gold coaxes and cylinders are shown to develop a strong optomagnetic field on the nanoscale that is
controllable by the helicity of the light. In pulse optical regime, this magnetic field is found to reach 0.3 T upon excitation at
a light intensity below damage threshold.

Our model shows that both the SAM and OAM contributions to the IFE in the metal bulk rely on an optical drag effect
[9]: the underlying optoinduced current densities are proportional to the Poynting energy flow (optical momentum) inside the
metal. In the case of an axisymmetric optical system, we find a direct proportionality between the optoinduced drift current
at metal surfaces and the radial component of the SAM of light. In the paraxial approximation, the contribution of the SAM
vanishes, and the IFE is driven solely by the OAM of light, which is consistent with the interpretation of the spin and orbital
angular momenta of purely transverse light fields [10, 11]. We also show that the SOI of light [12] plays a significant role
in the IFE. Finally, we numerically quantify the relative contributions of the SAM and OAM to the IFE in a thin gold film
illuminated with four different focused beams carrying SAM and/or OAM (see table 1). We find that the SAM of light is
the main source of drift current density regardless of the helicity of the incident light. However, the compensation effects
between SAM-driven surface and bulk currents of opposite handedness reduce the contribution of the SAM to the observable
optoinduced magnetization. Except for circular polarization, the OAM of light is found to be the main contributor to the IFE.
We also numerically confirm the importance of the SOI of light in the IFE, which manifests both via SAM-to-OAM and OAM-
to-SAM conversions at the focus. The OAM of light thus opens new degrees of freedom in the control of the IFE in metals,
thus potentially impacting various research fields, including all-optical magnetization switching and spin-wave excitation.

l=0,s=1 l=1,s=0 l=1,s=1 l=-1,s=1
SAM 78% 0.2% 36% 49%
OAM 22% 99.8% 64% 51%

Table 1: The table shows relative contribution of OAM and SAM of light into the IFE for four different combinations of the l
and s parameters defining the incoming beam entering the microscope objective.

We also investigate the generation of an optomagnetic field in plasmonic nanoantennas upon illumination with a circularly
polarized light (Fig. 1). We predict an optomagnetic field reaching 0.3 T at laser fluence below nanostructure damage
threshold. We also show that the substrate introduces an important asymmetry of the optomagnetic response of plasmonic
nanoantennas fabricated via a top-down technological approach. For a 50-nm thick gold coaxial nanoantenna (Fig. 1b), the



optomagnetism is mainly localized within the substrate, which appears to be advantageous for many applications involving
magnetic material within the substrate. Optomagnetism in resonant plasmonic nanoantennas may impact a broad field of
applications and techniques including spintronics, magnonics and data storage via the development of on-chip nanoscale
plasmonic-magnetic architectures. Optomagnetism may also provide new degrees of freedom in nano-object tweezing based
on the combination of optomagnetic and pure optical forces.
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Figure 1: Optically-induced static magnetic field generated by (a) a gold nanocylinder (diameter: 50 nm, thickness: 12 nm)
in oil (n=1.45), and (b), a coaxial nanoaperture in a 50-nm thick gold film on a glass substrate (n=1.5). The inner and outer
diameters of the coax are of 50 nm and 70 nm, respectively. The wavelength is equal to 800 nm for each configuration.

The authors are indebted to Ulrich Fischer for helpful discussions. This work is funded by Conseil régional de ”Bourgogne
Franche-Comté”; EIPHI Graduate School (ANR-17-EURE-0002); Agence National de le Recherche (ANR-18-CE42-0016).
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Metal-dielectric multilayers composed by nm-thick films display hyperbolic dispersion and support a wide 
landscape of sub-diffraction optical modes, which can be excited via coupling with nanoscale diffraction 
gratings [1] or by local excitations, for instance by using high-energy electron beams [2]. In this framework, we 
experimentally demonstrate how disc-shaped multilayered metal-dielectric nanostructures can couple to far-field 
radiation and enable a full control of absorption and scattering of light at visible and near-infrared frequencies 
[3]. At the same time, we explore the influence of hyperbolic-induced optical anisotropy on their 
magneto-optical activity [4]. We report on the magnetic circular dichroism (MCD) effects induced by electric 
and magnetic dipolar modes in type-II hyperbolic nanoantennas. Experiments, confirmed by numerical 
simulations, show broadband tunability of the magneto-optical response across the visible and near infrared 
spectral range. By using a perturbative approach, we establish an analytical model where the magnetic circular 
dichroism is described in terms of the coupling of fundamental electric and magnetic dipole modes with a static 
magnetic field. When a static magnetic field is applied, the degeneracy of circular plasmonic modes is lifted, 
leading to dichroism. The dichroism effect can be interpreted in terms of magnetically induced spatial 
confinement/broadening of circular currents inside the nanoantennas. Spherical particles are employed as model 
system to analytically describe the magneto-optical response in the framework of Mie theory. Our analytical 
approach allows to identify the contribution of electric and magnetic modes to the total spectrum and can be 
applied to other geometries and materials as well. 
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Abstract: We demonstrate a nodal lines’ phase transitions that arise from a structural deformation of dielectric 
photonic crystals. We employ an anisotropic double diamond structure exhibiting a multi-gap nodal link in the 
three-dimensional momentum space. The possible phase transitions are predicted by calculating non-Abelian 
charges and Euler class. 

 
 

In topological physics, most works have been focused on single-gap topologies. For the recent two years, 
enormous progress on multi-gap topologies have been reported. For example, phase transition of band 
degeneracies (e.g., Dirac [1] and Weyl points [2], and nodal lines [3]) in multi-gap systems can be analyzed by 
non-Abelian charges [4] or Euler class [2,5]. Here, we demonstrate a nodal lines’ phase transition that arises 
from structural deformation of a dielectric photonic crystals. Based on a multi-gap nodal link in an anisotropic 
double diamond structure [6], allowed phase transitions are predicted by the non-Abelian charges [4] or Euler 
class [2,5]. 

The double diamond structure consists of two single diamonds. One’s surface is given by 

         
𝑓 𝐱 sin 𝑋1 𝑋2 𝑋3 𝐴𝑖 sin 𝑋1 𝑋2 𝑋3 2𝑋𝑖

3

𝑖 1

 

 .                  (1) 

The set of x satisfying f(x) > fc fills in the inner region of one single diamond, and the inversion-symmetric 
counterpart corresponds to the other single diamond. The distance between the two single diamonds is adjusted 
by the coefficient γ. In summary, the structure can be tunned by Ai, fc, and γ. 

The parameter set exhibiting a nodal link has been recently reported in Ref. [6]. Based on this set, we tune 
the structural parameters and observe the transition of the nodal link. Such transition can be explained using 
non-Abelian charges (frame charges) [4]. First, we consider a closed loop that encloses two nodal lines, and the 
eigenstates along the loop are calculated to deduce the frame charge. If each nodal line has the opposite (same) 
frame charges, the total charge becomes +1 (-1) meaning that these two can be pair-annihilated (are stable). 

The Euler class [2,5] can be applied to do similar analyses: 
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𝜕𝐷

 
 ,                    (2) 

where D is a domain parameterized by ka and kb. If a given domain D contains two nodal line piercings and their 
quaternion charges are different (the same), the result becomes 0 (±1) meaning the nodal lines can be 
pair-annihilated (are stable). 

In summary, we have demonstrated that the stability of nodal lines in dielectric photonic crystals can be 
analyzed by Euler classes. We belive that this topological invariant will provide a useful and insightful way of   
designing nodal line because it allows us to understand the relation between geometrical deformation and nodal 
lines. Furthermore, because the double diamond structure is fully dielectric, its optical properties including the 



topologies of bands are scale-independent. Thus, our finding can be applied at micrometer to nanometer scales.  
 
This work has been funded by the European Regional Development Fund through the Welsh Government 

(80762- CU145 (East)). 
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Abstract: I describe how to equip photonic quantum walks with topologically meaningful non-Hermitian 
symmetries, such as a non-Hermitian charge-conjugation symmetry, and identify the resulting protected 
transport characteristics. 
 
Photonic quantum walks provide a natural platform to explore topological band-structure phenomena in a 
well-defined setting [1], and extend these meaningfully, including, e.g., via a version of supersymmetry affecting 
the unitary rounds-trip operator [2]. Recent technological advances allow to equip these systems with additional 
internal degrees of freedom [3]. Here I describe how this can be used to imprint topologically significant 
symmetries onto such systems, and explore the interplay with symmetries that utilize gain and loss. The 
combined symmetries then represent constraints on the round-trip operator that play roles analogous to PT and 
non-Hermitian charge conjugation symmetry [4,5]. Applied to concrete settings, these extended symmetries can 
be used to induce and study robust directed transport.  
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Manipulation of Low-Frequency Sound with a Tunable Active Metamaterial Panel* 
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We propose the design of a flat active wall panel and demonstrate its effectiveness in modulating the 
wall impedance, which can lead to the total absorption of incident sound waves in the low-frequency 
range of 50–120 Hz, or alter its reflection phase. Such an acoustic frequency range is usually the most 
difficult to handle for passive acoustic components, owing to the long wavelength, and consequently, 
the bulky size of the materials required. The active panel is actuated by a piezoelectric transducer, with 
its vibrational displacement amplified by a specially designed mechanical amplifier. Through both 
simulations and impedance-tube experiments, we show that simply tuning the active panel’s 
displacement amplitude can vary its impedance from that of the hard wall, to impedance matching with 
air (leading to total absorption), to zero (leading to reflection phase reversal). No feedback loop is 
necessary for the active-panel device; only an initial adjustment during installation is necessary. We 
simulate the room-acoustics application for a 1 m×1 m wall panel that occupies only 1/48 of the total 
wall area of the room and show that it can introduce switchable elements to the audio experience. 
 
*Collaborators: Nan Gao , Zhen Dong , Ho Yiu Mak 
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Abstract: We report asymmetric transport of free-space light at nonlinear metasurfaces upon transmission and 
reflection. Moreover, we theoretically derive the nonlinear generalized Snell’s laws that were experimentally 
confirmed by the anomalous nonlinear refraction and reflection. The asymmetric transport at optically thin 
nonlinear interfaces is revealed by the concept of a reversed propagation path. Such an asymmetric transport at 
metasurfaces opens a new paradigm for free-space ultrathin lightweight optical devices with one-way operation 
including unrivaled optical valves and diodes. 
 
Asymmetric transport (AT) of light is an uneven physical response of counter-propagating optical signals that 
has significantly contributed to fundamental science and revolutionized advanced technology in various aspects 
such as unidirectional photonic devices (1), optical diodes and isolators (2). While metasurfaces mold 
wavefronts at will with an ultrathin flat optical element (3), AT of light cannot be fundamentally achieved by 
any linear system including linear metasurfaces (2). As nonlinear processes can be employed to achieve AT (2), 
the emerging nonlinear metasurfaces (NMs) (4) may leverage AT by expanding its scope from the currently 
aimed on-chip (waveguide) architectures (1,2) to free-space devices with an ultrathin lightweight advantage. 

Here, we report asymmetric free-space transport of light at NMs upon transmission and reflection (5). To 
this end, we consider a NM as an optical interface between two media with an inherent phase shift, wherein a 
nonlinear harmonic is generated. The harmonic generation in NMs requires revisiting the generalized Snell’s 
laws originally introduced for linear metasurfaces (3). By considering an incident plane wave at an angle 𝜃𝑖 at 
the fundamental harmonic (FH) and two light rays which are infinitesimally close to the actual light path, 
Fermat’s principle corresponding to refraction at NMs is formulated as 
[𝜔1
𝑐
𝑛𝑖(𝜔1)sin𝜃𝑖𝑑𝑥 −

𝜔2
𝑐
𝑛𝑡(𝜔2)sin𝜃𝑡𝑑𝑥] + (𝜔2 − 𝜔1)∆𝑡 + 𝑑𝜙 = 0. Here, 𝜔1 is the fundamental frequency, 

whereas 𝜔2 = 𝑛𝜔1 is the frequency of the generated nonlinear harmonic of order 𝑛; 𝑐 is the speed of light in 
vacuum, 𝑛𝑖(𝜔1) and 𝑛𝑡(𝜔2) are the refractive indices of the two media at the fundamental and nonlinear 
harmonic generation frequencies, respectively; 𝜃𝑡 is the angle of refraction, 𝑑𝑥 is the infinitesimal distance 
between the locations in which the two light rays cross the interface, and 𝑑𝜙 is the phase difference between 
these two locations associated with the metasurface. While the first term is the optical path differences, the 
second expression is a temporal phase delay induced by the local generation of the nonlinear harmonic at 
different times along the NM, with a time delay of ∆𝑡 = sin𝜃𝑖𝑑𝑥 [𝑐 𝑛𝑖(𝜔1)⁄ ]⁄ , in which the two light rays meet 
the interface. Accordingly, we obtained the generalized Snell’s law of refraction for NMs 𝑛𝑡(𝜆2)sin𝜃𝑡 −
𝑛𝑖(𝜆1)sin𝜃𝑖 =

𝜆1
2𝜋𝑛

𝑑𝜙
𝑑𝑥

, where 𝜆1 = 2𝜋𝑐 𝜔1⁄  and 𝜆2 = 𝜆1 𝑛⁄  are the free-space wavelengths associated with the 
FH and the nonlinear harmonic generation, respectively. Similarly, the generalized law of reflection 

 
Fig. 1. (A) Scanning electron microscope image of the NM. The unit cell (yellow) comprises twelve gold nanorod antennas, where their 
orientation angles rotate linearly to generate a constant phase gradient. The width and length of each nanorod are 50 nm and 240 nm, 
respectively, and the thickness is 30 nm. The unit cell repeats with a periodicity Γ of 4.8 μm along the 𝑥 direction and 400 nm along the 𝑦 
direction. The gold metasurface was coated with a 100-nm-thick poly(9,9-dioctylfluorence; PFO) layer to form a hybrid NM. (B and C) 
Angles of refraction and reflection versus the angle of incidence, respectively. Modes are labelled with the incident-analyzed polarization 
state. Lines correspond to calculations performed by the nonlinear generalized Snell’s laws, whereas dots refer to measured data. 
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Fig. 2. (A) Schematics of the concept of AT at NMs for refraction. (B and C) THG RP angles of refraction and reflection versus the angle 
of incidence in the original excitation, respectively. All angles were measured in free space. The polarization state of the modes refers to 
the original excitation. The insets are the corresponding results for the FH (linear metasurfaces). 

corresponding to NMs is 𝑛𝑖(𝜆2)sin𝜃𝑟 − 𝑛𝑖(𝜆1)sin𝜃𝑖 =
𝜆1
2𝜋𝑛

𝑑𝜙
𝑑𝑥

, where 𝜃𝑟 is the angle of reflection. 
We demonstrated experimentally the generalized laws of refraction and reflection at NMs via a plasmonic 

antenna array of gold nanorods coated with a thin nonlinear active layer (PFO). The combination of high field 
enhancement from the resonant plasmonic structures and large third-order nonlinearity of the PFO gives rise to 
strong third harmonic generation (THG; 𝑛 = 3) in the formed gold–PFO hybrid NM. We imprinted rapid phase 
change in the nonlinear interface via the concept of nonlinear geometric phase (4). The spin-rotation coupling of 
light in NMs induces nonlinear geometric phase of 𝜙(𝑥,𝑦) = (𝑛 ∓ 1)𝜎𝜃(𝑥,𝑦) for modes maintaining (𝜎,𝜎 
modes) or flipping (𝜎,−𝜎 modes) the polarization of the incident fundamental wave, respectively (4); here, 
𝜎 = ±1 is the polarization helicity of the incident light corresponding to right circular polarization (RCP) and 
left circular polarization (LCP), respectively, and 𝜃(𝑥,𝑦) is the space-variant orientation angle of the anisotropic 
nanoantennas. We realized a NM with a constant phase gradient by locally rotating the nanorod antennas in such 
a way that their orientation angles vary linearly along the 𝑥 direction (Fig. 1A). 

We pumped the metasurface by a femtosecond laser at the wavelength of 1.26 μm (i.e., the localized 
plasmon resonance of the hybrid metasurface) and imaged the 𝑘 space of the scattered light while varying the 
incident angle of the pump laser. The angles of refraction (Fig. 1B) and reflection (Fig. 1C), extracted from the 
𝑘-space imaging, as a function of the angle of incidence exhibit good agreement with theoretical calculations 
performed by the generalized laws of refraction and reflection for NMs. 

For a given angle of incidence, we consider the angle of refraction in two consecutive scenarios that are 
linked by reversed propagation (RP); i.e., the angle of incidence in the bottom-to-top excitation is equal to the 
angle of refraction in the original top-to-bottom excitation (see Fig. 2A). The transport is referred as symmetric 
when the trajectory of light is reciprocal, i.e., the angle of refraction in the bottom-to-top excitation 𝜃𝑡2 is equal 
to the angle of incidence in the primary top-to-bottom excitation 𝜃𝑖1. Otherwise (i.e., 𝜃𝑡2 ≠ 𝜃𝑖1), the transport is 
asymmetric. As the test for AT requires built-in polarization filters, the handedness of the circularly polarized 
beam launched from bottom to top is identical to the handedness of the circular polarization of the refracted 
beam in the top-to-bottom excitation. Similarly, the concept of AT in metasurfaces is introduced in reflection. 

By measuring the angle-resolved refraction and reflection angles at both top-to-bottom and bottom-to-top 
excitations and mapping the corresponding polarization modes, we revealed that NMs exhibit AT upon 
refraction (Fig. 2B) and reflection (Fig. 2C) for the 𝜎,𝜎 modes, while the 𝜎,−𝜎 modes exhibit symmetric 
transport. In stark contrast, linear metasurfaces show symmetric transport regardless of the polarization of the 
modes (Figs. 2B and 2C, insets). 

In summary, asymmetric free-space transport of light at an optically thin flatland is reported. This study may 
also inspire the merging of metasurface principles and nonreciprocity, where one-way invisibility cloak, ultrathin 
optical diodes and arbitrary nonreciprocal beam steering are envisioned. 
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Abstract: The phenomenon of coupling between light and surface plasmon polaritons requires specific momentum 
matching conditions. In the case of a single scattering object on a metallic surface, like a nanoparticle or a nanohole, 
the coupling between a broadband effect, i.e. scattering, and a discrete one such as surface plasmon excitation, leads to 
Fano-like resonance line shapes. We study directional plasmonic excitation - via Fano-like resonance by using a 
chiral nanotip to excite surface plasmon with a strong spin-dependent azimuthal variation.  
Introduction : Fano interference is a well known physical phenomenon that occurs when two oscillating 
systems interact, one of which is characterized by a narrow resonance and the other having a broadband response 
[1,3]. In such a case, an asymmetric lineshape of the resonance with respect to the driving force frequency [4] 
should appear. The Fano effect has recently received a lot of attention as its different implementations have been 
demonstrated in a number of physical systems. Systems involving scattering and plasmonic excitations are of 
particular interest in photonics [5] The coupling strength of the two systems can vary due to the intensity ratio 
and the relative phase of the continuum and discrete function [6]. By varying this coupling factor, the couple 
system can be driven into an anti-resonant state, where the total response is fully suppressed due to a destructive 
interference [7]. As a result, the plasmonic wave excitation becomes extremely sensitive to phase lag, and 
unexpected asymmetry in wave front propagation can occur. The Fano line-shape tuning in nanostructures by 
complex phase matching conditions was recently demonstrated by using circularly polarized light impinging on 
a subwavelength scatterer to excite a direction. It has been shown that this directivity was strongly dependent on 
the handedness of the circular polarization state the incident spin. 
Here we used our robust fabrication method [8] to prepare high aspect ratio metallic nanotips with integrated 
spiral corrugations in the tip’s body. These helical tips can integrate spirals with different topological 
configurations. In particular, as extensively demonstrated, the use of Archimede’s spirals with different number 
of arms (m) enables to play with the spin-orbit coupling between the impinging light and the generated surface 
plasmon polaritons (SPP) [8]. We investigated how the proposed tips can be used to achieve a spin-orbit control 
of the directional excitation of surface plasmon. We used leakage microscopy to probe the k-space in the 
imaging system. This enables to directly observe the excited surface plasmons and the dependency of the 
plasmon polaritons propagation on the chirality of the structure and the used polarization of the impinging light. 
 
 



 
 
 
Figure 1. SEM micrographs of the prepared tips. a) bare tip; b) tip with embedded m=1 spiral; c) tip with 
embedded m=3 spiral; d) top view of m=1 tip; e) Set up of Leakage Radiation Microscopy. The Laser beam’s 
polarization is controlled by a set of a linear polarizer (LP) and a half or a quarter wave plate (HWP/QWP) and 
then focused by an objective O1 (details in the text). The imaging objective O2 extracts the leakage radiation 
through an index-matching oil which then passes through a tube lens (TL) and a Fourier lens (FL) to obtain the 
k-space image 
Acknowledgements: We acknowledge the Ministry of Science Technology and Space of Israel for the financial support in 
this project and Ariel University for the travel grant. 
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Abstract: We generalize the idea of optical singularity to four dimensions using the three spatial dimensions and 
the wavelength obtaining a complete polarization singularity, i.e. a topologically protected point in the 4D space 
where the polarization and phase of the field are not defined. 

 
 

Phase singularities are widely used in optics and are found for instance in beams carrying orbital angular 
momentum. These beams can be generated in many ways, for example using metasurfaces to engineer the phase 
front of the transmitted light [1, 2]. In the simplest case, these beams are monochromatic, paraxial and with a 
predefined polarization. When projected on a flat screen the phase singularity appears as a dark spot in the center 
of the beam and the electrical field is described by a smooth function f from the xy space of the screen to the 
complex phasor of the electric field 𝐸 = 𝐸ℜ + 𝑖𝐸ℑ, and separating the real and imaginary parts we obtain: 

 
 𝑓:ℝ2 → ℝ2   ,   (𝐸ℜ, 𝐸ℑ) = 𝑓(𝑥, 𝑦) (1) 

 
We now consider the optical fields in a small neighborhood of the singularity. For an ideal Laguerre-Gaussian 

beam with azimuthal index l, the field is zero at the singularity position, it increases polynomially away from it 
and the phase is integer-proportional to the azimuthal angle: 
 
 𝐸 ∝ 𝑟|𝑙|𝑒𝑖𝜙𝑙 (2) 

 
We notice that this can be rewritten as a complex polynomial in Cartesian coordinates: 

 
𝐸 ∝ 𝑟|𝑙|𝑒𝑖𝜙𝑙 = (𝑟𝑒±𝑖𝜙)

|𝑙| = (𝑟 cos𝜙 ± 𝑖 𝑟 sin𝜙)|𝑙| = (𝑥 ± 𝑖𝑦)|𝑙| (3) 

For 𝑙 = ±1 the polynomial is linear and can be written in this case as: 

 
(
𝐸ℜ
𝐸ℑ
) ∝ 𝐻 (

𝑥
𝑦)     ,     𝐻 = (

1 0
0 ±1) (4) 

Importantly, phase singularities can be found in many other situations, including the case of random speckle 
patterns [3], and they are essentially zeroes in the field surrounded by all possible phases from 0 to 2π. However, 
it is infinitely unlikely to find singularities with |𝑙| > 1 in a speckle pattern since they are not topologically 
protected. For |𝑙| = 1, the matrix 𝐻 is found from a first order Taylor expansion of f, and it is equal to the 
Jacobian of the field evaluated at the position of the singularity: 



 

𝐻 =

(

 
 
𝜕𝐸ℜ
𝜕𝑥

𝜕𝐸ℜ
𝜕𝑦

𝜕𝐸ℑ
𝜕𝑥

𝜕𝐸ℑ
𝜕𝑦 )

 
 

 (5) 

 
The singularity can in this case have an elliptical shape, accordingly to the entries of the Jacobian. The sign of 

l is simply the sign of the determinant of H in this simple case. If 𝐻  is invertible, then the singularity is 
topologically protected, meaning that for sufficiently small perturbation of the fields the singularity is not 
destroyed but simply displaced in the xy space. 

We can then generalize the idea of optical singularity to 4 dimensions using the three spatial dimensions and 
the wavelength and extending the field to include the in-plane polarization. The function now reads 

 
 (𝐸xℜ, 𝐸xℑ, 𝐸yℜ, 𝐸yℑ) = 𝑓(𝑥, 𝑦, 𝑧, 𝜆) (6) 

 
and can be approximated locally by a 4x4 Jacobian. Experimentally, this can be implemented with metasurfaces 
illuminated by a wavelength tunable laser. In analogy with phase singularities, this approach allows the creation 
of a complete polarization singularity, i.e. a point in the 4D space where polarization and phase are not defined, 
surrounded by all possible polarizations and phases. We also show that this singularity is topologically protected, 
and we identify its topological invariant, which generalizes the idea of topological charge for phase singularities. 
Specifically, generalizing the winding number in the complex plane (𝐸ℜ, 𝐸ℑ) used for phase singularities to the 
degree of a map [4] in the space (𝐸xℜ, 𝐸xℑ, 𝐸yℜ, 𝐸yℑ) we can define a signed integer topological charge. 

In the presentation we will also show a first experimental validation using a metasurface where the dispersion 
of the elements is tailored to provide topological protection of the 4D singularity. Strikingly, even when an obstacle 
covering a significant part of the metasurface is added to the setup, the singularity is still found experimentally, 
due to its topological nature. 
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Abstract:  
Photonic bound states in the continuum are spatially localized modes that exist within a radiation continuum. 
Here, we propose a new generic mechanism to realize bound states in the continuum free of other resonances 
and are robust upon parameter tuning. We predict two new types of bound states in the continuum: i) generic 
modes confined to the metamaterial bulk, mimicking electronic acoustic waves in a hydrodynamic double 
plasma, and ii) topological surface bound states in the continuum.  
 
Introduction 

Bound states in the continuum (BICs), are embedded localized modes that exist within a continuum of 
radiational. Since their initial findings in 1929, subsequent studies have revealed that BICs as a general 
phenomenon not only for quantum but also for photonics, aquatic, and acoustic waves etc [1]. To date, 
mechanisms for BICs reported so far can be classified as symmetry guaranteed mode mismatching, or the 
destructive inference with topological origin [2]. However, these BICs can be instantly lifted by perturbations [3]. 
Also, BICs in systems like photonic crystals slabs are normally spectrally separated by many non-BIC modes.  

In this work, we propose a new generic mechanism to realize BICs that exist by first principles free of other 
resonances and are robust upon parameter tuning. The mechanism is based on the fundamental band in 
double-net metamaterials (DNMs), which provides vanishing homogenized electromagnetic fields. These BICs 
exist within a broad spectral range free of non-BIC resonances and their frequency spacing can be freely tuned 
by the thickness of the structure, reaching spectrally dense BICs for an optically thick DNM slab. Additionally, 
Zak-phase protected topological suface bound states in the continuum (TSBICs) are discovered in DNMs. Both 
bulk BICs and TSBICs exist at the Γ point of the in-plane Brillouin zone within the light-cone for DNM slabs, 
yet they are fully decoupled from radiation.  

 
ELECTRONIC ACOUSTIC WAVE IN DOUBLE-NET METAMATERIALS 

The new types of BICs originate from a pure charge wave, which does not produce electromagnetic fields. 
Although impossible in conventional optical materials, this property can be found in non-Maxwellian materials, 
for example in an hydynamical double plamsa sysytem. Since in the low frequency, metal can be considered as 
the perfect eletrical condutor, we circumvent the difficulties in creating a natural double-plasma and, instead, 
employ a finite DNMs lattice, whose fully connected wire morphology effectively consists a freely moving 
double-plasma with finite equilibrium charge carrier density and Coulomb pressure, resembling a plasma with an 
exact electronic thermal pressure. 

 



 
Fig. 1 (a) Schematic diagram of an eletron acstoic wave (EAW) mode in a HDP fluid (left) and DNM unit cell (b) 

dispersion relationship of HDP and the corresponding simulated band structure of an unperturbed DNM 
 

TOPOLOGICAL SURFACE BOUND STATES IN THE CONTINUUM 
The EAW character in DNMs naturally leads to the formation of a new type of BIC by the bulk modes. 

Different from HDP, the discrete lattice structure of DNMs, bears additional features. In this work we show the 
lattice symmetry of the DNMs gives rise to a non-trivial Zak phase and topological surface bound states in the 
continuum (TSBICs). Comparing with the BCC lattice of two identical networks, we apply two wire mesh with 
different radius hence plasma frequency to open the gap due to the broken symmetry of screw. The offset with 
half of the lattice constant remains, to maintain the mirror symmetries and the time reversal symmetry, meaning 
the band topology can be characterized by a Z2 topological index which also called Zak phase. Topological 
surface states are subsequently found in the topological band gap between the EAW and the langmoiur wave 
(LW). 
 

 
Fig.2 (a) Geometry of DNM consisting of a thick (blue) and a thin (yellow) wire network. (b) Quasi-normal slab modes 

(c) Transmittance of an incoming plane wave within the light cone 
 
 

References 
1. J. von Neuman, et al. “Uber merkwürdige diskrete Eigenwerte. Uber das Verhalten von Eigenwerten bei adiabatischen 

Prozessen,”. PhyZ. Vol 30, No. 467–470, 1929. 
2.  C. W. Hsu, et al. “Bound states in the continuum,”. Nat. Rev. Mater. Vol 1, No 1-13, 2016.  
3. W. Liu, et al. “Circularly polarized states spawning from bound states in the continuum,”. Phys. Rev. Lett. Vol 123, No. 

116104, 2019. 
 



Thermal plasmonics and metamaterials
for low-carbon society



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Photonic enhancements to tailor the comfort of radiative textiles  
 

Muluneh G. Abebe1, Alice De Corte1, Gilles Rosolen1, Jozefien Geltmeyer2, Ella Schoolaert2, 
Karen De Clerck2 and Bjorn Maes1* 

1 Micro- and Nanophotonic Materials Group, Research Institute for Materials Science and Engineering, University of Mons, 
20 Place du Parc, B-7000 Mons, Belgium 

2Department of Materials, Textiles and Chemical Engineering (MaTCh), Ghent University, Tech Lane Science Park 70A, 
B-9052 Ghent, Belgium 

*corresponding author: bjorn.maes@umons.ac.be 
 
Abstract: Personal radiative heat regulation by photonic engineered textiles can contribute to a decreased energy 
consumption in buildings by expanding the range of comfortable ambient conditions. Here, we propose 
dual-mode photonic designs (a static and a dynamic one), which modulate the emissivity to provide thermal 
regulation in both cold and hot environments. The first design is a Janus-yarn fabric that tunes statically via 
fabric flipping, while the second design is dynamic by utilizing a shape-memory polymer.  
 
As humanity experiences the consequences of climate change, we need to address the global energy crisis [1]. 
Surprisingly, more than half of our energy consumption goes to the heating and cooling of largely empty spaces 
in residential and commercial buildings. Therefore, the concept of personal thermal management, which creates 
a localized thermal regulation, can become crucial to lower consumption. Recently, micro-photonic thermal 
management in textiles has captivated the attention. Since radiative transfer accounts for about 50% of heat 
dissipation from the human body, a suitable photonic thermal management strategy allows one to design 
temperature regulating textiles, which are preferably passive, so without an external energy source. Several 
state-of-the-art fabrics based on various structures were designed and fabricated for passive, dual-mode (both 
heating and cooling) thermal management [2-5].  
 
We propose a Janus-yarn fabric (Fig. 1a) where the core working principle relies on the outer surface emissivity. 
The functionality stems from the Stefan-Boltzmann radiative emission law, stating that the total power radiated 
from an object is proportional to its emissivity ε. Thus, changing this emissivity from high to low strongly 
reduces the radiative heat transfer to the ambient. Therefore, when the highly emissive layer of the fabric – 
dielectric micro-fibers in a specific configuration – faces the ambient, the surface acts as an infrared radiator, 
creating a cooling effect in a hot environment.  

 
 
Figure 1. Schematic of the design working principles: (a) Janus-yarn fabric, (b) dynamic fabric.  



On the other hand, when it is cold, flipping the same fabric exposes the low emissivity side – highly reflecting 
metallic microfibers – to the ambient, acting as radiative insulation, thus delivering a heating function. 
Furthermore, because the fabric is constituted out of yarns, which are bundles of fibers, it provides the required 
air permeability and water-vapor transmission for standard thermal comfort. By tailoring the yarn structure, an 
emissivity contrast Δε = 0.72 can be achieved, resulting in a significant 13.1°C setpoint temperature window, 
with the wearer staying comfortable between 11.3 and 24.4°C [4].  
                                                           
The second proposed design is a dynamic emissivity switch textile (DEST), also for dual-mode regulation, and 
using the fabric’s outer surface emissivity modulation. The fabric is constituted from a highly emissive bottom 
layer and with low-emission islands on top, which are thermo-mechanically dynamic (Fig. 1b). To this end the 
islands are made from temperature-sensitive shape-memory polymer nanofibers using electrospinning and 
coated with a metal, while the bottom layer is composed of carbon fibers. This design operates in two modes, 
heating and cooling. When the ambient is cold, the fabric is in heating mode, the polymer expands, allowing the 
low-emissive islands to stretch and cover the high-emissive layer (Fig. 1b(i)). This increases the island-coverage 
factor (i.e., island area/bottom layer area) and substantially lowers radiation emission to the ambient (i.e., low 
effective emissivity). When the ambient is hot, the fabric is in cooling mode, the polymer shrinks; thus, the 
low-emissive island surface area reduces, exposing the bottom high-emissive layer to the ambient (Fig. 1b(ii), 
low island-coverage factor). This results in a higher effective emissivity of the outer surface, thus strong 
radiative emission to the ambient. By introducing an optimized metal coating on the nanofibers, one can achieve 
an effective emissivity contrast of about 0.8, which translates to a wide ambient setpoint window. 
 
The combination of photonic infrared effects and state-of-the-art materials design can thus lead to various 
interesting developments for personal temperature regulation and decreased energy consumption. 
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Abstract 
Thermochromic and thermo-radiative cooling metasurfaces 
require broadband high reflection in visible-to-near infrared 
region to block direct sunlight. The sunlight absorption can 
be prevented by implementing a structure that creates high 
contrast in optical refractive index using Si and Ge. The near-
wavelength High Contrast Grating and prism array provide 
less solar absorption, meanwhile full transparency in mid-
infrared region. Similar electromagnetic field responses are 
observed for both structures to enhance reflectance greater 
than 0.99. Simultaneous VIS-NIR reflection and MIR 
transparency is achieved. 

1. Introduction 
Thermal radiation is highly dependent on the surface 
temperature of an object and its color can also be dependent 
on temperature. The change in temperature can also 
manipulate its optical properties by utilizing materials, 
known as phase transition materials, such as vanadium 
dioxide (VO2) [1]. Such material transition from insulating 
to metal at phase transition temperature allows thermal 
switching of optical properties. This phase transition window 
is observed in the mid-infrared region which contributes to 
thermal radiation of hot temperature. Although, metal oxides 
have high extinction coefficient in the visible-to-near-
infrared wavelength region which results in high sunlight 
absorption [2]. Hence, in terrestrial or extraterrestrial 
environments under the Sun, it does not effectively behave 
as a switchable radiative cooler [3]. To function as thermo-
radiative cooling coatings, it is necessary to simultaneously 
reject heat, but also reflect sunlight. This means the objective 
of the coating design is to maintain high infrared emissivity 
while low visible wavelength absorptivity. Various methods 
have been studied to address this by using multilayers that 
consists of low- and high-index materials [4, 5], 
nanoparticles [6-8], polymers [9-12], and gratings [13]. 
Despite high solar reflectance and high emissive power, these 
photonic approaches are not suitable for devices which 
require thermal switching as can be seen in thermochromic 
and thermo-radiative coatings due to their intrinsic non-
transparency in the mid-infrared region. Therefore, we 
explore alternative photonic approaches to enable 

simultaneous thermal radiation infrared emittance switching 
and solar irradiation reflection. 

Two approaches are introduced in this paper, namely High 
Contrast Grating (HCG) and Prism/Pyramid Array (PA), 
both of which utilize high-index infrared glass material. HCG 
has been introduced in the past as an alternative to 
Distributed Bragg Reflector (DBR) to achieve broad near-
perfect reflectance especially in use of Vertical-Cavity 
Surface Emitting Lasers (VCSELs), due to ease of 
fabrication compared to DBR [14]. HCG, a high-index at-
wavelength grating surrounded by low-index medium, is 
capable of achieving reflectance over 0.99 by adjusting the 
geometric parameters such as period and height of the 
gratings [15]. The mechanisms of this near-perfect 
reflectance are described by the Fabry-Perot resonance 
matrix formulism [16-18]. On the other hand, the at-
wavelength PA utilizes total internal reflection (TIR) for high 
reflectance which is a well-known physical mechanism [19]. 
This mechanism is inspired by Saharan silver ant’s triangular 
hairs to keep them cool [20]. A similar approach is taken to 
reject solar irradiation by using high-index material in PA.  

Figure 1: Schematic of mid-infrared transparent solar 
reflector using High Contrast Grating (A) or 
Prism/Pyramid Array (B) for thermochromic and thermo-
radiative metasurfaces. Λ is the period, f is the filling 
ratio, hHCG and hPA are the height, and γ is the corner angle 
of PA. 
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This paper demonstrates HCG and PA as a solar reflector for 
thermochromic and thermo-radiative metasurface. These 
coatings can be integrated on the thermal emitter with 
dielectric spacer, as shown in Figure 1. A low-index spacer 
is introduced to confirm that HCG and PA is fully surrounded 
by low-index medium in all interfaces. A machine learning 
algorithm Common Bayesian Optimization (COMBO) [21] 
is utilized to optimize the geometric parameters of HCG and 
PA for comparison. Rigorous Coupled-Wave Analysis 
(RCWA) [22] is used to obtain the optical properties of HCG 
and PA, where PA is discretized into layers. 

2. Methodology 
RCWA is utilized to solve for reflectance of HCG and PA 
which is also implemented in COMBO. Hence, the total 
reflectance is calculated for each candidate obtained from 
RCWA during the Bayesian optimization process. Lumerical 
FDTD is used to verify RCWA results and to obtain 
electromagnetic distribution within the HCG and PA. 

2.1. Rigorous Coupled-Wave Analysis (RCWA) 

Rigorous Coupled-Wave Analysis (RCWA) is a well-
established method to solve for Maxwell equations for 
electromagnetic problems regarding periodic structures as 
shown in Figure 2. To solve Maxwell equations, RCWA is 
derived by introducing the Fourier expansion as for reflected 
electromagnetic wave in the incident medium (i.e. air or 
vacuum) and transmitted wave in the substrate [22, 23]. The 
electric field in the incident medium is the combination of 
incident and summation of jth-order (j = 0, ±1, ±2, …±q) 
reflected wave expressed as,  

 � � � � � �inc , inc ,, exp expx z j x j z j
j

E x z ik x ik z R ik x ik z � � �¦  (1) 

and electric field in the substrate is the summation of jth-order 
transmitted wave expressed as, 

 � � � �� �sub , sub ,, expj x j z j
j

E x z T ik x ik z d � �¦  (2) 

where wavevector in the incident and in the substrate is kinc = 
2π/λ and ksub = 2πnsub/λ, respectively. Here λ is the 
wavelength and nsub is the refractive index of substrate which 
corresponds to high-index material such as silicon (Si) and 
germanium (Ge) in this paper. The electric field in grating 
region is described by introducing the amplitude of jth space 
harmonic component, Sj as, 

 � � � �gr ,expj x j
j

E S z ik x ¦  (3) 

Substituting this into Maxwell equations and rearranging the 
equation, it provided second order coupled-wave equation as, 

 � �
2

2 2
, 0 ,2 exp 0j

x j j i n n x j
j n

d S
k S k S ik x

dz
H �

§ ·
� �  ¨ ¸¨ ¸

© ¹
¦ ¦  (4) 

The reflectance Rj and transmittance coefficients Tj is 
determined by solving the above equation for total diffraction 
orders of N = 2q+1 so that it produce N Nu matrix. The N 
unknown functions Sj is, therefore, determined by 
summations of eigenfunctions. Boundary conditions 
matching at the interface between incident and grating region 
as well as interface between grating and substrate are utilized 
to those unknown coefficients solved from matrix method. 
Thus, overall reflectance and transmittance can be obtained 
from calculating reflected and transmitted diffraction 
efficiencies [22, 23].  

2.2. Common Bayesian Optimization (COMBO) 

The Bayesian optimization method handles the database and 
candidates by making predictions of uncertain functions 
through the Gaussian process expressed with candidates x 
and Gaussian hyperparameter η as [21, 24], 

 � � � �
'

'
2expTM M

K

§ ·�
¨ ¸ �
¨ ¸
© ¹

x x
x x  (5) 

Utilizing the above Gaussian kernel, COMBO employ the 
Bayesian linear regression model described as, 

 � �Ty vM �w x  (6) 

where, w is the weight vector and v is the noise subject to 
normal distribution with mean and variance values. Thus, the 
advantage of Bayesian optimization is that it requires less 
candidates to obtain optimal structure out of all possible 
candidates. It has been shown, for instance, that high Q-
factor of multilayered thermal emitter can be obtained via 
Bayesian optimization method, where optical candidates are 
produced from the database and evaluated by specified 
Figure of Merit (FOM) [24]. Similar method is taken place 

 
Figure 2: Schematic of one-dimensional periodic grating 
for RCWA. Λ is the period and f is the filling ratio. Θ is 
the incident angle at incident medium (i.e. air or vacuum). 
0, ±1 represents diffraction orders, j. 
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in COMBO to find the optimal geometric parameters of HCG 
and PA, where FOM is defined as, 

 

2.5μm

BB,5778K0.3μm
2.5μm

BB,5778K0.3μm

R E d
FOM

E d

O O

O
 
³
³

 (7) 

where Rλ is the spectral reflectance and EBB,5778K is the 
spectral blackbody radiation at 5778 K, which corresponds to 
the temperature of the sun. Note that reflectance is the average 
of TM and TE wave. The wavelength range is limited to 0.3 
to 2.5 μm where the maximum radiation intensity is located 
at 0.5 μm (center wavelength). Using this FOM, period Λ, 
filling ratio f, and height hHCG and hPA is optimized. 

3. Results and Discussion 

3.1. High Contrast Grating (HCG) 

The mechanism of near-perfect reflectance is governed the 
Fabry-Perot Round Trip (FP-RT) propagation matrix M 
defined as, 

 � � HCG HCG
HCG I-II II-III, i h i hh e eE EO  M R R  (8) 

Where β is the longitudinal propagation constants of the 
eigenmodes. The dual-mode region is provided by solving for 
longitudinal propagation constant equals to zero (β = 0), and 
its cut-off wavelength for lossless Ge (n = 4.0) is λ/Λ = 3.75 
(Hy0) and λ/Λ = 1.72 (Hy2). Figure 3 (a) shows the dispersion 
relation. The two modes can be described with FP-RT 
equations, and Hy0 and Hy2 can be obtained by solving the 
eigenvalues (1D HCG). The FP-RT eigenequation is given by, 

 � � 0 0
HCG

2 2

, iA A
h Q e

A A
IO

ª º ª º
 « » « »

¬ ¼ ¬ ¼
M  (9) 

where Aj is eigenmode coefficients, and |Q|eiϕ
 is the 

eigenvalues. ϕ is the phase condition where it requires to be 
multiples of π so that ϕ = 2mπ (m = 0,1,2,3,…) [25].  

Figure 3 (a) represents the dispersion relation of eigenmodes. 
As illustrated in the figure, the eigenmodes present within 
dielectric light line ωnHCG/c0 and vacuum light line ω/c0 are 
linear waveguide mode whereas discrete modes are present 
due to periodic structure. The coexistence of both Hy0 and Hy2 
modes results in producing checkerboard patterns calculated 
in terms of the ratio, λ/Λ and hHCG/Λ as shown in Figure 3 (b). 
The dual mode regions are shown in bule solid lines and 
single waveguide mode (Hy0) in green and even mode (Hy2) 
mode in pink. Due to FP-RTs within the waveguide slabs, it 
produces circular magnetic field distribution shown in Figure 
4 (a) and (b), respectively. Hence, single mode produces one 
whole FP-RT within the high-index grating and even mode 
produce half round trips within the grating.  

 
Figure 4: Magnetic field distributions (TM) of (a) Hy0 and 
(b) Hy2 modes in xz-plane. 

 
Figure 3: (a) Dispersion relation of 1D HCG. Dash line 
represent light line (ω/c0) and dotted line represent 
dielectric light line (ωnHCG/c0). (b) Reflectance contour 
(TM) of 1D lossless Ge (nHCG = 4.0). Blue solid lines 
represent cut-off wavelengths for dual-mode region. 
Green and pink curves represent Hy0 and Hy2 modes. 
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In contrast, two-dimensional HCG (Figure 5 (a)) split dual-
mode region into tri-mode region due to an additional degree 
of freedom. Hence, the FP-RT eigenequation is expressed 
with an additional eigenmode expansion coefficient A4 as, 

 � �
0 0

2 2

4 4

, i
x

A A
A Q e A
A A

IO
ª º ª º
« » « »/  « » « »
« » « »¬ ¼ ¬ ¼

M  (10) 

Therefore, three distinct eigen modes, EH00, EH20, and EH22 
modes coexist within the tri-mode region. As shown inf 
Figure 5 (b), these three FP-RT modes are present within the 
tri-mode region which disturbs the checkerboard patterns 
observed in 1D HCG. EH00 mode is similar to Hy0 mode, 
whereas EH20 mode is similar to Hy2 mode in 1D HCG. 
Hence, EH20 mode have butterfly-like distribution of 
magnetic field due to half round trips confined within the 
lossless Ge 2D grating represented in Figure 5 (c) and (d). 
This compares with Hy2 mode shown in Figure 4 (b). On the 
other hand, EH22 mode splits EH00 and EH20 modes into two. 
Therefore, strong magnetic field confinement occurs and it 
results in oscillations of reflectance between zero and one. In 
other words, narrowband near-perfect reflectance is 
produced, indicating that 2D HCG is not suitable as a solar 
reflector.  

3.2. Prism (Pyramid) Array (PA) 

The prism array is directly related to the total internal 
reflection (TIR) which is highly dependent on the corner 
angle, γ. Figure 6 (a) shows the reflectance contour of prism 
array whose pattern is similar to that of 1D HCG. As height, 
h increases, the corner angle increases, and when the incident 
angle to the interface between the underlayer surpasses the 
critical angle, TIR is obtained. The critical angle is given by, 

 1 sub

PA

sinc
n
n

T � § ·
 ¨ ¸

© ¹
 (11) 

where nsub is the refractive index of the low-index material 
underneath the PA. The critical angle, for instance, for n = 3.4 
and 4.0 is 16.6o and 14.5o when underneath medium is air. 
When the incident angle to the underneath is taken as θsub, the 
corner angle is determined by, 

 
� �1

sub
PA

sin
sin

n
J T

J T � �§ ·
 � ¨ ¸

© ¹
 (12) 

Thus, γ must be adjusted so that θsub is larger than the 
critical angle, θc in all the solar wavelength range of 0.3 to 
2.5 μm to obtain TIR for broad reflectance.  

Figure 6 (b) represents the reflectance spectra of pyramid 
array whose period is Λ = 0.25 μm and hPA/Λ = 0.7. Due to 
near-wavelength sized pyramid, the broad reflectance with 
spectral reflectance, Rλ > 0.99 at λ = 0.38 μm and λ = 0.6 μm. 
As shown in Figure 6 (c) and (d), circular FP-RT type 

 
Figure 5: (a) Schematic of 2D lossless Ge (n = 4.0) HCG. 
fx and fy are filling ratio and Λx and Λy are the periods and 
hHCG is the height of the 2D HCG. Reflectance contour 
(TM) of 2D lossless Ge HCG. (c) Hy contour (TM) of 
EH20 mode for xy-plane (z = h/2). (d) Hy contour of EH20 
mode for xz-plane (z = h/2). 
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magnetic field distribution is observed. These are comparable 
with Hy0 and Hy2 modes in 1D HCG. Hence, both rectangular 
and triangular slab made of high-index material surrounded 
by low-index material produce FP-RT like resonances which 
is useful as a solar reflector. It can be concluded that Prism 
Array also have dual-mode region where two waveguide 
modes are present to create near perfect reflectance at least 
two specific wavelengths. 

3.3. Bayesian Optimization (COMBO) 

In this section, COMBO is utilized to search for optimal 
geometry for floating HCG and discuss the use of Machine 
Learning in application such as solar reflector. Based on FOM 
given in Eq. (7), first 800 candidates are chosen randomly and 
next 2000 candidates are chosen based on Bayesian 
optimization. Note that it takes a week to obtain 2800 
candidates which is a major disadvantage of Bayesian 
optimization. It is suggested to divide candidates into groups 
to reduce computational time [24]. Despite of the 
disadvantage, the optimization is conducted for three 
geometric parameters including period (0.1 μm < Λ < 1.0 
μm), filling ratio (0.7 < f < 0.9) and height (hHCG > 0). Figure 
8 (a) shows the convergence curve of FOM. As can be noticed 
from the curve, high FOM is already obtained during the 
random selection (up to 800 candidates), and only small 
upgrade of FOM is obtained during Bayesian optimization. 
This is due to smaller number of optimized variables (period, 
filling ratio, and height) which is considered efficient if 
optimized randomly. Here, a result of three trials is shown in 
Figure 8 (b) to (d) for actual Ge, lossless Si (n = 3.4) and 
actual Si. As expected, the period with smaller value close to 
center wavelength of 0.5 μm shows higher total reflectance 
close to 50 to 55 %. While filling ratio must be large enough 
to achieve high FOM. This is true for actual Ge and Si due to 
absorbing behavior of Ge and Si, which cancels the effect of 
HCG. Lastly, height have a significant effect in obtaining the 
maximum reflectance. This is also obvious from the HCG 
contour shown in Figure 3 (a).  

In the first trial (pink), obtained maximum FOM is 51, where 
period Λ = 0.66 μm, filling ratio f = 0.89, and height hHCG = 
0.0684 μm (68.4 nm) for actual Ge. Since Ge have high 
extinction coefficient for wavelength λ < 1.2 μm, the 
reflectance in visible range is smaller than expected as shown 
in Figure 8 (a). COMBO have avoided this region to obtain 
broad reflectance but focused on λ > 1.2 μm to obtain total 
reflectance > 50%. Same trends were observed for actual Si 
(light blue) where maximum FOM is 53 with period Λ = 0.46 
μm, filling ratio f = 0.88, and height hHCG = 0.0465 μm (46.5 
nm). In contrast, lossless Si achieved maximum FOM of 56.6 
with period Λ = 0.54 μm, filling ratio f = 0.7, and height hHCG 
= 0.32 μm (320 nm). COMBO were able to search the 
structure that have the characteristics of HCG as shown in 
Figure 9 (a) in green line. 

In theory, from HCG contour plot, one can predict the best 
structure from the cut-off wavelength of dual mode region 
since it produces two near-perfect reflectance shown in black 
line. Considering the center wavelength as 0.5 μm and cut-off 

 
Figure 6: (a) Reflectance contour (TM) of lossless 
Pyramid Array (PA). (b) Reflectance spectra (TM) of PA 
when Λ = 0.25 μm and hPA/Λ = 0.7 in visible region. 
Magnetic field distribution at (a) λ = 0.6 μm and (b) λ = 
0.38 μm. 
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wavelength λ/Λ = 1.72 for filling ratio f = 0.7, the period is Λ 
= 0.3 μm. Taking h = 0.5Λ, height is hHCG = 0.15 μm. This 
provides total reflectance of 58.5% for lossless Ge, which is 
slightly higher than lossless Si obtained by COMBO. 
However, actual Ge with extinction coefficient have only 
31%. Thus, COMBO provides alternative geometric 
parameters that can achieve similar value of total reflectance 
as shown in pink.  

Regardless of the performance in the visible-to-near-infrared 
region, such coatings have high transparency in mid-infrared 
region as shown in Figure 8 (b). This allows to enable thermal 
emitter to fully-function as thermal regulating device while 
rejecting solar irradiation when HCG and PA are surrounded 
by low-index medium. Low-index spacer, for instance can be 
BaF2, CaF2, KCl, and KBr because of its transparency. Note 
that other materials such as SiO2 is not suitable due to its high 
extinction coefficient in mid-infrared region. 

 
Figure 7: (a) Convergence curve of COMBO trial for 1D 
HCG. Distribution of total reflectance (FOM) with (a) 
period, Λ, (b) filling ratio, f, and (c) height, hHCG.  

 
Figure 8: (a) Reflectance spectrum in visible-to-near-
infrared region and (b) transmittance spectrum in mid-
infrared region of Ge, lossless Si, and Si grating obtained 
from COMBO (pink, green, light blue) and geometric 
parameters chosen from the cut-off wavelength of dual-
mode region from 1D HCG contour (black).  
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4. Conclusions 
In conclusion, high-index material can be utilized as a slab to 
integrate on the thermochromic and thermo-radiative 
coatings for simultaneous solar rejection and thermal 
radiation. Both High Contrast Grating (HCG) and Prism 
Array (PA) exhibit Fabry-Perot Round Trip electromagnetic 
distribution within the slabs to produce broad near-perfect 
reflectance in visible region. One-dimensional HCG and PA 
show better performance in visible region compared to two-
dimensional structures due to one less degree of freedom. For 
ease of manufacturing complexity, HCG is the preferred 
metasurface due to shape simplicity and fewer dimensional 
uncertainty. Bayesian optimization was applied to search for 
the optimal solar reflector which avoided the wavelength 
region with high solar absorption. Although COMBO did not 
find the structure which fully exhibit the characteristics of 
HCG while taking large cost of computational time. For, such 
smaller number of variables, random optimization may 
efficiently search for the optimal structure. This study seeks 
into thermal applications used under exposure of solar 
irradiation and space applications which is used to regulate 
heat.  
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Abstract: In this talk I will summarize our recent results in the field on complex metamaterials for solar 
desalination, structural paper and solar hydrogen production, presenting the design, implementation and 
characterization of various record performing systems and devices.  

 
The recent G20 has championed the circular carbon economy (CCE) framework as an inclusive vision to 

address the current crisis of unregulated CO2 emission levels and mitigate climate change through an umbrella of 
``4Rs" that could Reduce Reuse, Recycle and Remove excessive carbon from the atmosphere. At the core of CCE 
is a wide range of technologies, ranging from negative emissions to carbon capture/storage and natural climate 
solutions, which aim to establish clean energy transition pathways toward the Paris agreement. In this invitation, 
I will review our recent work in this field of research.  

I will discuss a new possible clean coal cycle based on a highly efficient, scalable solar water generator. The 
system leverages a bottom-down device made with natural coal and cotton fibers. Water transportation is partially 
decoupled from solar-to-thermal conversion, allowing the direct optimization of each independent process for 
providing the best results. The device's performance, measured in kilograms of freshwater produced every hour at 
one sun illumination intensity and with one dollar of raw material, is two times higher than the closest available 
competitor (Fig. 1). 

Fig. 1. a) Optical setup. b-d) Thermal images and temperature measurement of the water reservoir, desalination device top side and 
lateral side, respectively. e) Mass loss rate results. f) Comparison of global efficiency !! defined as kg of freshwater produced per 

every hour, per every dollar $ at one sun intensity of solar desalination devices available in the literature. 



Fig. 2. Manufacturing pipeline (a-d) with (e) large-scale artwork examples on rigid and flexible (Kapton) substrate. On the right a 

figure of merit (FOM) of the state-of-the-art in large-scale structural color printing. 

 
I will then discuss a new, carbon-free, printing system exploiting a new form of structural paper for large-
scale, high-resolution, and wide-gamut color printing. (Fig. 2) and its recent technological development. 
Finally, I will review our recent advances in solar hydrogen production, with a new record performing scalable 
photoelectrode.   
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Abstract: Near-field thermal radiation transfer has attracted significant attention owing to its potential for increasing 
the output power and conversion efficiency of thermophotovoltaic (TPV) systems. Here, we demonstrate a one-chip 
near-field TPV device integrating a Si emitter and an InGaAs PV cell with a sub-wavelength gap (<140 nm). The 
device shows a photocurrent density of 1.49 A/cm2 at the emitter temperature of 1192 K, which is 1.5 times larger 
than the far-field blackbody limit at the same temperature. 
 

 
Thermophotovoltaic (TPV) power generation systems, which convert thermal energy into electricity by 

irradiating PV cells with thermal emission from heated objects, feature their high output power density, versatile 
thermal source usability, and potentially high conversion efficiency overcoming the Shockley-Queisser limit. To 
increase the output power density and conversion efficiency of TPV systems, it is crucial to enhance the thermal 
emission below the bandgap wavelength of the PV cell while suppressing the emission above it. One promising 
approach for this purpose is the introduction of wavelength-scale optical nanostructures such as photonic crystals 
into the thermal emitter which selectively enhances the emissivity (absorptivity) at the resonant wavelengths 
[1–3]. Another approach is the use of near-field thermal radiation transfer in the TPV system (near-field TPV), 
where not only the modes propagating in free space but also the modes confined inside the emitter and PV cell 
(frustrated modes) can contribute to the energy transfer via evanescent coupling across a sub-wavelength gap 
between the emitter and the PV cell. In this talk, we focus on the latter approach and describe our recent 
experimental demonstration of one-chip near-field TPV devices overcoming the far-field blackbody limit [4,5]. 

 
Figure 1(a) shows a schematic of our near-field TPV device, where a 20-µm-thick Si thermal emitter with a 

side length of 1 mm was integrated on one side of an intermediate Si substrate while maintaining a 
sub-wavelength gap between them, and a thin InGaAs PV cell of the same size was integrated to the other side 
of the substrate. Here, we employed the intermediate undoped Si substrate between the emitter and the PV cell to 
suppress the long-wavelength heat transfer mediated by surface modes at the contact layer of the PV cell while 
maintaining the near-field enhancement of the thermal radiation transfer below the bandgap wavelength of the 
PV cell [6]. To suspend the millimeter-sized emitter while suppressing the tilt and the thermal conduction loss, 
we employed 10-µm-width supporting beams at the four corners that can relieve the thermal stress of the emitter 
by in-plane deformation, which enables to maintain a sub-wavelength gap between the emitter and the PV cell 
even at high temperatures. The gap (d) between the emitter and the intermediate substrate was realized by the 
surface etching of the intermediate substrate and subsequent chip-to-chip bonding of the emitter and the 
intermediate substrate. Here, we fabricated both far-field (d ~ 2900 nm) and near-field (d ~ 140 nm) TPV 
devices for comparison.  

Figure 1(b) shows the measured and calculated photocurrent densities of the two devices as a function of the 



average emitter temperature. The measured photocurrent densities of the near-field device (red triangles) are 7-10 
times larger than those of the far-field device (blue triangles), and these experimental results agree well with the 
calculated ones (red and blue dashed lines). More importantly, the obtained photocurrent density in the near-field 
device exceeds the far-field blackbody limit (black solid line) at an emitter temperature larger than 1050 K. At the 
emitter temperature of 1192 K, the obtained photocurrent density is 1.49 A/cm2, which is 1.5 times larger than the 
blackbody limit at the same temperature (0.96 A/cm2). Our one-chip super-Planckian device will accelerate the 
full exploitation of near-field thermal radiation transfer in various applications including solar 
thermophotovoltaics and waste heat recovery. 
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Fig. 1(a) Schematic of near-field TPV device integrating 20-µm-thick Si thermal emitter and 
InGaAs PV cell. (b) Measured (triangles) and calculated (dashed lines) photocurrent density of the 
near-field and far-field devices as a function of the average emitter temperature. Photocurrent density 
overcoming the far-field blackbody limit is obtained for the near-field device at the emitter 
temperature of 1192 K. 
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Abstract: Daytime radiative cooling surface can be cooled both in day and night, thus generating temperature 
difference against the surrounding temperature throughout the day. We demonstrate experimentally that this 
temperature difference can be used for 24-h thermoelectric generation. Our first design combines a daytime 
radiative cooler on a Peltier module which only takes advantage of radiative cooling. Our second design allows 
to harvest radiative cooling and solar heat simultaneously, thus has a potential to generate larger temperature 
difference for thermoelectric generation. 

 
Daytime radiative cooling has been successfully achieved with various materials and structures, opening a 

door for passive cooling methods in summer which do not require electricity [1]. While cooling by radiative 
cooling is critically important to prevent heating typically by solar irradiation, cooling generates temperature 
difference against the surrounding temperature. By acknowledging this temperature difference and the fact that 
daytime radiative cooling surface can cool not only in day but also in night, one may come up to combine a 
daytime radiative cooling structure with a thermoelectric device. Since temperature difference is always applied 
to the thermoelectric device, it can generate thermoelectric power day and night. 

So far, we have demonstrated two different modules which can generate thermoelectric voltage by radiative 
cooling. The first design combines a daytime radiative cooling structure made of glass and aluminum thin film 
and a commercial Peltier module [2]. This module generates temperature difference only by radiative cooling. 
The second design utilizes spin Seebeck effect as a thermoelectric generation [3]. Since a spin Seebeck device is 
basically consist of yttrium iron garnet and platinum thin film, it can be radiatively cooled at the top surface and 
heated by sunlight at the bottom, which enables simultaneous harvesting of radiative cooling and solar heat. 
Outdoor and indoor measurements clearly showed that solar heat boosted thermoelectric voltage compared to the 
thermoelectric voltage that was generated only by radiative cooling. The details of the experiments and the 
challenges of thermoelectric voltage generation will be discussed at the presentation.  

 
 



 
Figure 1. Schematic drawing of a module which combines radiative cooling surface and thermoelectric moule. 
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Abstract: An energy harvesting device based on passive radiative cooling is reported.  It consists of a 

multilayered structure: a solar cell covered with a daytime-radiative-cooling film, a thermoelectric element, and 

a water heatsink to reduce temperature drop. It works both daytime and night-time.  It generates 33 W/m2 

during the daytime and 0.069 W/m2 during the night-time.   

 
 
Passive radiative cooling is a method that can refrigerate an object without using electricity. Many studies have 

been carried out to cool buildings, clothing, and solar cells. Recently, an energy harvesting device that uses 

thermoelectric elements to utilize the temperature difference caused by nighttime radiative cooling has been 

reported.1 Although the amount of power generated is small at present, it may be possible to extract sufficient 

power. 

 

In this study, we aim at (i) generation of higher electrical power by developing the thermoelectric devices and 

peripherals, and (ii) generation of electrical power by the combination of the thermoelectric devices and 

photovoltaic cells. The objective is to develop a device that can collect power during both daytime and 

night-time. 

 

To achieve these goals, we have developed a device composed of a water heatsink to reduce temperature drop 

caused by radiative cooling, a stacked thermoelectric element, a highly transparent radiative cooling film at 

optical wavelengths, and a solar cell. This device shows all-day energy-harvesting that generates 33 W/m2 (solar 

cell and thermoelectric element combination) during daytime and 0.069 W/m2 (thermoelectric element only) 

during nighttime. Consequently, we developed an energy-harvesting device for both daytime and night-time.  
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Abstract: We demonstrate a thermoelectric device that can generate electricity even in a uniform-temperature 

environment. 

 
The thermal gradient across a thermoelectric device is the key to convert heat energy into electricity.1, 2 It means 
that thermoelectric conversion cannot occur under a uniform temperature environment where the thermoelectric 
element does not experience a thermal gradient owing to thermal equilibrium.  

Here, we propose a thermoelectric device that can produce a thermal gradient and generate electricity even 
in a uniform-temperature environment. We introduced a metamaterial absorber (MA), which comprised a silver 
mirror layer and silver microdisk arrays sandwiching a transparent calcium fluoride layer, at the one end of a 
thermoelectric device made of bismuth antimony telluride. The MA absorbs thermal radiation emitted from the 
surrounding medium, resulting in local heat generation as a consequence of absorption loss.3, 4 The local heating 
propagates to the thermoelectric device, leading to an additional thermal gradient. The heating efficiencies of the 
MA electrode and the opposite electrode of the device are unbalanced, which induces the Seebeck effect and 
results in electricity generation (Fig. 1(a-c)). 

We fabricated the MA arrays on a copper electrode loaded on a thermoelectric device and placed it in a 
uniform temperature environment at 364 K. We observed the metamaterial thermoelectric generation and 
measured the 0.14 K thermal gradient across the device (Fig. 1(d)). 

 
Fig. 1 Schematics of (a) a thermoelectric device loaded with the metamaterial electrode and (b) metamaterial 

array. (c) Top-view SEM images of the metamaterial. (d) Dependence of the output voltages generated on the 
metamaterial device (red) and a control device (black) on the measured environment temperatures. 
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Abstract: We propose ZrN-ZrO2 multilayered hyperbolic metamaterials as a selective emitter for 
thermophotovoltaic energy conversion. Our calculations show a twofold improvement in the spectral selectivity 
compared with a black body at 1200K. The system was fabricated using scalable reactive magnetron sputtering 
using solely a single zirconium target. The combination of FIB cross sections imaging with optical 
characterization shows that samples annealed in vacuum to up to 1200K show no sign of chemical degradation 
and therefore no decrease in the spectral efficiency.  

 
The idea of using multilayered hyperbolic metamaterials (HMMs) as selective emitters for 

thermophotovoltaic (TPV) applications has gotten wide attention in the last years. The presence of 
Optical Topological Transitions (OTTs) would allow to tune the emissivity of a warm body in order to 
emit only photons above the bandgap of the chosen photovoltaic material. However, in order to emit 
thermal radiation in the required energy range, the multilayer structure should be stable at temperatures 
above 1000K. This limits the material choice to refractory elements and compounds. Multilayered 
structures, with their high aspect ratio and interfacial area, are expected to degrade at temperatures below 
the melting points of individual materials [1]. 

 
In this context, we study ZrN-ZrO2 multilayered metamaterials potential as emitters for TPV 

applications. ZrN and ZrO2 are refractory materials, and their partial inter solubility is expected to make 
them less prone to the interfacial-energy driven shape instabilities responsible for high temperature 
degradation of other systems [2].  

 
We show that our ZrN-ZrO2 multilayers can be deposited by magnetron sputtering, a technique with 

relatively high deposition rates. The flow of reactive oxygen and nitrogen gas allows us to deposit the 
multilayers using a single material target [3]. Zirconium is more abundant than other proposed refractory 
elements such as tungsten or hafnium [2] [4], which combined with the scalability of the deposition technique 
would favor the economy of scale of our emitters. 

 
The geometrical design of the emitter is done using the transfer matrix method. Rather than simply 

aligning the OTT with the bandgap of the photovoltaic material, we optimize the overall emissivity of the 
multilayer metamaterial, taking into account both p and s-polarized light. We argue that this allows us to bring 
the functionality of a selective emitter closer to the desired properties, since in the absence of magnetic dipole 
moment engineering the effects of the hyperbolic dispersion are limited to TM polarized light [5]. We calculate 
that the spectral efficiency of the system at 1200K improves twofold that of a black body, which is in line with 
other proposed metamaterial based emitters [2]. 

 
 The study of FIB cross sections of samples annealed in high vacuum (<10^-8 Torr) up to 1200K show no 
sign of the ZrN to ZrO2 ratio on which the optical response depends. Optical measurements show no shift in the 



peak reflectance, and therefore no change in the spectral efficiency. A homogeneous increase in the reflectance 
is nevertheless observed. Using X-ray diffraction (XRD), we correlate this with ZrN grain growth, which is 
known to increase the reflectivity of the material.  
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Abstract: In this study, a common agricultural waste was utilized to fabricate the photothermal material that can 
be applied in the SSG system. The resulting composite material demonstrated significant advantages such as 
high light absorption, low thermal conductivity, ultra-fast water transportation, low moisture enthalpy, and 
self-cleaning properties. The biomass based SSG system possessed high seawater evaporation rate and 
evaporation efficiency, which are comparable to those in the previous studies on biomass composite material 
based SSG systems.  
 

Recently, the industrial and domestic wastewater discharge and seawater level rise have polluted the sources 
of clean water. The water pollution further exacerbates the freshwater scarcity all over the world, threating the 
global sustainable development in 21st century.[1] In that context, various water desalination systems to turn 
seawater into freshwater have been developed. Among them, solar desalination receives great interest of 
scientists, being extensively studied because of its renewable energy consumption, non-CO2 emission, 
environmental friendliness, simple installation, and operation. In SSG systems, heat converted from solar energy 
in the absorber is utilized to heat water at the evaporation surface. The water begins to evaporate when the 
accumulated heat reaches the enthalpy of water.[2] Three key factors play a significant role for photothermal 
materials to improve the efficiency of SSG systems: (1) solar-thermal conversion capability, (2) water 
transportation rate, and (3) heat loss limitation.[3] Many different types of materials have been utilized to 
fabricate the photothermal materials for SSG systems, which can absorb higher than 90% of the sunlight, such as 
metallic nanoparticles, semiconductors, porous polymer, and natural materials. Unfortunately, large-scale 
applications of SSG systems based on these materials have so far been still limited due to complicated 
fabrication methods, the high cost of raw materials, and low structural stability. 

The biomass-based photothermal materials have a great potential to satisfy the above requirements. The 
biomass materials can guarantee the rapid transportation of water to the evaporation surface and enhance high 
light absorption because of their rough surfaces with micro-porous and vascular bundle structures. Moreover, 
they can reduce their thermal conductivity thanks to the air-filled pith with honeycomb structures. Besides, the 
biomass materials contain mostly cellulose, hemicelluloses and lignin, which ensure an excellent durability in 
the different conditions, such as seawater.[3] Finally, these biomass materials are environmentally benign, cheap, 
and abundant availability. 

In this study, a coconut husk (CH), a common agricultural waste, was utilized to fabricate the photothermal 
material that can be applied in the SSG system. CH consists of coconut fibers containing many vascular bundles 
with 10-20 μm diameter and cocopeat that has honeycomb-like structure. After treating CH with tannic acid and 
Fe3+ solution, the coordination of phenolic compounds with Fe3+ in the CH is formed.[4] The resulting 
CH-TA-Fe3+ (CHP) material demonstrated significant advantages such as high light absorption, low thermal 
conductivity, ultra-fast water transportation, low moisture enthalpy, and self-cleaning properties. The CHP-based 
SSG system possessed high seawater evaporation rate (1.83 kg m-2 h-1) and evaporation efficiency (73.2%), 
which are comparable to those in the previous studies on biomass material based SSG systems. Especially, the 



CHP-based SSG system exhibited excellent structural stability that ensures their long-term performance in the 
seawater desalination. With simple fabrication process, affordable price, and eco-friendly materials, the CHP 
proves great potential in seawater desalination application. 
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Abstract: Thermophotonics (TPX) power generation systems, which generate electricity using thermal emission 
and electroluminescence from light emitting diodes. Compared to thermophotovoltaics, it can operate at lower 
temperatures and is expected to be efficient. On the other hand, studies of light-emitting devices in the near- to 
mid-infrared region are still in their developing stage, and fundamental studies of new materials and 
light-emitting mechanisms are important. Thus, we focus on quantum materials as infrared light emitting sources 
for application to TPX power generation.  
 

Quantum materials such as black phosphorus, carbon nanotubes, and bilayer graphene have recently 
attracted attention for their unique light emission mechanisms. In this study, bilayer graphene (BLG) is used as 
the semiconductor material for the LED and Photovoltaic cell of the TPX power generation system1). The band 
gap wavelength tends to be in the infrared region. Normally, graphene cannot be used as a light emitting device 
because it has an unusual band structure where the valence band and conduction band intersect at a single Dirac 
point, thus not forming a band gap. However, in the case of a BLG, applying a perpendicular gate voltage breaks 
the inversion symmetry of the atoms between the two layers, creating a band gap that can be used as a light 
emitting device. A schematic diagram of the computational model is shown in Fig. 1. The results of the analysis 
for this structure are shown in Fig. 2, which confirms that energy transfer far exceeds the blackbody limit for the 
bilayer graphene devices. In the far-field region, the BLG device achieves energy transfer above the blackbody 
limit near the band gap wavelength depending on chemical potential of photon. 
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Fig. 1 Schematic of the TPX system. Part of the generated 
power by the PV cell is used to positively bias the LED. 

Fig. 2 Spectral energy flux of BLG device with varying 
chemical potential of photon. 
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Abstract: While many isotropic multiband emitters and directive narrow-band emitters have been reported, there are 
few reports of emitters capable of directional and multiband thermal emission. We present an emitter with a polymer 
thin film on a metal substrate which enables molecular vibration-induced thermal emission limited to grazing-angles. 
We also show a metal-dielectric-metal metamaterial can realize tunable multiband emission limited in grazing angles 
based on similar physics. These emitters could enable directional heat transfer which could be a novel thermal 
management technology. 
 

 
Isotropic multiband thermal emitters can be realized by microstructures and multilayer films. Also, directive 

narrow-band emitters can be realized by coupling with surface modes. However, there are few reports to satisfy 
both directive and multiband thermal emission1. It is expected that this property enables directive heat transfer 
with relatively large amount, which would be a novel thermal management technology. 

Angular dependence of the emission peak due to the surface phonon mode by forming a dielectric thin film 
on metal substrates has been known. This peak is called Berreman mode2, and it is known that if the thickness of 
the film is sufficiently small compared to thermal radiation wavelength, the thermal radiation in the film seeps 
out as leaky-mode and strongly couples with the emission at grazing angles, which has a similar momentum, 
resulting in an angular dependence. 

We propose an emitter with a strong peak at a grazing angle due to molecular vibration by using a polymer 
as a thin film. Strong directional thermal emission at a grazing angle is experimentally confirmed3. Since the 
peak originates from molecular vibration, multiband thermal emission can be realized by designing the 
molecular structure of the polymer thin film. 

We also proposed that directive thermal emitter based on a metal-dielectric-metal (MDM) metamaterial by 
applying this principle. In this structure, a dipole moment due to the surface mode is generated in the top metal 
pattern, and if the dielectric film is thin, this may excite leaky-modes and cause the angular selective emission. 
Numerical simulations using Rigorous Coupled-Wave Analysis method show an angular selective property at 
grazing angles as shown in Fig. 1, which is experimentally demonstrated to be in good agreement with the 
simulation results4. 
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Fig. 1 (a) Schematic illustration of a directive multiband thermal emitter based on MDM metamaterial structure. (b) 
Simulation result of spectral absorptance vs incident angles. The structural parameters are P= 15 mm, L= 13 mm, 
d=0.1 mm. 
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Abstract: Radiative cooling becomes a popular research topic targeting an energy efficient solution for thermal 
management. Vanadium dioxide (VO2), as a thermochromic material, is able to switch optical property between 
dielectric and metallic states depending on its temperature. We present a passive thermal management solution 
through a VO2 based metasurface. Through a novel ALD process, the fabricated VO2 metasurface on polyimide substrate 
has a room-temperature transition and a high infrared emissivity of ~0.4.  
 
Keywords: meta-surface, radiative cooling, perfect absorption, plasmonics, optical solar reflectors, vanadium oxide.  
 
Optical solar reflectors (OSRs) [1] play a crucial role in the thermal control of spacecrafts since they are the physical 
interface between the thermal management system and the space environment. To avoid solar heating and adopt radiative 
cooling, an ideal OSR is required to reflect all energies in the UV/Vis/NIR spectrum and emit the thermal infrared (IR) 
spectrum (blackbody radiation spectrum). To maintain the temperature under different operational conditions, e.g. eclipse, 
the thermal emittance would be desired to be tunable and this function is currently achieved by an active system involving 
electronic sensing and control systems with complicated mechanical parts. Therefore, there is a need for a thin-film 
technology-based passive control system having a low emittance at low temperature and high emittance at high temperature.  
 
Recently, vanadium oxide (VO2) becomes popular for its thermochromic property. VO2 is dielectric below its transition 
temperature and metallic above the transition temperature and therefore forms a smart meta-OSR with a tunability against 
temperature change [2]. However, the transition temperature for VO2 is about 68 oC and thus quite above the room 
temperature, which is the targeted condition for emissivity switching for thermal management. In this work, we report a 
novel atomic layer deposition (ALD) process to grow large-scale W-doped VO2 with near room temperature transition 
temperature. In addition, we form W:VO2 metasurface OSRs on polyimide substrates and this makes a significant step for 
the commercialization of the novel smart meta-OSRs. 
 
Figure 1(a) shows the cross-section SEM image of the W:VO2 OSR stack of 40 nm W:VO2/1100 nm SiO2/100 nm Al. 
Figure 1(b) shows the sheet resistance against temperature and the transition is unambiguously shifted to lower temperature 
with W dopings. The same trend is seen for IR emissivity hysteresis in Figure 1(c). Figure 1(c) shows the photo of W:VO2 



meta-OSRs on 1-inch square polyimide substrate. Figures 1(d) and 1(d) shows absorption spectra at 60 oC and 20 oC 
measured by UV-Vis and FTIR systems. For metasurface, the UV-Vis absorption is significantly reduced compared with 
that of film OSRs whilst a high absorption is seen for W:VO2 metasurface with 3.9 µm square and 1.6 µm gap. At low 
temperature, low absorption is seen in both UV-Vis and IR ranges as dielectric W:VO2 has no plasmonic resonance in IR. It 
is worth noting that the 60 oC temperature is clearly lower than the ‘Hot’ temperature of VO2, typically 80°C. 
 
In summary, we present a novel ALD process to form W:VO2 film on polyimide substrate. The transition temperature of 
W:VO2 can be tuned through W and V growth ratio. The W:VO2 was also used to form smart meta-OSRs on polyimide 
substrate with a IR emissivity contrast of 0.4 and the low light and flexibility are highly desirable over conventional 
Al-coated glass tile solution for spacecrafts. 

Temperature (oC)
IR

 e
m

iss
iv

ity
 (ε

) 
-20 0 20 40 60 80 100
0

0.2

0.4

0.6

0.8

1
W:V ratio = 0%
W:V ratio = 60%
W:V ratio = 120%

FTIR

10 20 40 60 80
103

104

105

106

Sh
ee

t r
es

ist
an

ce
 ( 

 ) 

(b)

Temperature (oC)

0
20

40

60

80

100

1-
R

 (%
)

Sqr 1.5 µm 

Film

60°C

Sqr 3.9 µm 

Wavelength (µm)

 

VO2

SiO2

Al

(d) (e)

(a) (c)

(f)
0.4 1 2 5 10 20 0.4 1 2 5 10 20

Wavelength (µm)

0

20

40

60

80

100
20°C Sqr 1.5 µm 

Film
Sqr 3.9 µm 

1-
R

%
)

(

W:V ratio = 0%
W:V ratio = 60%
W:V ratio = 120%

 
Figure 1 (a) cross-section SEM image of W:VO2 ORS stack, (b) sheet resistance against temperature for W:VO2 with 
different dopings, (c) IR emissivity against temperatures for W:VO2 OSRs with different dopings, (d) W:VO2 
metasurface OSRs formed on polyimide substrate, (e) and (f) FTIR absorption spectra of W:VO2 meta-OSRs 
measured at 60 oC and 20 oC, respectively 
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Abstract: We propose a switchable perfect absorber based on silicon metasurface mediated by metal-insulator 
transition materials of VO2. We demonstrate that the absorptivity in the atmospheric window can be reversibly 
switched between 0.08 and 0.9 on reaching a transition temperature of VO2 (341K). The switching of thermal 
radiation spectra was also observed experimentally. This device can be applied to adaptive radiative cooling with 
transparency at visible wavelength. 
 

A perfect absorber (PA) is a key device for low-carbon society in future since PA efficiently converts energy 
between heat and light. Recent progress of plasmonic metasurface realizes narrow-band absorption/emission by 
Metal-Dielectric-Metal (MDM) meta-atoms [1]. However, the absorptivity is static and cannot be changed 
dynamically in conventional metasurfaces, which is not suitable for adaptive control of thermal radiations. 
Recently, switchable metasurfaces using metal-insulator transition materials of VO2 have been reported [2-4].  

In this study, we propose a transparent type of switchable metasurface and demonstrate the switching of 
absorptivity and thermal radiation spectra experimentally in Si metasurface mediated by VO2 thin film.  

Figure 1 shows measured absorptivity spectra of Si/VO2 metasurface by using FT-IR below (T=297K) and 
above (T=373K) phase transition temperature of T=341K. We observed the resonant enhancement of 
absorptivity caused by Mie resonance at around 8-11Pm at room temperature, which is within the atmospheric 
window. We also measured thermal radiation spectra of the emitter in vacuum at 373K and demonstrated that 
reversible radiation switching was observed by changing the temperature.  

 

 
Figure 1: Simulated (dotted lines) and measured (solid lines) absorptivity spectra of Si metasurface 
mediated by VO2 at 373K and 297K, respectively. Inset: Schematic of a periodic array of Si cylindrical 
meta-atoms (period=5Pm, height=1Pm, diameter=2Pm) placed on VO2 thin film (thickness=300nm).  
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Abstract: A monolithic dielectric coating composed of at-wavelength periodic metasurface gratings on 
dielectric multilayers can achieve broadband total reflectance exceeding that of pure and untarnished metal 
surface. The minimization of thermal emittance can be tailored to any blackbody, for which the dielectric 
materials are carefully selected for broad near-zero absorption coefficient. Using computational optimization and 
theoretical understanding of high-contrast grating phase-shift mode conditions, we identified characteristic 
high-refractive index Germanium grating parameters on near-quarter-wave Ge/KBr refractive index cavity pairs. 
 
I. Introduction: The high-contrast grating (HCG) is a periodically-patterned at-wavelength microstructured 
metasurface that acts as a phase shift mode waveguide. HCG can obtain high quality broadband reflectance 
exceeding 0.99 at normal incidence by the virtue of high refractive index structures having period or duty cycle 
comparable to wavelength surrounded by a low index medium, typically vacuum. This type of grating design 
attributed to Constance Chang-Hasnain and her researchers since the mid-2000s, was originally applied to 
mirrors and resonators in vertical cavity surface emitting lasers. Yet, there have yet to be a formal assignment of 
HCG in ultrahigh broadband reflectance and transmittance metasurfaces toward high throughput thermal 
transport. In this presentation, we describe the HCG materials selection and survey the metasurface mechanisms 
that augment metal thin film reflector surfaces and vertical narrowband plasmonic emitters. 
II. Methodology: This section describes materials selection, their optical properties, and calculation of radiative 
properties of periodic gratings. Figure 1 shows the representative material types, where the uppermost layer 
(blue) consists of the high refractive index material for HCG. The substrate layer (green) is a low refractive 
index material. A HCG reflector would additionally be on a metal thin film layer, typically no more than a few 
hundred nanometers thick. We survey infrared-transparent materials in the wavelength range between 5-35 µm, 
corresponding to far-infrared terrestrial thermal blackbody emission. Materials include Silicon, Germanium, 
Alkaline Fluorides, IR salts, and some simple polymers. 

 

Figure 1: Configuration illustration and nomenclature of high-index high-contrast grating on low-index substrate 
and reflective metal thin film. 

Reflectance and transmittance calculations are based on Rigorous Coupled-Wave Analysis (RCWA), both a 1D 
formulation and an in-house developed 2D grating electromagnetic field solver [1]. Over 19 diffraction orders, 



the EM fields are solved for Bloch-Floquet condition-satisfying diffracted waves in, 

  (1a) 

  (1b) 

We also evaluate the total normal emittance as a function of the spectral emittance over the Planck blackbody 
emissive power function at room temperature. 
III. Results: For targeting room temperature infrared reflectance 
and transparency, Germanium (Ge) is chosen as the high 
refractive index crystal, and potassium bromide (KBr) as the low 
refractive index crystal. Pure and undoped Ge is transparent in the 
far-infrared and up to radio frequencies (RF), but is not 
transparent in the visible range. Figure 2 visualize and verify 
planes of constructive and destructive interference about the HCG 
array. The HCG configuration is given by L = 4.4 µm, f = 0.7, 
and h = 2.2 µm. Fig. 2(a) shows the electric field density under 
TE-polarized 10 µm wave, as well as the in-xz plane magnetic 
field vectors in white arrows. The three faint field localizations 
within the Ge HCG structures show that TE waves interact in two 
Fabry-Perot round trips [2]. Most importantly, the blue dashed 
line at exactly z = 2h above the bottom of the grating array shows 
the HCG-characteristic near-perfect constructive interference of 
electric fields. Fig. 2(b) shows the electric field density under 
TE-polarized 5.7 µm wave for its transparency mode. The 
in-phase round-trips about the HCG array allows the 
transmittance to exceed 0.995, while keeping other wavelengths 
reflective. We learn that high-refractive index Ge HCG can serve 
as broadband thermal reflectors and narrowband transmitters. 
IV. Conclusions: 

The mechanism that allows thermal de-coupling is due to low 
photonic emittance (high reflectance) HCG array metasurfaces. 
Traditionally, reflective surfaces consist of vapor deposited 
metals, such as aluminum, copper, gold, silver, and others. With 
HCG, ultrahigh quality broadband reflectance can be achieved 
beyond that of metal. These HCG re-radiative metasurfaces can be applied to structural insulation, clothing 
liners, fire protection, and possibly hydrophobic and anti-contaminant photovoltaic treatments. 
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Figure 2: (a) HCG array TE-polarized 
electromagnetic fields in high reflectance 
mode and (b) high transmittance mode. 
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Abstract : We show that a non-Hermitian modulation of the potential along the nonlinear 
multimode fibers controls dynamics of propagating radiation. Specifically we consider 
simultaneous modulation of the refraction index and gain/loss profile. We observe that the non-
Hermitian modulation introduces a unidirectional and controllable coupling towards the 
lower/higher order transverse modes, depending on the potential parameters. Such effect may 
enhance the beam self-cleaning phenomena. On the contrary, coupling towards higher order 
modes may enhance pulsing, turbulence and, eventually help in super-continuum generation. 

  

Recently, there has been a resurgence of interest in multimode fibers (MMFs) for being an 
attractive playground to unveil new exciting phenomena in multimode complex nonlinear optics. 
Particularly, the propagation of intense beams in graded index (GRIN) MMFs unveiled the Kerr 
effect as the mechanism leading to the emergence of high order fiber modes and speckle patterns 
on one hand, but also to a cleaning of the transverse beam profiles, the so called self-cleaning 
effect [1] on the other hand. 
We here propose a new light management mechanism in MMFs through longitudinal non-
Hermitian modulations of the complex refractive index, i.e. the refraction index and the gain/loss 
(Fig. 1). Such non-Hermitian modulation, with the spatial frequencies near to the intermodal beat 
frequencies, are shown to strongly influence the transverse mode dynamics. In particular this 
allows to enhance/reduce the self-cleaning effects, which is very promising result from the 
technological view-point.  

 
Fig. 1: Modulated GRIN MMF 

Specifically, a harmonic non-Hermitian modulation is applied in the longitudinal direction in a 
multimode graded index fiber with a parabolic refractive index transverse profile. The applied 
potential corresponds to a simultaneous refractive index and gain/loss modulation and may be 
controlled by its characteristic parameters, namely the spatial periodicity, relative phase between 
the real and imaginary components of the modulation and the amplitudes. 
In the absence of longitudinal modulations, the propagation of a radiation in such multimode 
nonlinear fibers typically shows a multimode and turbulent behaviour. The non-Hermitian 
potential introduces a unidirectional and controllable coupling between the transverse modes [2]. 
The coupling is directed either from higher to lower order modes or reversed. The coupling sense 



is controlled by the relative phase of the refraction index and gain/loss modulation component. 
The effect is numerically demonstrated by solving a (2+1) D Nonlinear Schrodinger Equation 
(Eq. 1), as well as by simplified system of ordinary differential equations for an oscillating 
Gaussian beam.  
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To see the unidirectional coupling due to this non-Hermitian modulation, we calculate the 
dependency of the intensity drift and amplitude of oscillation on modulation amplitude (𝑚1, 𝑚2) 
and relative phase (𝜙) (Fig. 2) with a modulation period nearly equal to the self-imaging period. 

 

Fig. 2: Drift and Amplitude of oscillations in (𝜙,𝜃) space, 𝑚1 = 𝑚 𝑐𝑜𝑠(𝜃), 𝑚2 = 𝑚 𝑠𝑖𝑛 (𝜃). 

The reported effect may enhance the beam self-cleaning phenomena, i.e. the improving of the 
spatial structure of light in its propagation along the modulated MMFs. On the contrary, coupling 
towards higher order modes enhances pulsing, turbulence and, eventually, may help in super-
continuum generation. 
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Abstract: In this work we take advantage of the asymmetric properties of non-Hermitian physics to control 
turbulence in nonlinear systems. The proposed mechanism consists in the introduction of a complex modulation 
in space and time. This allows us to affect the excitation cascade increasing turbulence or reducing it depending 
on the phase shift of the real part and the imaginary part of the temporal modulation. The method is proved for 
the Complex Ginzburg Landau Equation and its fractional counterpart.

We introduce and prove a new method to actively control turbulence based on the modification of the energy 
cascade through wavevectors responsible for the turbulence. The introduction of spatiotemporal non-Hermitian 
potential has been able to effectively condensate energy at the lowest order mode (homogeneous state), thus 
reducing turbulence. Also we are able to increase turbulence by changing the phase shift of the real and 
imaginary part of the temporal part of the modulation. The method relies on the asymmetric properties of 
non-Hermitian potentials [1,2] and has been tested for the universal Complex Ginzburg Landau Equation (CGLE) 
and its fractional counterpart reading: 

                                               (1)

Usual CGLE, and in general transverse laser dynamics follows the parabolic dispersion law. This is also the 
case in quantomechanics of massive particles, for instance BECs. We can also find conical dispersion for 
instance in Graphene or in honeycomb photonic lattices (in Kagome lattices). Mathematically the nonparabolic 
dispersion is described by so called fractional derivatives, for instance the conical dispersion is described by the 
first order. 

For this model the distribution of excited modes of the turbulent state is depicted in Fig. 1 a) for parabolic 
(�=2) and b) for fractal (conical) dispersion (�=1). We see how the spectrum consists on a cloud of points 
around the linear dispersions in white. The excitations on the system is imposed on a large spatial scale (or small 
in wavenumber) and migrates through spatial scales, due to different nonlinear wave-mixing processes, until 
finally entering into a dissipative wavelength range, on a small spatial scale (or large wavenumber). Turbulence 
bridges the input and output scale cascading through wave numbers forming these distributions on k-space. With 
the introduction of a spatiotemporal potential we are able to influence this energy cascade through. It is possible 
to tilt or promote the energy cascade to reduce or increase turbulence in the universal CGLE. This is possible 
thanks to the asymmetric properties of said potentials. The couplings of modes of this potential are represented 
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by the arrows in Figure 1. 

We show that the effect happens for a phase shift of real and imaginary part of the modulation different 
from the conventional PT-symmetric theory, however these results can be analytically and physically understood, 
see [2].

       
Figure 1: Spectrum of turbulent field of the CGLE for a) �=2 and b) �=1. Solid white lines correspond to 
the linear dispersion. Arrows correspond to the proposed coupling for reducing turbulence.

This idea could be implemented in different physical systems for being proved in a universal model in one 
and two dimensions of space. The method can be especially useful in controlling the turbulence in optical 
systems based on the CGLE, for instance broad area lasers and nonlinear resonators. In the optical case the 
modulation corresponds to a modulation of the complex refractive index (index and gain) creating a complex 
metamaterial.
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Abstract: We present direct and inverse-design strategies to achieve ‘on demand’ dynamical manipulation of 
light by non-Hermitian potentials. The direct approach, based on a generalized Hilbert Transform, widens the 
concept of the Kramers Kronig relations in space. Yet, the inverse-design concept enables analyzing the 
underlying fundamental insights of the resulting permittivity distributions, bridging the gap between direct and 
inverse-design approaches to engineer non-Hermitian optical systems. Our findings may have to applications 
encompassing laser science.  
 
Possibly one of the most attracting research areas is photonics in the last decades the search of artificial materials 
to control and shape light. In this regard, non-Hermitian materials present new possibilities for the smart 
manipulation of waves which are unattainable or difficult to achieve within the framework of the 
close-conservative Hermitian systems [1-3].  

 

Figure 1: a) The scalar function p(x)=1 in eq.(1) allows designing the 1D complex/real counterpart (in red/blue) 
of any background to control the filed flow towards a central sink. The directionality arises from the asymmetry 
of the potential in wavevector domain. b) Complex 2D potential for a vector field in the form of a 
sink, ( ) = −p r r r , holding an asymmetric spectral distribution at every spatial point. Numerical verification 
showing the evolution of the filed concentration; the insets display the instantaneous flux flow. c) Schematic of a 
multilayer periodic configuration for frequency selective asymmetric reflection with perfect transmission to be 
designed by GA. b) Generalization of the GA inverse-design for a 2D distribution of permittivity to provide a 
sink-type flow. Non-Hermitian potential designed from a hexagonal background seed, and the final steady state. 



In the pursuit of a complex potential that controls the flow of light following any arbitrary directionality, a 
Hilbert Transform (HT) was proposed [4] as a generalization of the Kramers Kronig relations in space [5]. The 
HT relates the real/imaginary spatial distributions, I and II , of the complex permittivity:                     
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to tailor the follow of light following any arbitrary unitary vector field, ( )p r . Therefore, eq.(1) represents a 
recipe to design complex potentials from given arbitrary background real (or imaginary) permittivity distribution 
(being either regular or random, extended or localized), see Fig. 1a. Moreover, we show it is possible to keep the 
design parameters within realistic limits with a restricted HT [6]. 
 
Beyond this fundamental approach inverse-design strategies may also to achieve ‘on demand’ dynamical 
manipulation of light by non-Hermitian potentials. As an example, we present a Genetic Algorism (GA) assisted 
optimization to uncover non-Hermitian potentials for desired asymmetric reflectivity, which enables additionally 
being either broadband or selective in spectrum. The designed structures hold the generalized HT, ensuring a 
unique solution for any given arbitrary permittivity distribution, and uncover a connection between asymmetric 
reflectivity and the closed loop area occupied by complex permittivity distributions in the complex plane [7].  
 
In conclusion, non-Hermitian Photonics has emerged as a new tool for a smart control of the propagation of light. 
The proposals here presented allow designing non-Hermitian potentials for a feasible “on demand” control of 
light propagation, which may be desirable for actual applications, from unidirectional communication in 
technological photonic devices, to beam shaping in lasers [8]. 
We acknowledge the funding from the Spanish Ministerio de Ciencia e Innovación, and European Union FEDER 
through project PID2019-109175GB-C21. 
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Abstract: Electric dipoles are often used as accurate models for electromagnetic sources in integrated photonic 
structures. We tailor an electric dipole source to create a contrast between wave propagation on both sides of the 
dipole in parity-time-symmetric waveguides. The unique features of parity-time symmetry enable the creation of 
various types of contrasting behavior, which can be exploited in integrated photonics applications. 

 
 

Electric dipole sources have been used for several years in integrated photonics as compact electromagnetic 
sources, due to their efficient coupling to photonic guided modes [1,2]. The near-field directionality of circularly 
polarized electric dipoles has recently been demonstrated, by taking advantage of constructive or destructive 
interference of different evanescent waves. [3,4] Coupling dielectric or plasmonic waveguides to these circular 
or elliptical dipoles can lead to directional excitation of the waveguide modes, an interesting feature for 
integrated photonic structures. However, the near field of these elliptical electric dipoles still exhibits an 
inversion symmetry, which removes the directionality if the dipole is at the center of an inversion-symmetric 
photonic structure. In order to restore the contrasting properties between two sides, we take advantage of the 
unique characteristics of parity-time-symmetric coupled waveguides. Parity-time (PT) symmetry can be realized 
in coupled waveguides by using a balanced profile of the imaginary part of the refractive index, such as one 
waveguide made of a gain material and the other with an equal amount of loss. [5] The uniqueness of these 
structures stems from the two regimes in which they can operate depending on the value of the gain/loss 
parameter γ, that defines the absolute imaginary part of the refractive index in the waveguides. The transition 
between these two regimes occurs at the exceptional point (EP), which is located at a certain value of γ 
dependent on the structure geometry. In the PT-symmetric regime (γ < γEP), both supermodes of the structure 
propagate without any gain or loss, whereas in the PT-broken regime (γ > γEP) one supermode benefits from the 
gain and explodes in amplitude while the other experiences losses and exponentially decreases. 

In our structure, the electric dipole is placed in the center of the air layer separating two PT-symmetric slab 
waveguides, spaced so that the dipole field couples equally to both waveguides. The waveguide made of the gain 
material is at the top, and the lossy guide is at the bottom (see fig. 1(a)). The value of the gain/loss parameter at 
the EP for our structure is γEP = 0.123. We use the CAMFR eigenmode expansion Maxwell equations’ solver to 
numerically simulate our setup for different values of γ. 

In order to create a contrast between the electromagnetic waves propagating on the left and right sides of the 
source, for each γ, we search for the electric dipole that gives an excitation amplitude closest to zero for the 
mode 2 on the left side of the dipole. In the PT-broken regime (γ > 0.123 – fig. 1(b,c)), the mode 2 is the gain 
mode. Removing it on the left makes the field considerably smaller than on the right side, as the gain mode 
remains on the right making the field explode. In the PT-symmetric regime (γ ≤ 0.12 – fig. 1(d-f)), the mode 2 is 



one of the two propagating supermodes of the structure. Removing this mode on the left produces a uniform 
field profile, while exciting both modes on the right causes a beating, thus creating a contrast in the wave 
propagation between the two sides of the dipole. 

 
Figure 1 - (a) Schema of the photonic structure used in the simulations. The dielectric gain and loss materials are 
represented in orange and green respectively and the air in white. The location of the dipole is marked by a red dot. 
(b-f) Magnetic field absolute value in the structure for γ = 0.13, 0.16, 0.01, 0.05 and 0.10 respectively. 
Figures 1(d-f) also show that in the PT-symmetric regime (γ < 0.123), the field profile in the structure is different 
when the gain/loss parameter γ varies. For small values of γ, the symmetric mode 1 is as strongly excited on the 
left as on the right (Fig. 1(d) – γ = 0.01), resulting in similar field strengths on both sides. Then, when γ gets 
closer to the EP (Fig.1(e,f) – γ = 0.05 & 0.10), the mode 1 strength on the left decreases; the field thus becomes 
significantly larger on the right side.  
 In the end, we demonstrate that by using an adequate electric dipole coupled to PT-symmetric waveguides, a 
contrast in the mode excitation can be obtained between both sides of the dipole. This contrast can be exploited 
in integrated photonic structures, for example to excite specific waveguides in a directional coupler arrangement: 
due to the presence of beating on only one side of the dipole, one of the waveguides could be excited on this side, 
while the waveguides on the non-beating side could be strongly (Fig. 1(d)) or barely (Fig. 1(f)) excited. 
 

This work benefits from the support of the French Community of Belgium with the financing of a FRIA 
grant. 
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Abstract: Parity-time symmetric Bragg gratings produce unidirectional reflection around the exceptional point. 
We investigate directional coupling between a pair of parity-time symmetric waveguide Bragg gratings operating 
near their exceptional point around 880 nm with long-range surface plasmon polaritons (LRSPPs), arranged in 
various configurations - duplicate, duplicate-shifted and duplicate-flipped. We also investigate coupling to a bus 
waveguide. Unidirectional multi-wavelength reflection and coupled supermode conversion are predicted. 
 
Parity-time (PT) symmetry has emerged as a promising research area in photonics, yielding new design paradigms 
and devices exhibiting unusual behaviour such as single-sided Bragg reflectors and vortex lasers [1]. PT symmetry 
concepts, and the splitting or merging of eigenvalues of a non-Hermitian Hamiltonian in the real or complex 
domains, have inspired numerous applications, and been applied, e.g., to micro-rings [2], directional couplers [3], 
and Bragg gratings [4], to realize vortex beams, unidirectional reflection, and coherent perfect absorption. 

 

Fig. 1. (a) Isometric sketch of the proposed PTSBG structure; (b) top and (c) side views. (d) Effective index of the LRSPP 
along the grating structure with different colors representing different slices of the unit cell. 

Consider a PT symmetric Bragg grating (PTSBG) with a modulated real and imaginary index following: 

                      𝑛eff(𝑧) = 𝑛ave + Δ𝑛𝑟sin (
2𝜋
Λ
𝑧) + 𝑗Δnicos (

2𝜋
Λ
𝑧)                           (1) 

where 𝑛eff  is the effective index of the Bragg grating along the 𝑧 (propagation) axis, 𝑛ave  is the average 
complex effective index, Λ is the period of the grating, Δ𝑛𝑟 and Δ𝑛𝑖 are the strength of the real and imaginary 
index perturbations which are shifted relative to each other by a quarter period. Figs. 1(a)-1(c) show a proposed 
PTSBG operating with LRSPPs [5], having a modulated index as in Fig. 1(d), implemented by stepping the width 
of the Ag stripe. The LRSPPs are lossy, whereas dye integrated in the structure provides gain, which together 
modulate the imaginary effective index. Such a grating has Δ𝑛𝑟 = Δ𝑛𝑖, operates at the exceptional point (EP), 
and has a unidirectional reflection because the Fourier representation of the index distribution has a single sideband.  

A single PTSBG provides symmetric transmission and asymmetric reflection. Incorporating PTSBGs within 
a directional waveguide coupling system enriches the system, leading to interesting performance characteristics. 
Previous work includes studies of directional coupling between gain and loss waveguides or gratings [6], PTSBG-



assisted directional couplers [7], and a switch designed based on a PTSBG coupled to a bus waveguide [8]. 

 

Fig. 2. The top view and reflectance spectra of (a) coupled duplicate PTSBGs, (b) coupled duplicate and shifted PTSBGs, (c) 

coupled duplicate and flipped PTSBGs, and a PTSBG coupled to a bus waveguide. 

In this paper, we present directional coupling between PTSBGs as computed using the eigenmode expansion 
method. A coupled system involving two PTSBGs is sketched in top view in Fig. 2(a). It has two unidirectional 
reflection peaks at the center wavelengths of its symmetric and asymmetric supermodes. A coupled system where 
the second PTSBG is shifted to the left by //2 relative to the first PTSBG is sketched in Fig. 2(b). Its supermodes 
reflection peaks coincide at the same wavelength because the Bloch mode that exists in this structure will force 
one supermode to convert into the other. A coupled system involving two PTSBGs of identical design but where 
the second is flipped (end-to-end) relative to the first is sketched in top view in Fig. 2(c). It has three symmetric 
reflection peaks at the same wavelengths as in the previous two cases. A directional coupler where one PTSBG is 
coupled to a bus waveguide is shown in Fig. 2(d). It has three highly asymmetric reflection peaks and can be seen 
as the superposition of the reflection spectra of the structures of Figs. 2(a) and 2(b). Generally, unidirectional 
wavelength filters, switches and PT symmetric lasers are potential applications. A dual- or tri- wavelength single-
sided DFB supermode laser would be an interesting application of these structures. 
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Abstract: We propose a stabilization mechanism of a semiconductor laser array based on asymmetric coupling. 
The stabilization scheme takes advantage of the symmetry breaking of non-Hermitian potentials. We 
numerically explore the main parameters, like the distance between lasers and spatial shift between the 
individual laser stripe and corresponding electrode. In turn, an axisymmetric architecture is intended to lead to a 
light redistribution within the array which is expected to facilitate direct coupling efficiency to optical fibers. 

 
 

The implicit spatiotemporal instabilities and resulting chaotic and turbulent regimes in Edge-Emitting Lasers 
(EEL) represent a major drawback for some applications, particularly preventing an efficient coupling to optical 
fibers. Current regularization proposals are based on intracavity filtering [1] or complex spatial modulations [2]. 
In addition, while the monomode emission of a single laser can be assured by reducing its width, the coupling 
between neighboring lasers in EEL arrays again introduces spatiotemporal instabilities [3]. 

 
We propose the introduction of non-Hermitian potentials combining gain and index profiles to create an 

asymmetric coupling between neighboring lasers in EELs arrays enhancing the spatial quality and stability of the 
emitted beam [4]. Such non-Hermitian potential is simply induced by a lateral shift between the index and pump 
profiles, i.e. a shift between each laser waveguide and the corresponding electrode. The bar has an axisymmetric 
architecture, leading to the field concentration at axis. Numerical integrations, based in well-established models, 
include transverse and longitudinal spatial directions and temporal evolution of carrier density and envelopes of 
the forward and backward electric fields, showing regimes of temporal stabilization and light localization 
depending on the distance between lasers, d, and the lateral non-Hermitian shift, s, see Figure 1 (a).  

 
We first analyze the coupling asymmetry induced by the non-Hermitian potential for two lasers observing an 

intensity enhancement for the laser to which the energy is accumulated and the temporal stabilization of the 
system (Fig. 1(b)). Following, we analyze axisymmetric architectures of EEL arrays where each laser waveguide 
lays closer to the central symmetry axis than the corresponding electrode and the central laser holding no 
displacement. Such configuration induces a directional coupling towards the central axis with twofold benefits, 
the light localization in axis as well as temporally stable regimes. The smallest axisymmetric configuration, three 
coupled lasers, shows temporal instabilities for small enough distances and symmetric coupling (s = 0). 
Introducing an inward asymmetric coupling (s > 0), light generated in side lasers is transferred to the central one 
and the light emission becomes stable (Fig. 1(c)). The same light localization and temporal stabilization is 
verified for up to 13 laser arrays with a full model and up to 21 laser arrays with a simplified model showing a 
smooth Gaussian-like profile of the emitted beam intensity (Fig. 1(d)). Finally, the beam quality emitted by such 
non-Hermitian laser arrays is characterized by the M2 parameter. Arrays with non-Hermitian inward coupling 
keeps a relatively high beam quality increasing the number of EELs in the laser bar (Fig. 1(e)).   



 
Figure 1. (a) Scheme of an axisymmetric EEL array of length L, laser width w, distance d and non-Hermitian 

coupling given by the lateral shift s. (b) Stable temporal evolution of the output intensity for two EELs with 
non-Hermitian coupling (Hermitian coupling in inset). Pump/Index profiles in red/blue. (c) Stable intensity 
emission for three EELs with axisymmetric non-Hermitian coupling (Hermitian coupling in inset). (d)/(e) 
Intensity distribution inside a 13 laser array for axisymmetric non-Hermitian coupling / Hermitian coupling. (f) 
M2 dependence on the number of lasers (num), for axisymmetric non-Hermitian coupling (blue), Hermitian 
coupling (black) and a broad EEL of equivalent width (red).  
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Abstract: We show how non-conformal distortions of optical space are connected to the refractive 
index distributions of isotropic non-Hermitian media. Using this insight, we design and numerically 
demonstrate the operation of a broadband unidirectional invisibility cloak. 

Remarkably, the presence of gain and loss lifts the usual requirement of near zero refractive index 
values for such cloaks. 

 Our framework provides an unexpected bridge between the fields of transformation optics in isotropic 
media and non-Hermitian photonics.  

The results presented in this talk were published in I. Krešić et al., PRL 128, 183901 (2022). 
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Abstract: It is of fundamental significance to effectively manipulate the cavity resonant modes in laser physics. 
Recent explorations of parity-time symmetry provide an opportunity to realize stable single-mode lasing by 
strategically structuring gain and loss in the laser cavity. Here we experimentally report, for the first time, 
high-output single-mode lasing with relatively low threshold current in first-order distributed feedback cavities 
with broken parity-time symmetry structure.   

 
Introduction 
Laser, light amplification by stimulated emission of radiation, is of great significance to many important fields 
like communications, medicine and defense. How to realize single-mode operation through spatial and spectral 
control of the cavity is one of the primary goals of laser design. Recently, inspired by the concept in quantum 
physics and thanks to the equivalence of Schrödinger equation vs wave equation, parity-time symmetry 
(PT-symmetry) [1] was proposed and demonstrated experimentally in optics [2] to reach single-mode operation 
[3,4] in laser systems via delicately arranged gain and loss in resonators. However, to the best of our knowledge, 
the performance of these reported PT-symmetric lasers has the usual hallmarks of first and demanding lab-level 
demonstrations (here low output with high consumption), which although fostering very interesting physics, still 
remain far from real-world applications.  
Our research mainly focuses on the implementation of single-frequency PT-symmetric lasing on a distributed 
feedback (DFB) platform due to its potential high yield and thus lowered cost for monolithic integration in 
photonic integrated circuits (PICs). Following our recent work in 2021[5] on PT-symmetric third-order DFB 
lasers that can realize commercial level single-mode lasing output, this study, as an extension, experimentally 
demonstrates, for the first time, higher power emission at lower consumption in PT-symmetric first-order DFB 
lasers benefiting from lower metallic absorption losses and dielectric radiation losses compared to third-order 
designs. 
Principle and Design 
Fig. 1(a) is the sketch of the proposed PT-symmetry DFB laser structure. It is a standard ridge waveguide 
composed of a dielectric grating with two metallic gratings on its lateral sides. The grating periods are both 240 
nm with a f=0.5 duty-cycle suited to operate at 1550 nm. By bringing an additional shifted gain/loss modulation 
to a conventional refractive Bragg grating structure, the potential can be turned into a PT symmetric condition, 
notably for a phase shift of π/2 between the gain and refractive index modulations, when real and imaginary 
parts of the material index respectively obey even and odd profiles in a unit cell [inset in Fig. 1(a)]. Fig. 1(b) 
shows a tilted micrograph of the fabricated first-order PT-symmetric DFB laser structure. 
Results 
A typical light–current characteristic of our first-order PT-symmetry DFB laser with the cavity length around 1.5 



mm is presented in Fig. 2(a), the lasing threshold Ith is around 20 mA with an output power at I=200 mA of 
nearly 20 mW per (cleaved) facet. The measured typical emission spectra in Fig. 2(b) shows a neat single mode 
lasing with a Side Mode Suppression Ratio (SMSR) clearly over 50 dB. Our achievement validates the 
PT-symmetry strategy for use in single-mode DFB lasers with expected characteristics such as feedback 
immunity of high interest notably in PICs.  

 
Fig.1. (a) Sketch of PT-symmetry DFB laser, blue (dielectric) and yellow (metallic) gratings are shown; the inset depicts the 

condition for PT symmetric potential. (b) SEM side view of a fabricated first-order PT-symmetry DFB laser. 

 
Fig. 2 Typical (a) Light–current characteristic and (b) Emission spectrum measured by first-order PT-symmetry DFB lasers. 
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Abstract: At the nanoscale, the radiative heat transfer (RHT) between objects can surpass the limits established 
by far-field blackbody radiation.  Here, we introduce a theoretical framework to efficiently describe the 
thermalization dynamics of ensembles of nanostructures mediated by the RHT. Using this formalism, which is 
based on an eigenmode expansion of the equations that govern the process, we discuss the fundamental 
principles that determine the thermalization of collections of nanostructures with thousands of elements and 
reveal general but often unintuitive dynamics. 
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Abstract: I will demonstrate the observation and origin of robust bulk states in a disordered non-Hermitian system. 

In contrast to topological edge states, the robust bulk states are distributed all over the system and thus allow us to 

access the whole system [1]. This subject opens a new direction for a new form of robust states that are not 

necessarily localized on one side of the system. 

   Topological states in Hermitian systems are known for their robustness against the disorders and their 

localization at the edge or surface of a finite structure with nontrivial topology. While such a picture is still valid 

in non-Hermitian systems new features such as skin effect and delocalization arise in those systems which allows 

for extra possibilities for engineering the topological robust states [2]. Despite these new possibilities still, the 

control over topological states is very limited. For example, topological robust states are localized as their energy 

is located inside the gap. For practical applications, such as a topological laser, for instance, it would be beneficial 

if one can generate a topological state that is not localized, or its energy is not located in the gap. 

Here, I propose the realization of robust extended states corresponding to an extended zero mode, I show that this 

extended state originates from the deformation of a topological structure through changing the coupling constants 

and closing a gap. I will show that due to the deformation of the lattice, by making all the couplings to be equal to 

each other and consequently deviating from a non-trivial topology, a zero-mode which is protected by symmetry 

intrudes into the band. As a result, the mode profile becomes de-localized while keeping its robustness. I further 

show that such a robust extended state has resilience against disorder in both Hermitian coupling and non-

Hermitian onsite potential. To demonstrate the above claim, I use a phononic lattice made of an acoustic waveguide 

system in a scattering setup. In particular, this system can be modeled using the tight-binding Hamiltonian 

associated which I assume has an odd number of sites. For a Su-Schrieffer-Heeger (SSH) in its nontrivial form, 

the bulk boundary correspondence guarantees the existence of a topological robust edge state with zero energy. 

The corresponding Hamiltonian of this system with nonuniform onsite loss or gain can be generally written ! =

!! +	!!" + %!# Where !! = ∑ '|), +⟩⟨	., +|$
%&' + /∑ |), + + 1⟩⟨	., +|$

%&'  and !# = ∑ 1(,%|), +⟩⟨	), +|$*'
%&' +

∑ 1+,%|., +⟩⟨	., +|$
%&' . In these equations, ' is the coupling between the adjacent cites in a unit cell of the lattice and /, 

which is smaller than ', is the coupling between sites in different unit cells of the lattice. Furthermore, 1((+),% indicates 

the strength of the loss (1 < 0) or gain (1 > 0) in each site. The symmetries in the Hermitian SSH model, !!, force the 

energy eigenvalues to appear in pairs, ±	6 . This means that for an odd number of sites, which corresponds to a 

nontrivial geometry one eigenvalue must appear at zero energy, the so-called zero mode. Now for a Hermitian system 

with ' = / using the eigenvalue and eigenstate problem, we can show that the amplitude of the field in the even sites 

should be zero while there is 7 phase shift between the odd sites. If the gain and loss are not random and follow the 
condition 1(,% = 1 and 1+,% = −1 then we can show that !! and !# anti-commute with each other meaning that 

non-Hermitian Hamiltonian !# can be considered as the chiral symmetry operator for !! sharing one eigenvector 

which is the zero mode. In the presence of the disorder, this anticommutation relation survives and thus the zero mode 

remains intact with a pure imaginary eigenvalue. However, if the gain and loss are chosen to be random the 

anticommutation relation will no longer be valid and thus one expects that the zero mode will no longer survive. 



Surprisingly this expectation is not true and using perturbation theory we can show that even in the presence of disorder 

type of non-Hermiticity at different sites the energy eigenvalue associated with the zero mode remains pure imaginary. 

The above results become more interesting when we consider the eigenvector associated with the zero mode in the 

presence of purely imaginary onsite potential.  

   More specifically, the eigenmode associated with the zero mode does not necessarily have the zero intensity 

in every other site, meaning that the amplitude of the field associated with the zero-mode eigenvector at the even 
sites, namely !!"is no longer equal to zero. However, the imaginary part of !!"#$ is zero and thus it is always 

real while the even sites !!" are always purely imaginary. This means that there is a 
%
! phase difference between 

nearest-neighbor sites and thus a " phase difference between the sites at odd positions. However, this " phase 
shift does not lead to destructive interference at even sites as now the wave function can be complex at different 

sites. Thus, we can conclude that the " phase shift between the adjacent odd sites is a signature of a robust bulk 
zero mode even if the mode is distributed all over the system in a non-uniform way. 

   We demonstrate an experimental realization of such a robust bulk state using an airborne acoustic system with 

a two-port hollow waveguide composed of 17 cuboids resonators with dimension 7 × 	7 × 	7 cm3 coupled to 

each other by rectangles with dimension 2.3 × 	2.3 × 	2.3 cm3 made of polystyrene foam sheets. The inner cross-

section of the waveguide along the cuboids is kept at 49 cm2 and along the rectangles is kept at 5.29 cm2. In 

Fig.(1a) we plotted the lowest band of this system assuming the density of air to be - = 1.4 kg3/m3, while the 

effective bulk modulus is / = 0.931 × 10&	(1 + 0.013) Pa. The imaginary part of / describes the loss in our 

actual setup. Fig. (1b) shows the mode associated with the frequency of 256 Hz, indicated with stars in Fig.(1a), 
has a very similar form as the one described before, and thus we expect to observe the robust bulk state at this 

frequency. The experimental data corresponding to the transmitted signals for three different samples are shown 

in Fig.(1c). Specifically, the blue dotted curve corresponds to the transmitted signal for the almost perfect system 

without disorder with almost uniform loss induced by the leakage and absorption of sound through foam sheets 

along with the structure. The red and green dotted curves correspond to two different disordered systems with 

10% disorders in the length of the couplings without moderating the loss. It is visible that the frequency of 256 
Hz has less shift in comparison to the other two peaks. 
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(c) 

Figure 1 (a) Band-structure for the periodic acoustic waveguide whose its unit cell is shown in the inset. (b) Mode profile of the robust 

extended mode around eigenfrequency 256 Hz. (c) Experimental verification of robust bulk state. 
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Abstract: I describe physical constraints on the observability of the non-Hermitian skin effect in passive 
systems. 
 
In the non-Hermitian skin effect [1,2], directed gain and loss lead to a pile-up of states at one edge of the system. 
Experiments have focused on the realization of this effect in active settings, in particular using robotic 
metamaterials [3,4] and topolectrical circuits [5]. This provides platforms for directed amplification and sensing  
[6]. Here, I develop and describe constraints to realize this effect in passive settings, hence, by using only loss 
and no gain. Fundamentally, these constraints arise from causality, and translate into bounds for the lifetime of 
modes, as generally embodied by Lee-Wolfenstein relations [7]. In particular, I show that for paradigmatic 
topological systems the constraints are uniquely linked to the Hermitian reciprocal topology of the 
system [8]. 
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Abstract: Metasurfaces consisting of nano-scale structures are underpinning new physical principles for the 
creation and shaping of quantum states of light. We predict and demonstrate experimentally the generation of 
spatially entangled photon pairs through spontaneous parametric down-conversion from a metasurface 
incorporating a nonlinear thin film of lithium niobate. This is achieved through nonlocal resonances with tailored 
angular dispersion of quasi-normal modes. 

 
Quantum entanglement underpins a broad range of fundamental physical effects and serves as an essential 

resource in various applications including quantum imaging, communications, information processing and 
computations. In optics, the most common source of entangled photons is based on the spontaneous parametric 
down-conversion (SPDC) process in quadratically nonlinear materials, which can operate at room temperature. 
An enhancement of SPDC was recently demonstrated experimentally through localized Mie-type optical 
resonances in nanofabricated structures with subwavelength thickness, including nanoantennas [1] and 
metasurfaces [2]. This leads to a fundamentally and practically important research question on the potential for 
efficient generation of spatially entangled photons in such ultra-thin optical structures, which motivated our recent 
research [3, 4, 5]. 

We show theoretically that in metasurfaces with specially designed 2D or 1D nano-patterns, which support 
quasi-normal modes in the form of optical bound states in the continuum, the photon rate and spectral brightness 
can be increased by orders of magnitude when compared to unpatterned thin films. In the case of 2D structure the 
photon-pairs are emitted close to the normal [3], while the 1D lattice can mediate emission in a broad angular 
pattern [4]. This allows for a flexible control of the spatial photon entanglement.  

We also demonstrate experimentally [5] strongly enhanced generation of spatially entangled photon pairs 
through SPDC from a metasurface incorporating a nonlinear thin film of lithium niobate, see Fig. 1. We design 
the meta-grating to support nonlocal quasi-normal mode resonances at the signal and idler in the 
telecommunication band around the 1570 nm wavelength. The SPDC enhancement of ∼ 450 times compared with 
unpatterned film and the coincidence-to-accidental ratio (CAR) of ∼ 5000 are an order of magnitude higher than 
what has been possible to date. Most importantly, our experiments indicate spatial entanglement of photon pairs 
by violating the classical Cauchy-Schwartz inequality, confirming the practical path for the preparation of high-
quality entanglement sources with metasurfaces. 



 
While the generated photons can be strongly entangled in space, they can be almost indistinguishable in other 

degrees of freedom. In particular, we detect a purely linear polarization state of the photons with a high extinction 
ratio above 99%, which is achieved by designing the grating to selectively enhance the electric field component 
along the optical axis of the nonlinear film. On the other hand, theoretical modelling predicts a near-degenerate 
narrow emission spectrum of about ∼ 3 nm.  

We anticipate that future developments of the ultra-thin platform, including the incorporation of 
inhomogeneous and two-dimensional meta-grating patterns, can allow even more flexibility in enhancing and 
shaping the photon emission and entanglement by tailoring the quasi-normal mode dispersion, paving the way 
towards various applications such as quantum imaging. 
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Figure 1. a Sketch of spatially entangled signal and idler photons generation from a LiNbO3 thin film covered 
by a SiO2 grating and pumped by a continuous laser. b SEM image of the fabricated dielectric meta-grating on 
top of an x-cut 304 nm thick lithium niobate film. c Measured transmission spectrum at normal incidence (gray 
line) and two-photon coincidence (dots with error bars) vs. the pump wavelength, which shows a good 
agreement with the theoretical result (red line). 
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Abstract: We demonstrate acoustic helical dichroism, i.e., differential absorption of acoustic vortices carrying 
opposite orbital angular momentum (OAM), in a one-dimensional lattice formed of chiral resonators. The 
phenomenon originates from the OAM band gaps and non-Hermitian exceptional points under the breaking of 𝐶4 
rotational symmetry of the resonators. The results can find applications in manipulations of acoustic orbital angular 
momentum. 
 

Circular dichroism (CD) and helical dichroism (HD) are intriguing chiroptical phenomena where lights 
carrying opposite spin or OAM manifest different absorptions when interacting with chiral structures. Despite the 
enormous study of acoustic OAM [1] and the recent discovery of acoustic spin [2,3], the phenomena of CD and 
HD have not been demonstrated in acoustics. Here, we theoretically demonstrate the HD of acoustic vortex beams 
for the first time in a one-dimensional chiral structure [4]. We found that a large HD can be induced in the chiral 
structure if the 𝐶4 rotational symmetry of the chiral resonators are broken by adding inhomogeneous loss, as 
shown by the inset in Fig.1. We illustrated the physics by designing two different structures with 𝐶2 rotational 
symmetry and compared their HD with that of the structure with 𝐶4 rotational symmetry. We found that the 
breaking of 𝐶4  rotational symmetry induces OAM band gaps and non-Hermitian exceptional points, which 
together give rise to large differential absorptions of opposite vortex states.  

Our study extends the HD effect from optics to acoustics and pave the way for further investigations of chiral 
sound-matter interactions in artificial structures and metamaterials. The results can find applications in acoustic 
OAM manipulations. 

  

Fig. 1. Absorptions of helical sounds carrying opposite OAM. The loss is selectively added to two sections 
(blue-colored) of the chiral resonators as shown in the inset. The red and blue ribbons mark the band gaps. 
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In this work we investigate phase transitions in parity-time- (PT)-symmetric non-
linear systems described by the discrete non-linear Schrödinger. We generalise the 
physics-informed machine learning (PIML) method proposed in Refs [1,2] that 
successfully finds the parameters for the targeted energy transfer (TET) [1] of an 
electron (or photon) to a target state and the parameters for the self-trapping (ST) [2] 
transition in a nonlinear dimer. We define a data-free loss function that measures the 
stability of the system. For given values of the transition matrix element V, and of the 
nonlinearity parameter χ, of the system, we minimize the loss function and obtain the 
value of the gain/loss parameter γ that describes the PT-symmetry-breaking point.
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Abstract: One reason for the considerable attention of exceptional points in photonics, plasmonics, and acoustics
is the strong response of open systems to external perturbations and excitations at such degeneracies. We intro-
duce two characteristics of exceptional points that quantity the response in terms of energy splittings and energy
eigenstates, intensity, and dynamics. The concept is illustrated for physically relevant examples.

Exceptional points (EPs) are interesting degeneracies in open quantum and wave systems. At an EP of order
n (EPn) exactly n eigenvalues and the corresponding eigenstates of a non-Hermitian Hamiltonian coalesce [1].
This is very different from a conventional degeneracy, a so-called diabolic point (DP), where only eigenvalues
degenerate. A number of experiments have proven the existence of EPs in various physical systems in particular in
optics and photonics [2]. One prominent feature of EPs is the sensitivity to perturbations. When a Hamiltonian Ĥ0

at an EPn is subjected to a small perturbation of strength " > 0,

Ĥ = Ĥ0 + "Ĥ1 , (1)

then the resulting energy (or frequency) splittings are generically proportional to the nth root of " [1]. For suffi-
ciently small perturbations this is considerably larger than the linear scaling near a DP (see Fig. 1 left panel), which
makes EPs attractive for sensing applications [3, 4]. The left panel of Fig. 1 also contains a comparison of two
different EPs. While one (red curve) shows a rather strong response to perturbations, the other one (blue curve)
shows a relatively weak response. The aim of this contribution is to quantify the different response strengths at EPs.

!iB !iA

C!

C!

"

""

"

D! D!

+iA+iB

Figure 1: (Left) Illustration of the enhanced frequency splitting induced by perturbing a non-Hermitian Hamiltonian
at an exceptional point (EP) (the red and blue curve show two different EPs of second order) compared to the case
of a diabolic point (DP) (dashed curve). (Right) Sketch of the considered example of four coupled resonators with
gain (+) and loss (-) used for a realization of an EP of order 4. A� and B� are the gain/loss coefficients and C

and D are coupling coefficients.

In Ref. [5] it is shown that the frequency splitting of the eigenvalues of a Hamiltonian Ĥ0 at an EPn under a



perturbation (1) is bounded from above

|Ej � EEP|n  "||Ĥ1||2 ⇠ , (2)

where EEP is the eigenvalue at the EP and ||·||2 is the spectral norm of the given matrix. The factor ⇠ is the potential
spectral response strength defined as

⇠ = ||(Ĥ0 � EEP1)
n�1||2 . (3)

The spectral response strength ⇠ also determines the intensity response to excitations and a certain type of dynamic
response [5]. An upper bound for the change of the eigenstates orthogonal to the original EP eigenstate | EPi is
given by

||� j ||n2  "||Ĥ1||2 ⇣ , (4)

with the vector 2-norm || ||2 =
p
h | i and the potential eigenstate response strength

⇣ =
�
||j2||22 � |h EP|j2i|2

�n/2
⇠ . (5)

Here, |j2i is the second Jordan vector of Ĥ0 � EEP1.

A nontrivial example is the system composed of four coupled single-mode resonators [6] illustrated in Fig.1
in the right panel. The Hamiltonian Ĥ0 of this system is at an EP4 for A = 3 + 2

p
2, B = 1, C = 2 +

p
2,

D = 1+
p
2, and � =  > 0. In an experimental realization of this system using microring resonators a sensitivity

enhancement over 100 with respect to cladding refractive index changes has been observed [6]. A direct analytical
calculation of Eqs. (3) and (5) using Maple gives

⇠ = 16

q
70
p
2 + 993 ⇡ 225.143 and ⇣ =

p
2� 1


. (6)

These results reveal how the frequency splittings [Eq. (2)] and the eigenstate change [Eq. (4)] scale with the remain-
ing system parameter  (= � at the EP) when a generic perturbation is applied. The frequency splittings increase
with 3 and the eigenstate change decrease with 1/. The latter has the interesting implication that the eigenstates
become more stable when the coupling of the cavities is increased.

We expect that this new concept of EP response strengths is very helpful for the design of EP-based devices, in
particular sensors.
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Abstract: We propose a novel wave-modulation principle enabled by characteristic non-Hermitian dynamics 
associated with a branch-point singularity known as exceptional point (EP). We show an adiabatic process 
narrowly bypassing an EP produces a robust switching effect between two orthogonal final states possibly with 
indefinitely small physical stimuli. Application of this state-switching effect to a plausible optical waveguide 
structure demonstrates intriguing possibility of realizing Tbit/s-level high-extinction optical modulators, which 
are unavailable from the conventional interferometric approaches thus far. 

A non-Hermitian branch-point singularity known as exceptional point (EP) is associated with various 
anomalous wave phenomena such as spontaneous symmetry-breaking phase transition [1], unidirectional 
scattering [2,3], divergent parametric sensitivity [4], and time-asymmetric breakdown of the standard 
adiabaticity [5]. These effects originate from intricate interplay between decaying and amplifying eigenstates, 
which often involve largely distinguished responses from those within the canonical Hermitian-system recipes. 
Therefore, it is of interest to explore EP-related phenomena in search of novel wave effects and their applications 
to practical device engineering that may go beyond conventional approaches. 
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Figure 1. State-switching effect for very narrow EP-bypass processes. (a) Trial reference bypass trajectories for fsw = r1. 
Dynamic-state passages of ¢H²\ for (b) a negative bypass (fsw = –1) and (c) a positive bypass (fsw = +1) in comparison with the 
adiabatic-state passages of ¢H²u. (d) Schematic of an EP-bypass waveguide modulator with an electro-optic tuning mechanism. (e) Bypass 
routes for on and off states. (f) Optical transmission through a trial InGaAs waveguide structure for the on and off states at 1,550 nm.  



Dynamic processes in the vicinity of an EP have drawn considerable attention within this context. 
Representative examples are chiral transmission for EP-encirclement loops and subluminal or superluminal 
speed of light without any atomic or photonic resonance excitations. In this paper, we demonstrate another class 
of EP-related effects, which potentially enables robust wave switches and modulators.  

We consider two almost identical adiabatic processes which are slightly differ only in a tiny limited region 
where they pass around an EP, i.e., one bypasses the EP on the left while the other on the right, as shown in Fig. 
1(a). The 2D parametric space here is formed by real part p and imaginary part q of the complex energy 
difference between certain selected amplifying and decaying basis states in a non-conserving binary system. The 
left bypass in range p < 0 is referred to as the negative bypass while that on the right in range p > 0 is the 
positive bypass. The positive and negative bypass routes are continuously connected by switching factor fsw. In 
the canonical Hermitian-system recipes, one may expect that any adiabatic processes from identical initial states 
along the negative and positive bypass routes very close to each other should result in identical final states. In 
stark contrast, the final dynamic states for the negative and positive bypass routes can be completely different if 
the bypass happens around an EP, as shown in Figs. 1(b) for the negative bypass and 1(c) for the positive bypass. 
This conspicuous effect originates from characteristic structures of the eigensystem around the EP as a 
non-Hermitian modal branch point.  

Intriguingly, this state switching effect is triggered in principle by a change in the sign of fsw, not necessarily 
by a change in the magnitude of fsw, as far as the entire processes happen in highly adiabatic manners. Therefore, 
the proposed EP-bypass process can be used as an efficient wave switch or modulator mechanism since a certain 
continuous change related to fsw lead to an abrupt flip of the final state between two orthogonal states. 

We apply the proposed state-switch mechanism to a presumable optical waveguide structure on InGaAs 
platform as shown in Figs. 1(d)~1(f). The numerical calculation result demonstrates high-extinction (16 dB) 
electro-optic (EO) modulation from a 100-Pm-long device which implies possible Tbit/s-level data rate in 
consideration of conventional RC-time-constant-limited EO-modulation scenario. Therefore, it is of our great 
interest to further develop the proposed switching mechanism for various wave-control methods and devices in 
both theory and experiments.  
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Abstract: The majority of metasurface modelling techniques only consider dipolar polarizations. While this 
usually provides excellent modelling accuracy within the paraxial limit, we will show that it leads to significant 
errors for large incidence angles and/or large unit cell period-to-wavelength ratios. To overcome this limitation, 
we derive an extension of our previously developed dipolar metasurface model to include multipolar 
contributions. Combined with reciprocity, structural symmetries and spatial dispersion, this model provides a 
significant accuracy improvement and new opportunities for wave transformations.   
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Abstract:  We theoretically and experimentally investigate the interactions of cylindrical vortex beams (CVBs) 
with a strongly anisotropic plasmonic metamaterial, concentrating on radially and azimuthally polarised beams, 
under weak and tight focusing regimes. Extinction properties of the metamaterial show sensitivity to different 
polarisation states and a strong dichroism resulting in variations of the beam modal structure and polarisation. 
Experimental results show good agreement with theoretical predictions, proving the promising potential of 
anisotropic metamaterials for complex vector beams shaping. 

 
1. Introduction 

  Structured light finds many interesting applications in numerous fields, such as information encoding, 
wavefront manipulation and imaging[1,2]. Recently, CVBs have emerged as a new tool for wavefront shaping, 
combining the phase and polarisation singularities of vortex and vector beams possessing both a topological charge 
and a non-uniform polarisation distribution. We propose an interesting new perspective on CVBs, studying them 
in both a weak and a tight focusing regime where they exhibit the possibility to tailor the generated longitudinal 
field changing the polarisation of the beam[3]. In this work we combine the features of focused radial and azimuthal 
polarisation states, with the strong anisotropy of a plasmonic metamaterial fabricated with a self-assembly 
technique[4]

, that exhibits an Epsilon-Near-Zero (ENZ) behaviour. Among the varieties of techniques available for 
the experimental realisation of CVBs, here we exploited a two SLMs-based setup[5] that allows for a simple way 
to change its polarisation to one state to the other. In this work we present theoretical results obtained from a semi-
analytical model we developed starting from the Richards-Wolf theory[6]. We characterise both the extinction 
properties of the plasmonic metamaterial, under illumination with different polarisation states and focusing 
conditions, and the influence of the sample on the beam properties. Experimental results are also reported and 
show good agreement with theoretical predictions. 

 
2. Discussion 

Both literature and our preliminary theoretical results show the possibility to produce a strong longitudinal 
field with a focused radial beam or to rather prevent the generation of it with an azimuthal polarisation. Extinction 
measurements on the gold nanorod metamaterial have been performed under tight focusing and at normal 
incidence, showing the sample sensitivity to polarisation while approaching the ENZ resonant wavelength. 
Consistently with the theoretical predictions, the highest extinction values are obtained for radial polarisation 
and higher NAs; the lowest value correspond to azimuthal beams, while a standard linear polarisation falls in 
between the previous cases. The beam modal content has also been investigated for the case of a radial beam. 
Because of the tight focusing and of the generation of the longitudinal field, higher order modes in the Laguerre-
Gauss basis will be enabled. The strong resonant interaction with the sample will then damp these modes, filtering 
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the modal content. Applying an ad-hoc fitting procedure on experimental pictures and theoretical intensity 
distributions of the beam, our results confirmed that the higher the NA of the system, the more the beam modal 
content will be filtered and the more it will approach the paraxial case of a single LG10 mode. 
      On the other hand, in the case of low NAs we studied the dependence of the sample interactions with different 
polarisation states as a function of the angle of incidence (AOI). Numerical simulations predicted the possibility 
to alter the polarisation of the beam and change it to linear, regardless the original state. The effect is predicted 
to be stronger the closer the wavelength is to the ENZ resonance. Polarimetry measurements have been taken for 
different wavelengths and polarisation states (linear, circular, radial and azimuthal), confirming the predictions 
mentioned above. 

3. Conclusions 
With this work we demonstrate how one can exploit the strongly resonant behaviour of nanorod-based ENZ 

metamaterial to alter the properties of a complex beam used to illuminate the sample. On the other hand, we 
exploited complex polarisation states to facilitate the excitation of plasmonic resonances, without the need of 
oblique incidence, highlighting the role of the tailored longitudinal field. Our experimental results are in good 
agreement with theoretical and numerical predictions, laying the foundations for promising future developments 
in the field of beam shaping with metasurfaces. 

______________________________________________________________________________________ 
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Figure 1: (a) Simulated extinction spectra for radial (red), azimuthal (blue) and linear (yellow) polarisations under tight focusing, with NA = 0.7 (solid 

lines), 0.85 (dashed). (b) Extinction measurements for the same set of polarisations as in (a), at selected wavelengths around the ENZ peak (λ = 685 nm). 

(c) Results of the fitting procedure on experimental pictures of a radial beam, representing the main modes contained in the beam upon propagation 

through the sample, for 2 values of NA. The paraxial case is reported as a reference in the lightest shade of orange.  
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Abstract: We study the effect of losses on the resonances of an all-dielectric metasurface with ideally high-
quality factor in the THz frequency range, considering realistic materials. In addition, we compare the 
resonances in this structure with the extraordinary optical transmission resonance supported by a metallic 
structure, reaching the conclusion that the sensing performance of the former can be surpassed by the latter. 
 

The THz band, which ranges from 100 GHz to 30 THz, has some really promising applications in label-free 
sensing [1] and quality control [2] that have made it receive plenty of attention in recent years [3]. Nevertheless, 
due to its long wavelength, sensors working in the THz band are not sensitive enough for some applications that 
require detection of small samples. The use of resonant metasurfaces has been presented as a solution for this, 
since they can increase the field concentration in the sample [4]. Metasurfaces based on quasi bound states in the 
continuum (quasi-BIC) have been studied due to the extremely high values of quality factor that their resonances 
can achieve, some of them being all-dielectric structures made of materials with low losses that are usually 
neglected in design [5]. We, however, consider that analyzing the dielectric losses in this kind of metasurfaces is 
necessary, since other quasi-BIC structures using metal resonators saw a great difference in the Q factor of their 
resonances between the ideal case and the case with losses [6]. For this reason, we study how the resonances of 
an all-dielectric structure change when considering the losses in its constituent materials.  

 
The structure under study is formed by groups of four LiTaO3 cylinders with a radius and height R=h=66μm 

deposited on top of a quartz substrate with thickness hsubs=500μm. The unit cell of the structure under study is 
shown in Figure 1(a), where P=378μm is the period of the unit cell, the distance between two of the pillars is 
L=156μm and the distance between the other two is L-Ldif. We define a parameter Lratio=L/(L- Ldif) that measures 
how symmetric the structure is (for Lratio=1, the four cylinders form a square) and we will study the resonances of 
this structure as a function of this parameter. 
 

             (a)                    (b) 

Figure 1. (a) Schematic representation of the structure unit cell.  (b) Transmission spectrum as a function of 
Lratio around the quasi-BIC MD resonance. 
 



 This structure has three resonances between 300 GHz and 400 GHz, but we will focus our study on one of 
them, a quasi-BIC magnetic dipole (MD) resonance, since it has the highest value of Q. Figure 1(b) shows the 
transmission spectrum near the MD resonance as a function of Lratio when considering losses. Not only the 
resonance does not get as narrow as expected for values of Lratio close to 1, but the minimum value of T increases 
as well, leading to barely visible resonances when trying to obtain high values of Q. The main conclusion we 
obtain from this is that losses cannot be neglected when designing highly resonant structures, since they can 
heavily change the properties of the resonances under study. 

 
Finally, we compare this structure with a structure supporting extraordinary optical transmission, consisting 

of a perforated gold plate with thickness h=50μm, hole radius r=150μm and distance between holes a=810μm. 
Figure 2(a) shows the EOT resonance in this structure and the MD resonance in the dielectric structure for 
Lratio=0.887. The reason we use this value of Lratio for the comparison is the similar value of amplitude between 
the resonances. We study the Q factor and sensitivity to changes in refractive index (S) of both resonances and 
use a figure of merit FOM= S·Q/fres, where fres is the resonance frequency, to compare their sensing capabilities 
in Figure 2(b), reaching the conclusion that the EOT structure is more suited for sensing in this frequency range. 

             (a)                (b) 
Figure 2. (a) EOT reflection spectrum and MD transmission spectrum. (b) FOM for both resonances for 

different values of the sample refractive index n. 
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Abstract: Recently, optical bound states in the continuum (BICs) have been produced in photonic crystal slabs. 
A variation, unidirectional guided resonances (UGRs), has been reported, where the symmetry is broken, leading 
to leakage in a specific direction. We explore a microscopic semi-analytical model to understand these resonances, 
by extending a multimodal interference approach of BICs. 

 
 

The bound state in the continuum (BIC) is an emerging area of research and attracts much interest during the 
last decade. In opposition to the classic confined modes, BICs coexist with the continuum of radiation and decouple 
from it. Their interesting properties offer many applications in multiple fields: spintronics, nanocavities, low-
threshold lasing, communication, etc1. Recently, another type of resonance very similar to BICs has been studied, 
the unidirectional guided resonance (UGR)2. UGRs occur in the same types of structures as the BICs, but with a 
broken symmetry, which permits to have radiation in one direction only. 

Multiple mechanisms describe how BICs appear, amongst which the multimodal interference model3. In this 
approach one studies the interference of multiple fundamental modes. The interaction between these modes can, 
under certain conditions, produce destructive interference outside the structure and create a BIC. In this work, we 
show that this model is also valid for UGRs, and can be used to describe these resonances semi-analytically, 
allowing to quickly explore and interpret various geometries. 

We investigate a one-dimensional periodic photonic crystal slab, which is a variation of the structure proposed 
by Yin et al2. The cross-section of the infinite length bars is a stair-like shape (Fig. 1a). The cell is a = 772 nm 
wide and the large basis of the stair has a length of 414 nm. We describe the width of the step by the factor s that 
represents the ratio of the step width to the total stair width. In this structure we find a UGR with downwards 
radiation around a frequency of 205.5 THz (λ = 1.462 Pm), s = 0.155 and kx a/(2π)= -0.0405.   

To use the multimodal interference model, we first search for vertically propagating guided modes in a 
waveguide that has the same dimensions as the large basis of our stair-like structure. There are three modes at the 
frequency where we find the UGR (Fig. 1b), with electric field profiles for these TE modes in Fig. 1c. We then 
inject these modes in the upper half and the bottom half of the structure using a boundary mode analysis in the 
COMSOL simulation software. This permits to obtain the half-trip matrices for the two parts of the structure 
(respectively 𝑅𝑡𝑜𝑝  and 𝑅𝑏𝑜𝑡 ). With the two half-trip matrices, we construct the round-trip matrix 
𝑅𝑏𝑜𝑡 × 𝑅𝑡𝑜𝑝 and compute its eigenvalues and eigenvectors as4 

𝑅𝑏𝑜𝑡 × 𝑅𝑡𝑜𝑝  [
𝑐1
𝑐2
𝑐3

] = 𝜆 [
𝑐1
𝑐2
𝑐3

] 

 To find a resonance we need to find the parameters where the imaginary part of one of the eigenvalues is 
zero, as this means a multi-modal (here tri-modal) constructive interference process. 



 

 
Figure 1: a) Out-of-plane electric field for the UGR. b) Dispersion of the waveguide used to find the modes. 
c) Electric field norm of the three modes used for interference. d) Left: imaginary part of the first eigenvalue 
of the round trip matrix. Center: Losses at the top of the structure. Right: Losses at the bottom of the 
structure. The blue circles indicate the UGR position. 
 

We scan a range of frequency and the parameter s around the UGR (Fig. 1d). On the left, we show the 
imaginary part of the first eigenvalue of the round-trip matrix. A diagonal black band corresponding to a quasi-
zero imaginary part is visible around 205 THz. The blue circle shows the approximate position of the UGR. To 
verify if this resonance corresponds to an UGR we compute the loss (via the eigenvector components) at the top 
and bottom of the structure (Fig. 1d center and right). We can see that we have no loss at the top in the blue circle 
region, but some loss at the bottom, just as required for an UGR (Fig. 1a). This confirms that the multimodal 
interference approach works for UGRs, and can be employed to examine a large variety of potential structures. 
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Abstract: In this talk we report on recent theoretical explorations in the context of time-varying media, aiming at 
offering a few perspectives on the peculiarities of wave scattering from abrupt, continuous, periodic, chiral and 
dispersive temporal inhomogeneities, as well as their implications for distinct forms of wave amplification, 
localization nonreciprocity, frequency modulation and harmonic generation. 
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Abstract: Achieving active tunability of light and matter interaction is of great interest as it opens a new avenue for 
exploring various high-performance photonic devices. In this prospect, developing a novel way to achieve active tuning 
of a strongly coupled system is vital. Here, we demonstrated an active tuning of the coupling strength in a strongly 
coupled system comprised of a thin ITO film as epsilon-near-zero (ENZ) material and gold nanorods as plasmonic 
resonators. The incorporation of these two components exhibits strong coupling that manifests as spectral splitting in 
the transmission spectra in the near-infrared spectral range. 
 
Previously, the strongly coupled mode was modified passively by changing the geometrical parameters of the antenna1. 
In this work, to achieve an active tuning of coupled mode, we developed a novel gating scheme, where the ionic liquid 
is employed to bias the coupled system and tune the coupling strength in transmission mode. The functionality of our 
scheme is such a way that it operates in the transmission mode and reflection mode, which reduces the operational 
complexity, which is vital in many practical applications. We observed a significant tuning of the coupled resonance up 
to 30 nm by changing the bias voltage from 0 to 4.5 V. This unprecedented control mechanism on strong coupling opens 
exciting opportunities for various disruptive applications like re-configurable beam steering, spectroscopy, ultra-low 
photon switch and many more. 

 
Figure1: (a) Experimentally recorded transmission spectra of ITO integrated plasmonic antenna hybrid 
system with and without ionic liquid and the inset shows SEM image of the Au nanorods. (b) The schematic of 
a novel gating architecture for the electrical gating in transmission mode. (c) Experimentally recorded 
transmission spectra near lower polariton wavelength at different bias voltages. 
 

The strong coupling of ITO’s ENZ mode2 and plasmonic antenna’s local surface plasmon (LSP) mode is investigated 



by bringing them to the same platform. We experimentally recorded the ENZ-integrated plasmonic hybrid system’s 
transmission spectra with (solid red line) and without ionic liquid (solid black line), as shown in Figure 1a. The presence 
of the ionic liquid red-shifts the overall spectra due to an increase in background refractive index (nair = 1 to 
nionicliquid ≈ 1.41). In the optimization process of the plasmonic antenna, the background refractive index is included 
as 1.41. As a result, its resonance position is red-shifted to the ENZ region. Therefore, in Figure 1a, both upper and 
lower polaritons are clearly visible, which shows that in the presence of ionic liquid, the system exhibits strong coupling 
that manifests as apparent spectral splitting (solid red line). In contrast, the system without ionic liquid is only weakly 
coupled.  
 
Next, to achieve the dynamic tunability of ENZ-LSP coupling, we designed a novel electrical gating scheme, as shown 
in Figure 1b. In the gating system, the ionic liquid3 is sandwiched between two plates, which serve as media to 
accumulate ions at ITO and ionic liquid interface upon electrical biasing. These assembled ions at the interface induce 
charge increment that in turn changes the permittivity of the ITO. By increasing the bias voltage, the density of the ions 
increases and saturates after a threshold voltage which is 4.5 V in our case. Figure 1c shows the experimentally acquired 
spectra for various bias voltages. For clarity, we have shown only the lower polariton, and the individual spectrum for 
different voltages is vertically offset. By increasing the bias voltage from 0 to 4.5 V, the lower polariton shifts from 
1260 to 1288 nm. The electrical tuning of optical properties of photonic devices is a stepping stone for next generation 
communication, imaging and sensing devices.  
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Abstract: An homogenization theory of space-time metamaterials will be presented. This framework will unveil 
regimes of synthetic motion yielding different physical properties such as light dragging or non-reciprocal and 
chiral amplification mechanisms.  

 
 

Recently, time has emerged as a new degree of freedom for metamaterials, as variations of the electromagnetic 
parameters in time as well as in space allow for new pathways in wave control [1]. In these time-dependent systems, 
energy is not necessarily conserved, and a linear bias can be imposed through travelling wave modulations, permitting 
non-reciprocal effects in the absence of external magnetic fields. 

 
In this talk I will consider space-time metamaterials of travelling-wave type and introduce the theory of 

homogenisation of these modulated media [2]. This framework provides analytical expressions for the effective 
permittivity, permeability and magnetoelectric coupling of these media in the long wavelength limit. From the derived 
parameters we will see how it is possible to achieve nonreciprocal effects away from the asymmetric band gaps, and 
even down to the quasistatic limit if both the permittivity and permeability are modulated, and how the synthetic 
motion present in these systems allow us to make a link to the Fresnel drag effect of light in moving media [3].  

 
Our theory also unveils a regime when the modulation speed approaches that of waves in the background medium 

where homogenisation breaks down and a new mechanism for gain emerges [4], enabling a form of nonreciprocal 
broadband amplification that could be realised in graphene [5], or that could be chirally selective by implementing an 
Archimedes screw for light [6].  

 
 

 
Fig. 1. (a) Sketch of pace-time modulation of the permittivity and/or permeability of travelling wave kind. (b,c) The long wavelength 
dispersion relation of the electromagnetic modes is nonreciprocal if both the permittivity and permeability are modulated, and the sign 
and magnitude of the bianisotropic coupling can be tuned with the modulation parameters, e.g. by modulating the permittivity and 
permeability in or out-of phase, and by modulating at speeds larger or smaller than the speed of light in the medium.  Reproduced from 
[1]. 
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Abstract: Metamaterials with extreme characteristics (e.g., near-zero constitutive parameters, atomically-thin 
geometry, ultra-fast temporal variations, extreme anisotropy, etc) represent a fertile playground for controlling 
quantum light-matter interactions. In our talk, we will review our latest result in the control of quantum radiative 
processes mediated by metamaterials with extreme characteristics. 

 
 

Strengthening and controlling light-matter interactions with the use of photonic nanostructures is the 
cornerstone of quantum nanophotonics. By using photonic nanostructures, it is possible to access light-matter 
interactions at spatial, temporal and strength scales that would not be possible in free-space. Extreme media 
encompasses the family of photonic nanostructures with limiting characteristics, including media with extreme 
constitutive parameters (e.g., near-zero-index (NZI) media1, resulting in spatial delocalization), high-impedance 
surfaces2 (resulting in strengthened electric fields fluctuations, thus leading to stronger light-matter couplings), 
media with an extreme anisotropic response3, and media with ultrafast temporal variations4 (e.g., exhibiting 
temporal boundaries and/or time refraction).  

In our invited talk, we will review our latest results on the field of controlling quantum light-matter 
interactions with extreme media. We will discuss how metamaterials with extreme constitutive parameters 
empower control over fundamental radiative processes, including spontaneous emission, stimulated emission 
and absorption5. Moreover, we demonstrated that the behavior of such processes depends on the dimensionality 
of the system, thus allowing for exploring new physics in systems with a reduced dimensionality5. We also 
theoretically demonstrated how material dispersion engineering enables the strong coupling between magnons 
and optical photons, paving the way towards deterministic interfaces between different physical systems6,7. 
Similarly, material dispersion engineering enables control over a nanoparticle’s plasmonic resonances, providing 
a pathway to quenching fluorescence for optical memories8. Beyond manipulating the decay rate in the weak 
coupling regime, material dispersion engineering enables the observation of long-lived bounds states in the 
continuum, and fractional decay dynamics associated with branch-cut singularities9. We will also discuss how 
sudden temporal boundaries result in quantum vacuum amplification effects, with the possibility of shaping the 
quantum vacuum.    
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Abstract: Fundamental radiative processes are important light-matter interactions encountered in photonics. 
Here, we theoretically work out those processes inside unbounded media with a vanishingly small refractive 
index1. Our formalism also includes the effect of the spatial dimensionality as well as the class of NZI materials. 
Spontaneous emission enhancement/inhibition is shown to be dependent on the refractive index, the impedance 
and the dimensionality of the material. Furthermore, momentum considerations inside NZI materials are 
discussed2 and related to the Abraham-Minkowski debate. 
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Abstract: In this talk, we will introduce a new concept using which one can enhance the bandwidth of 
electrically small inductive or capacitive antennas beyond what is possible using conventional approaches in a 
very simple and compact platform without any need for active elements. 

 
The quality factor of an antenna is a powerful quantity that usually provides a good sense of its bandwidth 

helping antenna designers to evaluate the overall performance. The fundamental relationships between 
impedance, bandwidth, and Q factor of antennas have always been one of the most important and exciting 
research topics benefitting both theoretical and applied electromagnetics. The Chu lower bound on the quality 
factor of linear, passive, time invariant, one-port dipole antennas characterized by a single resonance has been 
accepted as a general bound for decades [1]. Naturally, this lower bound for the quality factor of an antenna, and 
consequently the maximum achievable bandwidth, can be overcome by adding loss to the antenna, which comes 
at the cost of efficiency loss.  However, in a recent study it was shown that by tuning an electrically small 
inductive or capacitive antenna with a highly dispersive lossy material, the quality factor of the antenna 
predicted by Chu can be halved and, as a result, the antenna bandwidth will be twice the one of an antenna tuned 
with a nondispersive element with the same amount of loss [2]. The quality factor in lossy, dispersive antennas 
can be quantitatively defined using the Q-energy [3]. Despite not being necessarily equal to the actual stored 
energy in highly dispersive lossy materials, which anyways poses inherent difficulties even in its definition, the 
Q-energy provides a very good approximation for the quality factor of the antenna and consequently its 
operational bandwidth. Utilizing this energy definition, a 50% efficient electrically small inductive antenna 
tuned with a capacitor filled with a suitably tailored highly dispersive lossy material was shown to increase the 
operational bandwidth by a factor of two, and consequently overcome Chu lower bound by a factor of two in 
comparison to when an equivalent 50% efficient antenna is impedance matched using conventional techniques. 
 

During the presentation, utilizing a circuit model, we will show that such dispersive antennas can be realized 
using a suitably tailored matching circuit, synthesizing the required load dispersion through dispersion 
engineering of the underlying circuit. Our analysis shows that the material dispersion introduces an additional 
resonance in the antenna, exactly aligned with the antenna resonance under the condition that the Q-energy is 
minimized. Interestingly, despite the fact that the resulting response can be described by the coupling of two 
resonances, the Q-energy very well captures the underlying dispersion, quantitatively predicting with high 
accuracy the resulting fractional bandwidth. At the same time, our analysis reveals the emerging physics, and 
outlines that the actual stored energy in the antenna around the resonance frequency is larger than the Q-energy, 
obeying the expected bound stemming from Chu’s analysis on each resonance. Overall, this concept provides an 
efficient way to enable enhanced bandwidth in lossy antennas without the need for adding separate matching 
resonant tanks, and outlines an example in which the Q-energy definition provides an important tool for antenna 



design. In our talk, we will show a proof-of-concept electrically small capacitive antenna tuned with a tailored 
circuit mimicking a dispersive inductor, showcasing its full equivalence between the two scenarios. The 
bandwidth improvement and multi-resonant nature of the system will be discussed during the talk. 
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Abstract: A giant enhancement of upconversion luminescence is demonstrated in an all-dielectric metasurface 
supporting bound states in the continuum (BICs) engineered with lanthanide-doped nanocrystals. The 
strong-coupling occurring between a Friedrich-Wintgen BIC and a leaky wave partner at the edge of the 
photonic superstructure allows in-plane pump feeding of the high-Q mode without resorting to loss-tailoring 
strategies and generating supercollimated radiation with a radiance enhancement factor of ~108. This mechanism 
overcomes the constraint of forbidden radiation coupling in BIC-sustaining photonic systems. 

 
 

Dispersion and radiation engineering in novel nanophotonic systems supporting bound states in the 
continuum (BICs) have recently driven light confinement to unprecedented levels, paving the way to their use in 
diverse applicative scenarios spanning from sensing1, to lasing2 and nonlinear optics applications3. Besides, the 
necessity of tailoring radiative losses for far-field light coupling implies a crucial decrease of the BIC-induced 
local field enhancement4. Herein, a novel physical mechanism that bypasses this limitation is reported and 
experimentally demonstrated by showing a giant enhancement of upconversion luminescence. To this aim, an 
all-dielectric, squared-lattice photonic crystal metasurface (PhCM) of silicon nitride (SiN) was engineered via 
coating with a conformal layer of lanthanide-doped multiphoton upconversion luminescent nanoparticles 
(UCNPs). The resulting BIC-sustaining superstructure dispersion was optimized to match the absorption band of 
UCNPs lying in the 800 ± 20 nm range and probed via angle-resolved transmission spectroscopy using a 
TE-polarized excitation. The strong-coupling between two energy-close photonic modes of the system led to the 
onset of a radiationless BIC (Friedrich-Wintgen type) at ∼810 nm and a broader leaky wave. At the interface 
between the UCNPs-engineered PhCM and the surrounding unpatterned SiN, the low Qr mode allowed in-plane 
coupling of the input laser (λpump = 808 nm, FWHM = 5 nm) to the strongly-coupled BIC partner without 
decreasing the available field enhancement. As a result, the local BIC field boosted the UC luminescence 
generating an in-plane micro-beam with supercollimation properties (∼1.2 msrad divergence) and leading to an 
estimated ∼104-fold UC luminescence enhancement factor, which reached the remarkable value of ∼108 in terms 
of radiance. To the best of our knowledge, the results provide a brand-new insight into BIC nanophotonics, thus 
leading the way to promising future technological applications. 
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Abstract: We experimentally achieve wave-based analog differentiation with unprecedented precision and 
programmability. Instead of designing a few-mode structure with few tunable degrees of freedom (DOFs), we 
take a random overmoded scattering system as starting point and tune it in situ to the desired response with 
hundreds of tunable DOFs. Thereby, we simultaneously overcome two vexing weaknesses of wave processors: 
their vulnerability (fabrication inaccuracies, environmental perturbations) and their lack of in-situ 
programmability. We experimentally demonstrate programmable parallelized high-fidelity differentiation and 
higher-order differentiation. 

 
Wave processors are notoriously vulnerable to fabrication inaccuracies and environmental perturbations. 

Some of the most vulnerable wave processors are analog differentiators, because they must be operated at the 
scattering anomaly of a real-valued scattering matrix zero in order to implement the necessary transfer function. 
Because the time delay diverges when a scattering-matrix zero hits the real frequency axis, differentiators are 
especially vulnerable. Conventional implementations based on carefully designed and fabricated few-mode 
structures struggle with their vulnerability. Moreover, by including a few tunable components in such designs, 
the zero can certainly be moved around in the complex plane, but it will drift away from the real frequency axis. 
Thus, such approaches cannot guarantee high fidelity (real-valued zero) and programmability simultaneously. 

 
Our (rather unconventional) approach starts with a random over-moded scattering system, possessing a large 

and statistically uniform density of modes. Using the hundreds of degrees of freedom offered by a programmable 
metasurfaces, we tune this initially random system to the desired response. In our counterintuitive technique we 
find it easy to move one or multiple zeros of the scattering matrix to any desired location(s) on the real frequency 
axis, and to reprogram the system in situ1,2. 

 
We report direct evidence by performing time-domain experiments with various input signal waveforms2, 

rather than confirming the differentiation operation solely in simulation based on scattering-matrix 
measurements. We demonstrate programmability in terms of the operating frequency (that is, the carrier 
frequency of the input signal at which the scattering matrix must have a real-valued zero), as well as in terms of 
the functionality (differentiation of a single signal, parallelized differentiation, higher-order differentiation)2. 
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Abstract: The possibility to confine light in extremely small scales without compromising the level of losses has 
led to an increasing interest in all-dielectric platforms for nanophononics applications. Materials with effective 
refractive index near-zero (NZI) are known to exhibit peculiar phenomena such as, high transmission through 
distorted waveguides and enhancement of effective nonlinearities [1-3]. In this work, we report on our advances in 
investigating the third harmonic generation conversion in a NZI material. 

 
 

Epsilon-near zero media are typically associated with metals, transparent conducting oxides and polaritonic 
materials, such as SiC [1]. However such material exhibit high intrinsic losses in the optical domain, completely 
annihilating the effects expected by their low permittivity. Thus, an all-dielectric approach becomes necessary in 
order to better explore near-zero index phenomena. In this work, we study the unconventional phase matching 
conditions in NZI materials.  

Nonlinear effects are related to higher order electric susceptibilities, which tend to be very low for most of 
materials. As a result, bulky materials are used aiming to increase the interaction length of the system. To change 
the intrinsic susceptibility is extremely challenging. One way to enhance conversion efficiencies in nonlinear 
materials is by using metamaterials, which are able to manipulate the effective refractive index [4]. Recently, it 
was reported that materials with vanishing relative permittivity enable efficient nonlinear conversion [5]. 
Nonlinear processes related to the third order susceptibility, such as third harmonic generation (THG) or four 
wave mixing (FWM), can be quantified by the nonlinear refractive index. Here we investigate third-order optical 
nonlinear processes in the ENZ regime of conductive oxides, such as tin-doped indium oxide (ITO) with 
permittivity crossing zero at near-infrared wavelengths. We extend our analysis to an all-dielectric photonic 
crystal platform operating at the Dirac’s triple point. Such special modal regime of photonic crystals are 
associated with near-zero-index propagation modes [6]. 

In both cases, a tight field confinement and facilitated phase-matching conditions due the near-zero index 
contributed for pronounced enhancement of nonlinear interactions. We performed FDTD simulations using the 
commercially available software Lumerical. Two realistic materials having rather close third-order 
susceptibilities values, ITO and AlGaAs, were used in the simulations. Our results show that the 
epsilon-near-zero regime of ITO around the wavelength of 1680 nm increases the conversion efficiency of the 
third harmonic generation when compared to the conventional semiconductor AlGaAs. Moreover, we clearly 
demonstrate that phase-matching conditions are automatically satisfied at the NZI regime, leading to 
unconventional propagation of the high harmonic wave in all allowed directions of the system.    

To make sure that near-zero index nonlinear phenomena can be extended to an all-dielectric platform, we 
analyze nonlinear processes in a system of photonic crystal pillars, designed at the Dirac’s triple point in order to 
exhibit effective index near-zero. In such regime, low index modes exhibit a constant-phase distribution along all 
directions of the material leading to the same fulfillment of the phase matching conditions, previously observed 



in ENZ materials. As a result, we were also able to observe the propagation of the converted signal in 
non-conventional directions. In our simulations, a square patch of such crystal made of Si pillars emits the 
triple-frequency photons in all possible directions of the lattice. Therefore, we were able to validate that 
near-zero-index materials or engineered structures with effective low indices enable higher conversion 
efficiencies, compactness and flexibility in the design of nonlinear devices on-chip. 
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Abstract: Transverse-electric surface plasmon polaritons (SPPs), tunable with electronic chemical potential and 
temperature, have been recently discovered in homogeneous graphene sheets. The frequency of these modes lies 
below the light line, making them not coupled resonantly to the excitation field. Here, by considering a graphene 
grating with one-dimensional periodicity, we show that these modes become experimentally discernable. Applying 
the scattering matrix formalism, we study the dispersion of the SPP modes and their manifestation in transmission 
spectra.   
 

Photonic devices [1] where the permittivity is almost frequency-independent but periodic in space are 
commonly used in controlling the flow of electromagnetic waves and providing coupling to guided modes. A 
plethora of devices based on photonic crystals have emerged, for example, polarizers, waveguide splitters [2], and 
filters. The optical properties of these systems fundamentally change when the permittivity becomes frequency-
dependent by replacing some dielectric parts in the structure with conductors having a highly dispersive optical 
conductivity. Bragg scattered electromagnetic waves couple to mobile charges in the conductor parts of the system, 
such as metal or graphene, forming surface plasmons. This opens up a new avenue to subwavelength confinement 
of light, and thus possibilities for designing plasmonic devices. We aim to examine plasmonic modes in such 
periodic systems by calculating complex optical frequency Ω as a function of in-plane wavenumber 𝐾∥ of the 
mode, as well as the Bragg scattering of light caused by these modes. 

The electronic band structure of graphene with a linear dispersion near K-point allows for charge carriers to 
behave like massless fermions [3]. This simple electronic dispersion gives graphene its simple, yet versatile optical 
conductivity spectrum in the long-wavelength limit, which is written as the sum of intraband and interband parts, 
𝜎 = 𝜎𝑖𝑛𝑡𝑟𝑎 + 𝜎𝑖𝑛𝑡𝑒𝑟, based on the electronic transitions that can take place near the K-point [4]. Furthermore, 
graphene provides convenient tunability of charge-carrier concentration by application of gate-voltage [5]. 

  

 
Figure 1: Schematic showing the graphene 1D grating structure with period 𝑑.  

In the TE polarization, the electric field 𝑬 is directed along 𝑦 and SPP mode propagates along 𝑥. 

The transverse-electric (TE) surface plasmon polariton (SPP) mode has been shown to exist in an infinite 
planar graphene [4,6] with the frequency just below the light line in dispersion, so that the modes are not coupled 
resonantly to electromagnetic waves exciting the system. To achieve such a coupling and to make the SPP visible 
in optical spectra, we consider a one-dimensional (1D) periodic graphene grating as depicted in Fig.1, and study 
the SPP modes propagating in the 𝑥-direction as well as changes in the Bragg scattering and transmission. We 



use the following model for the permittivity of the system: 

                    𝜀(𝑥, 𝑧; Ω) = 1 + 𝛿(𝑧)Λ(𝑥) 𝑖𝜎(Ω)
Ω

,                   (1) 

in which 𝛿(𝑧) is the Dirac delta function modelling graphene as an infinitesimally thin material in the 𝑧-direction, 
Λ(𝑥) = 0 or 1 defines the location of graphene strips, and 𝜎(Ω) is the optical conductivity of graphene. We find 
that in this system, the SPP modes manifest themselves as narrow peaks in transmission spectra which we calculate 
within the scattering matrix formalism. 

The periodicity in the 𝑥-direction produces a Brillouin zone in the plasmonic dispersion having crucial impact 
on tuning the SPP modes. We find that by changing the period 𝑑 of the grating, we alter the size of the Brillouin 
zone [see Fig.2(a)], allowing us to tune the energy of the SPP mode with respect to the (unchanged) spectral 
features in the graphene conductivity [see Fig.2(b)]. We are thus able to enhance or suppress the transmission due 
to the SPP mode.  

  
Figure 2: TE SPP dispersion of planar graphene folded into the 1st Brilloiun zone (a) with grating period such that the divergence and 

step in the graphene conductivity at zero temperature (b) coincide with the folded mode at 𝐾∥ = 0. The 1st Bragg channel in transmission 

of graphene grating for near normal incidence, calculated with the total graphene conductivity (c) and only its intraband (Drude) part (d) 

Fig. 2(c) shows a significant enhancement in transmission when the interband part is included in the graphene 
conductivity, as compared to only the intraband conductivity [Fig.2(d)], typical for Drude metals. Specifically, the 
peak in transmission at 𝐾∥ = 0 (red curve) is close to unity (dashed red line). The mode dispersion is evident 
from the transmission peaks moving as 𝐾∥ increases (red to green). The transmission can be used as a measurable 
quantity with resolvable linewidths for observing the unique TE mode of graphene.  

 
Z.A. acknowledges financial support of EPSRC under the DTP scheme. S.S.O. acknowledges the support of 

Sêr Cymru II Rising Star Fellowship [80762-CU145 (East)], which is partly funded by the European Regional 
Development Fund (ERDF) via the Welsh Government. 

 
References 
1. Joannopoulos, J., Villeneuve, P. & Fan, S.. Nature 386, 143–149 (1997). 
2. Solli, D. R., Mccormick, C. F., Chiao, R. Y. And Hickmann, J. M., J. Appl. Phys. 93, 9426 (2003). 
3. Novoselov, K., Geim, A., Morozov, S. et al., Nature 438, 197–200 (2005). 
4. Mikhailov, S. A., Ziegler, K., Phys. Rev. Lett. 99, 016803 (2007). 
5. Falkovsky, L. A., J. Phys.: Conf. Ser. 129, 012004 (2008). 
6. Ahmad, Z., Muljarov, E. A., Oh, S. S., Phys. Rev. B 104, 085426 (2021). 

(a) (b) (c) (d) 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Tunable plasmonic surface lattice resonances 
 

J. F. Algorri1,2,3*, J. M. Sanchez-Pena4, J. M. Lopez-Higuera1,2,3, and D. C. Zografopoulos5 
1Photonics Engineering Group, Universidad de Cantabria, 39005 Santander, Spain 

2CIBER-bbn, Instituto de Salud Carlos III, 28029 Madrid, Spain 
3Instituto de Investigación Sanitaria Valdecilla (IDIVAL), 39011 Santander, Spain 
4Department of Electronic Technology, Carlos III University, Madrid 28911, Spain 

5Consiglio Nazionale delle Ricerche, Istituto per la Microelettronica e Microsistemi (CNR-IMM), Roma, 00133, Italy 
*corresponding author: algorrijf@unican.es 

 
Abstract: In this work, a plasmonic metasurface with ultra-high Q factor (~3∙103) is designed and demonstrated 
to be tunable by liquid crystals (LC). The high-Q factor is produced by collective surface lattice resonances 
(SLRs). This type of resonance is very dependent on the surrounding refractive index, and for this reason, the LC 
birefringence produces a broad spectral tunability (50 nm). Furthermore, the simple voltage control opens new 
avenues for applying SLR in wavelength control. 

The field of collective lattice resonances (CLRs) began four decades ago with the pioneering work of Laor et 
al. in surface-enhanced Raman spectroscopy [1]. After two decades, this phenomenon was applied to different 
structures (chains, arrays, nanoshells, etc.) [2-5]. The physics behind has been deeply understood thanks to these 
works, and the relevance of large illumination area (to enhance the coupling) [6] and the surface nature of these 
modes has been proved [7]. Due to the demonstration of CLRs in plasmonic systems that supported localised 
surface plasmon resonances, they were termed as surface lattice resonances (SLRs). This field is very active 
right now, and several groups have optimised their designs to obtain high-Q factor responses with values ranging 
from 40 (2008 [8]) to 2340 (2021 [9]).  

 
Figure 1. (a) Schematic representation of the device with nematic LC. (b) Transmission for ordinary and extraordinary refractive indices (x-pol). (c) 

Absorption for ordinary and extraordinary refractive index and two polarisations (x and y-pol).   

This work theoretically demonstrates that LCs can efficiently tune the SLRs of the latter reference due to the 



great dependence of these resonances on the surrounding refractive index. The device, Fig. 1(a), consists of a 
glass substrate coated with ITO with an alignment layer of polyamide (PI). A LC layer of 1 µm is sandwiched by 
a buffer glass (1 µm) with a plasmonic metasurface on top and a second glass substrate coated with ITO. The 
metasurface consist on a periodic array of rectangular gold nanostructures with dimensions of Lx = 200 nm, Ly = 
110 nm, Lz = 20 nm, px = 440 nm, py = 1030 nm. The rubbing direction of the alignment layer is in the 
x-direction, being the extraordinary optical axis parallel to this axis. As can be observed, due to the low height 
value of the nanoparticles, the LC layer can be considered to be completely homogenous around the nanoparticle. 
No alignment layer is placed in the nanoparticle part to enhance the tunability. As demonstrated in other 
structures, only one alignment layer is enough in thin LC devices [10]. A FEM study is done to extract the 
scattering parameters. The results of Fig. 1 (b) show an ultra-high Q factor (~3∙103) with a broad spectral 
tunability (50 nm). In Fig. 1 (c), a polarisation study shows high linear dichroism (LD) tunability with values 
ranging from 0% (no) to 99.67% (ne) and absorption rates of 50%. 
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Abstract: Microellipsometry was used to reveal plasmonic properties of ordered lattices of nanoparticles 
depending on the mutual orientation of the plane of incidence of the exciting light and own vectors of the lattice. 
The registered spectral positions of plasmonic resonances are dependent on the mutual orientation and the 
behavior observed indicates non-standard birefringence. 

 
 

Plasmonic structures of gold nanodiscs of different diameters ordered in square lattices with a period of 150 
nm were prepared by electron-beam lithography [1] on a layered substrate with a gold interlayer supporting the 
propagation of surface plasmons and an oxide spacer layer. Imaging ellipsometry using a nanofilm_ep4 from 
Accurion GmbH with a spatial resolution in the micrometer range was used for the investigation of these 
structures. The measurements were performed with the plane of incidence oriented either along the side of 
squares of the lattice or along the diagonal of the squares. 

It was shown [1] that interparticle interactions in lattices result in effective birefringence of a layer of 
nanoparticles depending on the angle of incidence. The optical axes of this birefringence are fixed by the 
geometry – along (X) and perpendicular (Y) to the plane of incidence in the surface plane and perpendicular to 
the surface (Z). Independence of the X- and Y- effective components of the birefringence can be proven not only 
by straightforward symmetrical considerations, but also by calculations of all dipolar interactions and lattice 
sums for such a structure [1]. However, this effective birefringence behaves contrary to the standard crystal 
birefringence. Another symmetrical consideration demonstrates that the rotation of the plane of incidence 
relative to the lattice and its arrangement along the diagonal of the square lattice leads to planar optical axes 
again being directed along and perpendicular to the plane of incidence and their components of the birefringence 
are independent again. In the case of crystal birefringence, the optical axes would be fixed by the lattice, not by 
the plane of incidence, and by rotation of the plane of incidence by 45° the Jones matrix [2] of the reflection 
would be nondiagonal and components of the dielectric functions along planar axes are mixed in the strongest 
way in such a geometry. 

Ellipsometry provides two so-called ellipsometric angles < and ' bearing amplitude and phase information 
[2]. As demonstrated [3] the spectral behavior of the angle < of a system with a layer with resonances in relation 
to the < spectrum of a system without this layer reflects the resonances by extrema. This allows straightforward 
assignment of separated extrema to resonances of different components of the dielectric function of the 
birefringent layer. Spectra of the angle < for different angles of incidence measured for the two mutual 
orientations of the plane of incidence and the lattice are shown in Fig. 1. 
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Fig. 1. Spectra of the ellipsometric angle < measured at different angles of incidence for two mutual orientations 

of the square lattice and the plane of incidence, the directions of which are indicated. The dashed line 
demonstrates the spectrum for an unstructured substrate, i.e. without the lattice of nanoparticles. 

 
The analysis [3] further indicates that the minima in the spectra are connected to resonances of the X- and 

Z-components of the dielectric tensor while maxima are related to resonances of the Y-component. All those 
features are indicated in Fig. 1 and are clearly different for the two different orientations of the plane of 
incidence. Previous results [1] demonstrated that the standard treatment of ellipsometric spectra measured at 
variable angle of incidence for such plasmonic structures is incorrect. The application of standard models of an 
Effective-Medium Approximation for these layers of nanoparticles does not properly describe the data either [4]. 

Although Rayleigh anomalies for both orientations of the lattice with a period of 150 nm are rather far from 
the experimental spectral range and the approach developed in ref. [1] gives only minor changes of the values of 
the components of the effective dielectric functions for both orientations, different positions of plasmonic 
resonances for different orientations are clearly visible. Additional interaction with the surface plasmon in the 
substrate, noticed in ref. [1], may be the reason of this observation. 
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In this work we theoretically demonstrate the use of a two-level optomechanical system actuated by 
plasmon-mediated optical forces as a reconfigurable nanophotonic switch. We have simulated a 
nanostructured suspended gold membrane allowing the normal excitation of a Surface Plasmon Polariton 
by patterning an air nanohole array. By placing the membrane in a close proximity of a reflecting 
substrate, we observe a mode splitting which provides two stable mechanical states accessible by tunning 
the illuminating wavelength. 

 
In recent years the active control of optical forces is attracting more and more attention from the scientific 

community ranging from the fundamental physics [1] to diverse applications such as optical (and plasmonic) 
tweezers [2], optically reconfigurable nanophotonic devices and cooling and/or amplification of the mechanical 
modes to reach the fundamental ground state [3] or to increase the sensitivity of inertial sensors [4]. In this work, 
we present a two level optomechanical system that can be statically or dynamically manipulated to act as an 
optical bit in phonotnic nanoprocessors or as an optical switcher. 

The accomplishment of the optical force modulation is theoretically demonstrated by means of the 
mechanical excitation of a suspended membrane consisting of an array of air nanoholes in a gold layer 
supporting surface plasmon polariton modes [5]. The nanostructured membrane is suspended over a silicon 
substrate assembling a Fabry-Perot microcavity that enables strong coupling between cavity and plasmonic 
modes [6].  

We simulate the whole optomechanical device through finite element simulations, including the coupled 
Fabry-Perot cavity. The optical force is calculated by the asymmetries in the integral of the Maxwell stress 
tensor over a closed surface around the suspended membrane. The Surface Plasmon Polariton and its influence 
on the optical force is calculated as a function of the cavity length. From the force calculation at a fixed 
wavelength a double potential well is obtained, showing two stable states with a central energy barrier. It is 
possible to dynamically actuate on the length of the cavity by introducing a mechanical actuation on the 
membrane by means of a harmonically displacement. The oscillatory movement of the suspended membrane can 
be modeled by a Duffing non-linear mechanical oscillator whose amplitude can be manipulated via 
optomechanical amplitude modulation (cooling or amplification). Therefore, the final state (stable) of the 
dynamical system can then be actively chosen, opening the door for the development of an optomechanical 
switch. 



 
Figure. a. Schematic of the optomechanical system. b. Reflectivity (in color) as a function of the illuminating 
wavelength (y-axis) and the Fabry-Perot cavity length (x-axis). c. Optical Force calculated as a function of the 
wavelength and the cavity length. d. Relative mechanical displacement of the mechanical structure placed 1500 
nm over the reflecting substrate as a function of the wavelength of the pump laser. 
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Abstract:  We theoretically demonstrate surface-plasmonic Jackiw-Rebbi-state resonances that take advantages of deep-

subwavelength confinement and topological robustness properties. We make use of a metal-insulator-metal grating structure

in which the surface plasmon-polariton mode resonantly couples with the radiation continuum and its topological phase is

controllable with the grating’s  geometrical  parameters.  We provide a promising design for  the telecommunications IR

domain. Importantly, the proposed design shows a strongly confined resonance state in both lateral and vertical axes, and

highly robust resonance Q-factor against decreasing in-plane footprint size. 

Recent  study  on  topological  properties  in  photonic  systems  [1]  has  shown  robust  operation  characteristics  against

fabrication disorder and imperfections as the inherent topological protection characteristics [2]. The essential conditions for

photonic Jackiw-Rebbi-state resonances are derived by taking mathematical analogy between the Dirac and optical wave

equations. Such topological resonances show strong lateral confinement near the junction and robustness of key resonance

properties against random parametric errors [3]. Here,  we numerically show that topological interface states emerge at a

junction between two different 1D thin-film plasmonic lattices. Compared to the device using conventional gap plasmon

modes, the topological interface state shows high-Q resonance characteristics even for substantially small lattices with just a

few periods.

Figure 1(a) shows the schematic diagram of the structure for the proposed plasmonic Jackiw-Rebbi state. Fill-factor of

the unit cell of the left structure from the boundary corresponds to F = 0.3, and the Zak phase is , so the structure is in the

topological  phase.  On the  other  hand,  the  right  side  is  F  = 0.8  and  in  the  trivial  phase.  The period  of  the  unit  cell

corresponding to  F  = 0.3 and 0.8 is set to 370 nm and 420 nm, respectively. This period mismatch is for matching the

bandgap center wavelengths of the two lattices forming the junction at 1.55 m. Thickness of the metallic grating (d1), the

metal  film (d2),  the  insulator  layer  (d3),  and  the  metal  substrate  (d4)  are  set  to  100 nm,  10nm, 10  nm,  and  200 nm,

respectively. The constituent material is SiO2 for the insulator layer and Au for the metal.

Figure 1(b-d) shows the excited Jackiw-Rebbi state at the junction between two topologically distinguished plasmonic

lattices. Figure 1(b) shows the magnetic-field distribution of the state in a structure consisting of 10-unit cells on both sides

from the junction. Figure 1(c) shows the magnetic field profile at the center of the insulator layer. Figure 1(d) shows the

vertical magnetic-field profile at the interface. As shown in Fig. 1(c),  lateral confinement of the state is within only 5

periods on both sides.  In Fig 1(d), we confirm that the vertical confinement length is very small to be just about ## nm,

thickness of the insulator layer. Figure 1(e) shows dependence of the Q-factor on the device footprint size. As expected, Q-

factor for the Jackiw-Rebbi-state resonance hardly changes even under 10 periods. This is in stark contrast to the case of

conventional gap plasmon–mode resonance.

In this  paper,  we demonstrate the topological  phase by adjusting the grating’s  geometrical  parameters  and show that

emerge the topological interface states at the junction between two different 1D plasmonic lattices. These states have high-Q

resonance characteristics and high confinement in both lateral and vertical axes. The Q-factor is still maintained as the size

of the device reduce. Therefore, the method using the topological interface state for reducing unwanted losses caused by

miniaturization of device is presented.
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Abstract This work focuses on the design of high-efficiency coupling interfaces between silicon nitride (SiN) 
photonic and Conductor-Gap-SiN (CGSiN) plasmonic waveguides, revealing numerically simulated coupling 
efficiency (CE) values up to 88% at 1310nm. 

1. Introduction 
The distinctive properties of plasmonics led to an enormous research eruption over the last decades, stemming 
from their ability to confine and guide the light even below the diffraction limit [1]. Among the different types of 
plasmonic waveguides, the hybrid plasmonic waveguide (HPWG) seems to excel, due to the combination of large 
propagation length reaching up to several-hundred micrometers and mode confinement at the nanoscale [4]. 
However, plasmonics feature inherently high propagation losses, and one way to tackle this issue is with hybrid 
platforms, where plasmonics are limited in the circuit where strong light confinement is required, whereas in all 
other parts the light is propagating in low-loss photonic waveguides, such as SiN. Light transfer from the photonic 
to the plasmonic waveguides and vice versa requires, though, low-loss interfaces and to date, various 
demonstrations have been presented with the vast majority being either SOI-based or at the 1550nm region [2-3]. 
In this work, it is presented a coupling interface from SiN to CGSiN waveguides that can offer coupling efficiency 
up to 88% according to 3D-FDTD simulations.   

2. SiN-to-CGSiN Coupling Interface Design and Simulation Results 
The 3D geometrical layout of the proposed structure is presented in Fig. 1a. The light is excited through a photonic 
SiN waveguide and is transferred to the hybrid plasmonic CGSiN waveguide through an end-fire coupling scheme. 
The cross-sectional dimensions of the SiN waveguide are 800x800nm2, ensuring the support of only the 
fundamental TE and TM modes at λ = 1310nm with the corresponding fields shown in Fig. 1b and 1c, respectively. 
The hybrid plasmonic CGSiN waveguide is formed by depositing a SiO2 layer with 30nm thickness and then a 
silver layer of 500nm thickness on top of the SiN waveguide. Given that the end-fire coupling is chosen herein, 
the maximization of coupling efficiency relies on both spatial and phase matching conditions. For this reason, as 
a first step, the spatial overlap integral between the SiN and the CGSiN waveguide is calculated, where a maximum 
value of 76% is calculated for a 700 nm width, while satisfying the phase-matching condition, at the same time. 
The width of the SiN waveguide is reduced from 800 nm to 700 nm through a 1 μm adiabatic taper and in this way, 
a hybrid -mostly photonic- mode is excited at the CGSiN structure. After migrating to the hybrid plasmonic 
platform, the CGSiN waveguide width is further tapered down from 700nm to 200 nm via an adiabatic taper of 2 
μm length. In the end, only a highly confined, plasmonic TM mode is supported, as the one illustrated in Fig. 1d. 

 
Figure 1: a) The proposed coupling interface geometry, b) TE and c) TM modes of the SiN waveguide, d) the TM mode supported by 
the CGSiN waveguide. e) Top-view electric field distribution |E| for the propagation of the original photonic mode for n=2.3 at the SiN 
via the proposed coupling interface.  

 



Finally, Fig. 1e shows the top view |E| electric field distribution during the transition of the light at the proposed 
interface, when the refractive index of the SiN is 2.3.  
The performance of the proposed design was evaluated via 3D-FDTD analysis with power monitors placed right 
after the SiN-to-CGSiN transition, at 0.5μm, and at the CGSiN tapered down structure, 4 μm away from the SiN-
to-CGSiN interface. The CE at each one of these points, when N-rich SiN (n=1.92) and Ag are utilized, was 
calculated 75.84%, and 68.13%, respectively. For optimization reasons, a similar analysis was repeated for 
different values of the refractive index of SiN by setting: a) n=1.92 (N-rich SiN), b) n=1.98 (standard Si3N4) and 
c) n=2.3 (Si-rich SiN). Also, the performance of the proposed interface was evaluated for three different metals: 
Silver (Ag), gold (Au), and copper (Cu), with the last one providing CMOS compatibility. In addition, another 
performance metric considered herein is the propagation length (Lprop), defined as the length at which the guided 
mode power is reduced by a factor of 1/e. Thus, Lprop is a measure of the losses to which the plasmonic mode is 
subjected. Table 1 presents the corresponding CE values, together with the calculated Lprop. In particular, the best 
results are recorded for Ag as the plasmonic metal and SiN n=2.3 with the CE and the Lprop reaching up to 88% 
and 102 μm, respectively. This fact can be attributed to the low intrinsic losses of the Ag metal and the optimization 
of the phase-matching condition when SiN n=2.3. Both CE and Lprop exhibit lower values in all other cases. Once 
Au is selected, the CE is noticeably lower for N-rich and stoichiometric SiN, compared to Ag. Nevertheless, Lprop 

does not exhibit a major difference when SiN n is varied but remains significantly lower than in the Ag case. For 
the case of Cu, CMOS compatibility can be achieved, at the cost however of the interface performance both in 
terms of CE and Lprop, that exhibit values 65.30% and 8.81μm for n=2.3, respectively.  

Table 1: Coupling efficiency of the interface for different SiN stoichiometries and different metals for the CGSiN waveguide 

 Ag Au Cu 
n CEtotal (%) Lprop(μm) CEtotal (%) Lprop (μm) CEtotal (%) Lprop (μm) 
1.92 68.13 93.19 62.95 21.50 48.50 8.20 
1.98 73.61 88.72 67.02 21.13 51.00 8.12 
2.3 88.07 101.90 81.90 24.04 65.30 8.81 

3. Conclusions 
This work presents a coupling scheme for the seamless light transition from SiN to CGSiN waveguides. Three 
different stoichiometries for the SiN and three different metals for the CGSiN are simulated and analyzed through 
3D-FDTD. Optimum results are recorded for Si-rich SiN with n=2.3 and Ag as the plasmonic metal, where the 
calculated CE is 88%. By replacing Ag with Cu, CMOS compatibility can be achieved, at the cost of CE that drops 
to 65.3%. 
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Abstract: The effective medium theory has been used to investigate third order nonlinear response of gold 
nanoparticles embedded in alumina host. In the nonlinear regime, the optical response is modified and the 
dependence on fill fraction at different frequency were studied. The results show that the enhancement factor 
shows different behavior depending on the volume fraction, this indicates that it is possible to optimize 
enhancement by appropriate selection of the volume fraction of the nanoparticles. 
 
The nonlinear optical response in thin films containing gold nanoparticles was investigated. The nonlinear 
Maxwell-Garnett theory was used to obtain the effective third order nonlinear susceptibility of the amorphous 
layers [1, 2]. Such almost spherical nanoparticles form amorphous composite layers with third order Kerr 
nonlinearities tunable via the particle density or size. The size-dependent shift of the optical response of 
spherical isotropic gold nanoparticles in both linear and nonlinear regime in a nonlinear transparent host material 
was considered including the induced shift of the Mie resonance due to a thin aqueous coating on the 
nanoparticles or quantum effects in the optical response of very small gold nanoparticles. From Fig. 1 the size 
distribution should be considered if the size range of the particles in the amorphous system covers multiple 
resonance frequencies. E.g., for particle sizes below 10 nm only small variations in the resonance position are 
expected within classical electrodynamics, however, for smallest particle sizes, quantum effects can become 
important. A shift in the resonance positions for the presented thin film calculations has not been considered, 
instead, particles of the similar sizes are assumed [3]. 
 

 
Figure. 1. Size dependence of the spectral position of the localized surface plasmon resonance of Au nanoparticles. 

 



Figure 2(a) shows the effective local field factor A, which is exceeds the single particle enhancement factor by 
two orders of magnitude, and consequently the nonlinear response strongly depend on the properties of the 
amorphous composite through the third order effective susceptibility 
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The self-modulated third order nonlinearities of the amorphous composites introduce changes in the effective 
dielectric constant of the thin films. The threshold laser intensity and effective layer depth where nonlinear 
effects are contributing to the overall optical response were studied and critical values analyzed. 

 

Figure. 2 (a). Frequency dependence of the local field factor for different volume fractions and single particle and (b) enhancement factor 

of the effective nonlinear susceptibility for different volume fractions. 

Third order nonlinearities of amorphous composites are enhanced with respect to bulk materials via the 
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The impact of third order Kerr nonlinearities stemming from gold nanoparticles in a thin layer of a transparent 
host matrix beyond a certain threshold intensity yields significant changes to the overall optical response of the 
material. The thin film depth into which the layer is still effectively nonlinear was estimated to be several 
nanometers depending on the film composition and incident laser intensity. Figure 2(b) presented the 
enhancement of the effective nonlinear susceptibility can be large as a factor of 100 for gold nanoparticles in a 
transparent host matrix, but also decreases due to losses in the metal for larger volume fractions decreasing the 
nonlinear response. 
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Abstract: We study surface modulation of the equilibrium charge density of heavily doped semiconductors as a 
method to control and enhance the free electron nonlinear response of these materials. Using a hydrodynamic 
perturbative approach, we predict a two order of magnitude increase of free electron third-harmonic generation.      

 
 

Within the context of near- and mid-infrared plasmonics based on heavily doped semiconductors [1], 
employing a hydrodynamic description, we have recently shown that free-electron (FE) third-harmonic generation 
(THG), when coupled to plasmonic enhancement, could be up to two order of magnitude bigger than conventional 
semiconductor nonlinearities [2]. A further step forward, can be made if it is considered that hydrodynamic 
nonlinearities are inversely proportional to the equilibrium charge density, 𝑛0 , and that they emerge 
predominantly at the surface. It follows that an induced decrease of 𝑛0 in a region very close to the surface of the 
semiconductor, e.g. via field-effect modulation [4, 5], may boost the nonlinear response of the plasmonic system.  

In order to study the impact of surface charge depletion on the FE nonlinear response of heavily doped 
semiconductor we apply a hydrodynamic perturbative approach within the Thomas-Fermi approximation [2, 3]. 
We obtain the following constitutive relation to describe the optical response of the FE fluid under the influence 
of external electric- and magnetic- fields 𝑬(𝒓, 𝑡) and 𝑯(𝒓, 𝑡):    
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where 𝑚 is the electron effective mass, 𝑒 the elementary charge (in absolute value), 𝜇0  is the magnetic 
permeability of vacuum and 𝛾 is the damping rate. The introduction of contributions proportional to 𝛻𝑛0 deals 
with the non-zero gradient of the equilibrium charge density.  

We solved Eqs. (1-3) numerically, assuming a time-harmonic dependence of the fields [2], in the case of a 
semi-infinite slab of heavily doped (𝑛𝑏 = 1025𝑚−3 ) indium phosphide (InP) , characterized by a screened 



plasma wavelength in the mid-infrared (at 9 𝜇𝑚). We study both cascaded (i.e. due to second-harmonic signals) 
and direct FE THG. The results in the case of a TM plane (at a fundamental field wavelength 𝜆𝐹𝐹 = 12 𝜇𝑚) 
impinging on the slab with an angle of incidence 𝜃 = 60° are summarized in Figure 1. A measure 𝜁 of the 
enhancement caused by the surface depleted charge density has been calculated normalizing all the efficiencies to 
that obtained for a constant 𝑛0 = 𝑛𝑏. We predict a one order of magnitude increase of the efficiency of FE THG 
for an equilibrium charge density 25 smaller than that in the bulk. The enhancement factor can grow up to two 
orders in correspondence with the plasmonic resonance of a nanopatterned structure. 

 

 
Figure 1. (a) equilibrium charge density 𝑛0 as a function of the distance 𝑑 from the surface of the slab (depicted in the schematics on the 

left) for different boundary conditions 𝐸0
𝑠𝑢𝑟𝑓, this being the static bias applied on the surface. (b) enhancement factor 𝜁 of the efficiency 

of harmonic generation as function of the depletion factor 𝑛𝑏/𝑛0
𝑠𝑢𝑟𝑓in the case of FE cascaded and FE direct THG from a heavily doped 

InP slab, where 𝑛𝑏 and 𝑛0
𝑠𝑢𝑟𝑓 are the values of 𝑛0 in the bulk and for d=0, respectively. We calculated the surface depleted 𝑛0 curves 

taking into account bands bending in doped semiconductors within the parabolic band approximation [4,5]. 
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Abstract: A theoretical approach to simulate the light scattering from multilayers of thin films with one rough 
surface is presented. Image processing is applied to calculate absorption for samples with different surface 
morphologies. 

Summary 
In this work, relying on experimental data as input such as AFM images of randomly nanotextured surfaces, 

we apply numerical methods to calculate reflection and transmission of light from multi-layers of thin films with 
rough surfaces [1]. We use a combination of the scattering matrix theory [2] and a model for randomly 
nanotextured interfaces [3] to simulate light scattering in two different experimental setups of the work of 
Springer et al. [4].  

Scattering Matrix and The Model for Nanotextured Interfaces 
In a first step, we ignore the roughness of interfaces and calculate the optical coefficients from the scattering 

matrix independent of surface morphology. After calculating the S-matrix for N layers, transmission aN and 
reflection b0 amplitudes of all layers are given by 

(
𝑎𝑛
𝑏0

) =  𝑆𝑁 (
𝑎0
𝑏𝑁

).                                                                          (1)

To take the effect of roughness into account, we combine this with a diffraction model [3]. A height function 
𝑧(𝑥, 𝑦) is extracted from the AFM data in which z is the height value for discrete positions (𝑥, 𝑦) on the surface. 
With the help of Fourier analysis, the pupil functions 

𝐺𝑇(𝑥, 𝑦) = √𝑇flat
𝑁

𝑒𝑖𝑘0𝑧(𝑥,𝑦)(𝑛𝑅−𝑛𝑇),     (2) 

𝐺𝑅(𝑥, 𝑦) = √𝑅𝑓𝑙𝑎𝑡

𝑁
𝑒𝑖𝑘0𝑧(𝑥,𝑦)2𝑛𝑅                (3)   

are calculated and we can determine the scalar scattered field from a rough surface with the reflection and 
transmission values obtained for ideal flat surfaces in the first step. This procedure is shown in Figure 1. 

Figure 1. A multi-layered system with rough interfaces is simplified to flat layers and one rough interface. Interlayer roughnesses are ignored. 
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2. Fourier Transform and The Scattered Field
As an AFM image is described by a two-dimensional matrix with specific numbers of columns and rows

(𝑚 × 𝑛), it is convenient to apply the Fast Fourier transform (FFT) analysis to extract the scalar electric field 𝑈 
obeying the Helmholtz equation in reciprocal space, 

𝑈𝑇,𝑅(𝑘𝑥, 𝑘𝑦) = 1
2𝜋 ∬ 𝐺𝑇,𝑅(𝑥, 𝑦)ℝ2 𝑒−𝑖(𝑘𝑥𝑥,+𝑘𝑦𝑦)𝑑𝑥𝑑𝑦      (4) 

Orders of diffraction in different angles and the intensity of diffraction in each angle can be shown by 
illustrating the components of the scalar electric field 𝑈. Modified reflection and transmission are then calculated 
by summing up all the components of the diffracted fields 𝑈 located in the unitary circle in 𝐾-space, i.e., within 
the light cone. This procedure allows finding the absorption loss at any wavelength and for samples with different 
rms roughness. 

Figure. 2. Absorptance as a function of rms roughness of surfaces for sample type 1 (Ag, filled black symbols) and sample type 2 (ZnO/Ag, empty black 

symbols) at incident wavelengths of 650 nm and 920 nm, respectively. 

This modeling can be generalized to other types of input data which are convertible to a height function. For 
instance, the effect of temperature on the arrangement of atoms of a gold lattice is studied by MD calculation and 
the results are given as a set of coordinates of atoms in three dimensions (Figure 3a). We determine the 
corresponding heigh function of the lattice (Figure 3b) and investigate the effect of temperature on the diffuse 
scattering of the Au lattice. 

Figure 3. 3D illustration of Au lattice after rearrangements of atoms due to temperature change (a), and its corresponding calculated 2D height function (b). 
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Abstract: Periodic arrays of metallic nanoparticles support collective lattice resonances. These modes produce 
stronger and more spectrally narrow responses than the plasmonic resonances supported by the individual 
nanoparticles. Most of the past theoretical research has studied the excitation of lattice resonances under plane 
wave illumination. However, it is well known that plane waves are an ideal limit of a propagating 
electromagnetic field. Here, we provide a complete characterization of the response of arrays under different 
types of structured light beams. 
 
 

When organized in a periodic array, metallic nanostructures can support collective modes commonly known 
as lattice resonances. These modes, which arise from the coherent multiple scattering of the localized plasmons 
supported by the individual nanoparticles, give rise to very strong and spectrally narrow optical responses [1-3]. 
Due to these exceptional properties, lattice resonances are being used for many different applications [4]. 

 However, despite the extensive research effort on this topic, the majority of theoretical studies have 
analyzed the characteristics of lattice resonances under illumination by a plane wave. This constitutes an 
approximation, since plane waves represent an ideal limit of a collimated electromagnetic field. In this context, 
here, we provide a comprehensive analysis of the response of periodic arrays of metallic nanoparticles when 
excited by different light beams with a finite width. In particular, we find that, as the width of the light beam 
becomes smaller and approaches the period of the array, the response of the system evolves from a collective 
lattice resonance to the plasmon modes of the individual particles. Furthermore, we identify the optimum values 
of the light beam width to achieve the maximum linear and nonlinear responses and investigate their dependence 
on the different geometrical parameters of the system. Finally, we study the interplay between the finite size of a 
periodic array and the width of the light beam. 

Our results provide a solid theoretical understanding of the excitation of periodic arrays of metallic 
nanostructures using structured light beams, which will help the development of new applications exploiting the 
exceptional optical properties of lattice resonances.  
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Abstract: Graphene nanodisks are a promising platform for nanophotonics due to their exceptionally strong and 
tunable plasmonic responses. When placed in a periodic array configuration, the response of the whole system 
can be very different from that of the individual constituents. Here, we provide a comprehensive analysis of the 
response of arrays of graphene including a fully analytical model that predicts the strength and the spectral width 
of their optical response. 

 
 
Nanostructures carved out of graphene monolayers are an exceptional platform for the manipulation of light. 

When doped with electrons or holes, these systems support localized plasmons that lead to very strong optical 
cross-sections and whose resonant wavelengths can be tuned by modifying their number of free carriers [1].  

One approach to utilize the exceptional properties of graphene nanodisks is to arrange them in a periodic 
configuration. By doing so, it is possible to enhance the response of the individual elements as well as to obtain 
new collective effects. However, in order to fully exploit all of the potential offered by these systems, it is 
necessary to develop efficient theoretical tools capable of describing their optical response. In this context, the 
plasmon wave function (PWF) approach has been shown to provide an accurate description of the properties of 
individual nanodisks [2-4].  

Here, combining the PWF with the coupled dipole model [5], we analyze the optical response of arrays of 
graphene nanodisks and determine how it changes with different material and geometrical characteristics of the 
system. Importantly, we derive fully analytical expressions for the extinction efficiency and the quality factor of 
the resonances supported by the array in both the limit in which the wavelength of the resonance, Ores, is larger 
than the array period, a, and the system behaves as a metasurface, as well as in the limit Ores~a, in which the 
system supports lattice resonances. We identify a universal trade-off between the strength of the resonance and 
its quality factor. Our results are confirmed by rigorous numerical solutions of Maxwell’s equations. 

This work provides an accurate and simple analytical approach to describe the response of arrays of 
graphene nanodisks that will facilitate the design and realization of new applications exploiting the exceptional 
properties of these systems.  
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Abstract 
Förster Resonance Energy Transfer (FRET) has been 
widely used as a “nanoscale spectroscopic ruler” to 
gauge the proximity between two biomolecules or 
follow their conformational dynamics. The brightness 
of the FRET signal is however limited by the 
fluorophores. Herein, we propose to use 
plasmon-enhanced FRET (PFRET) to boost the 
brightness and to develop a multi-color 
single-molecule sensor. We present numerical 
simulations of the plasmon-mediated FRET process 
and use DNA mediated super-resolution microscopy 
(DNA-PAINT1) to measure single-molecule 
enhancement factors and spectra. 
 

1. Introduction 
FRET has proven to be a versatile biophysical 
probing tool revealing unique insights into complex 
structure and conformational dynamics of labeled 
biomolecular systems. On the other hand, metallic 
nanoparticles (MNPs) exhibit plasmon resonances 
that result in strong absorption and scattering of light. 
This enables the use of MNPs as a sensitive optical 
platform for a range of single-biomolecule sensors 
that exploit plasmon-enhanced fluorescence2 or 
label-free sensing mechanisms. Plasmon-enhanced 
biosensors now analyze a single species at a time, 
even though a range of biomolecular processes such 
as protein folding and metabolics involve the 
cooperative interactions of different species. In 
addition, such multiplexing is highly valuable in 
biosensors where accurate diagnoses can only be 
done when a panel of biomarkers is measured. 
Hereby, we propose a multi-color single-molecule 

sensor employing PFRET for multiplexed analysis of 
several species. We study the enhancement of 
single-molecule fluorescence and plasmon enhanced 
FRET signals using DNA-nanoparticle hybrids in 
which transient binding dynamics and proximity of 
molecular interactions can be tuned by manipulating 
the DNA sequence (DNA-PAINT,1 see Figure 1).  

 
Figure 1 Illustration of DNA-PAINT and dynamic binding of FRET 

pairs (a) Schematic close-up of a single DNA functionalized Au NR.(b) 

Localizing docking strand using an imager sequence (c) Complementary 

imager sequences (donor-acceptor pair labelled with Atto655 and Atto700) 

binding transiently to the docking strands on the Au NR surface. 
 

2. Results and Discussion 
Gold nanorods (Au NRs) were immobilized at low 
density on a coverslip and inserted into a flow cell to 
enable single-particle analysis. Figure 2(a,b) shows 
the schematic of the experimental setup used for 
optical measurements. Using DNA-PAINT 
super-resolution microscopy, the intensity time-traces 
for individual Au NRs are collected and spectral 
information for each particle is recorded using a 
grating placed in front of the detector (EMCCD). In 
Figure 2 we plot 2D color maps showing fluorescence 
bursts that represent the binding of single imager 
strands in experiments where only Atto655 or only 
Atto700 was present. The single-molecule spectra of 
both dyes show clear differences in emission peaks, 



indicating that multicolor biosensing is 
straightforward as long as the full emission spectrum 
of the plasmon-enhanced fluorescence is measured.  

 
Figure 2 (a) Schematic of the experimental setup (b) Localization of 

individual Au NRs and the corresponding spectra (spatial and spectral 

images) (c, d) Event spectra plotted as event frame numbers vs 

wavelength for Atto655 and Atto700 respectively 

 
Figure 3 BEM simulated plots for FRET with multiple acceptor dye 

(Atto700) binding positions for donor dye fixed at the tip of a (98x40)nm2 

Au NR (a) Calculated scattering spectra of AuNR (b) Enhanced PL 

spectra of Atto700 for different positions w.ref. to Atto655 (c,d) simulated 

FRET rates and efficiencies (non-enhanced, enhanced, and ratio) 

 
Using BEM simulations, we numerically calculate 
expected emission spectra for Au NR with a 
longitudinal plasmon at 700 nm. Reshaping of a 

single Atto700 (acceptor) dye at varying positions 
w.ref. to Atto655 (donor) was observed in the 
simulated enhanced PL spectra. Finally, using a 
spatially resolved model, the FRET rates (kFRET) and 
energy transfer efficiencies (EFRET) were calculated 
and produced in the form of color maps (Figure 3 c,d). 
Our spatially resolved model could be further 
extended to studying multiple FRET pairs by 
considering individual dye parameters and their 
respective plasmon induced optical coupling effects. 
 

3. Conclusion 
This novel combination of plasmonics and DNA 
mediated super-resolution microscopic approach 
enable precise control over the dynamics and relative 
binding positions of the fluorophores, allowing us to 
directly compare single-molecule spectroscopy to 
simulations. Initial multicolor imaging experiments 
and ongoing FRET studies reveal further insight into 
spectral and spatial dependence of PFRET signals. 

This will open up new doors for developing 
multiplexed single-molecule biosensors and enable 
the study of multi-molecular interactions that can 
currently only be studied one species at a time. 
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Abstract: Anapole resonances in high-index dielectric nanoparticles arise from the destructive interference 
between electric (or magnetic) and toroidal dipole moments. So far, the magnetic anapole and the high-order 
electric anapoles has been solely observed using normal incidence free-space radiation. Here we show that these 
anapole resonances can also arise in silicon disks being excited by an in-plane oriented waveguide. This work 
paves the way towards the use of the anapole resonances in on-chip silicon photonics.   

 
Interference between different radiative modes supported by high-index dielectric particles can eventually 

lead to scattering cancellation in the far-field, resulting in the so-called anapole resonances [1]. Such 
non-radiative resonance is accompanied by a strong field concentration inside the nanoparticle, which has been 
used to boost light-matter interaction and to enhance nonlinear effects such as harmonic generation or Raman 
scattering [2]. In Ref. [3], we reported that the first electric anapole resonance can also be observed when the 
disk is illuminated in-plane using an integrated waveguide, which is the case in photonic integrated circuits. 
Interestingly we found that the anapole resonance, characterized by a dip in the top scattering, takes place at a 
different wavelength than the energy maximum, which we attribute to retardation effects in the disk.  

In this work, we report on the observation of higher-order anapole resonances when larger disks are excited 
on-chip using silicon waveguides at telecom wavelengths. We observe a strong reduction of the top out-of-chip 
scattering from the silicon disks when the conditions for appearance of the anapole resonance are met. For 
instance, Fig. 1 summarizes our results on the second-order electric anapole. In this case, we use disks with 
thickness of 350 nm and radii around 550 nm in the configuration shown in the SEM image of Fig. 1(a). When 
the TE mode is injected in the input waveguide, the anapole state, characterized by fived electric field spots 
along the propagation direction (Fig. 1(b)) is excited at a wavelength around 1500 nm. As in the case of the 1st 
anapole, the maximum energy wavelength is red-shifted. Both, simulation (Fig. 1(c)) and experimental (Fig. 1(d)) 
results show a remarkable dip in the scattering response that we attribute to the anapole state. 

Similar results can be obtained for the 1st magnetic anapole though in this case the TM mode has to be 
injected in the waveguide to ensure that the magnetic field of the excitation wave points parallel to the chip plane. 
Notice that we use this in-plane magnetic anapole -and not the vertical magnetic anapole - since it radiates 
vertical to the chip plane and we can measure the scattering experimentally. The results are now summarized in 
Fig. 2. We use disks with thickness of 350 nm and radii around 400 nm in the configuration shown in the SEM 
image of Fig. 2(a). When the TM mode is injected in the input waveguide, the anapole state, (Fig. 2(b)) is 
excited at a wavelength around 1485 nm. Both, simulation (Fig. 2(c)) and experimental (Fig. 2(d)) results show a 
strong dip in the scattering response that we attribute to the anapole state. The shift of the experimental response 
in comparison to the simulations can be due to under etching of the fabricated sample resulting in radii larger 
than the nominal values. We are performing more experiments t to identify the reasons behind the shift. 



  
 

 
 
 
 
 
 
 
 
 
Fig. 1: Second electric anapole. (a) SEM image of a fabricated circuit; (b) Electric field lines at the anapole and 
maximum energy wavelengths for a r = 550 nm disk; (c) Simulations and (d) Experimental results of the normalized 
out-of-plane scattering for disk of different radii. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Magnetic anapole. (a) SEM image of a fabricated circuit; (b) Magnetic field lines at the anapole wavelengths for 
a r = 400 nm disk; (c) Simulations and (d) Experimental results of the normalized out-of-plane scattering for disk of 
different radii. 

Our results confirms on-chip photonics is a suitable platform to excite higher-order anapole resonances in 
isolated silicon disk, which may find application in linear and nonlinear signal processing and biosensing.  

The authors acknowledge funding from the Spanish State Research Agency (PGC2018-094490-BC21 and 
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Abstract: Here we present whispering-gallery nanodisc lasers that were inverse-designed to emit along their axial 
direction and whose laser beam shape and polarization is determined by the cavity geometry. We experimentally 
demonstrate the validity of the inverse design method by making three cavities, each one emitting into a different laser 
radiation mode: a linearly polarized gaussian-like beam, an azimuthally polarized doughnut beam and a radially 
polarized doughnut beam. 
 

Optical whispering-gallery mode (WGM) microdisc lasers exhibit large quality factors and low mode 
volumes which enhance the light-matter interaction and lower their lasing threshold. These properties make them 
excellent for applications such as biochemical sensing1 and optical communications2. Due to their circular 
geometry, the laser light is radiated in-plane and isotropically. This limits their range of applications, not making 
them suitable for free space read-out due to the poor collection efficiency in the axial direction. Previous 
literature achieved vertically emitting WGM cavities by adding an angular grating on top of microdisc cavities3 
or at the inner wall of microring cavities4. However, their cavities have micrometric footprints and they do not 
show control over the radiated laser beam polarization or shape. 
 

Here we present whispering-gallery nanodisc lasers that were inverse-designed to emit along their axial 
direction and whose laser beam shape and polarization can be selected by the submicron cavity geometry. The 
geometry of the nanolasers was designed with a gradient-based optimization algorithm5,6. To show the generality 
of this method we applied it to make three WGM-cavities, each one emitting into a different radiation mode: a 
spatially homogeneous linearly polarized gaussian-like beam, and two spatially varying polarization doughnut 
beams with azimuthal and radial polarization. It is worth mentioning that the three different designs are achieved 
for the same WGM of order m = 8 in the azimuthal direction and fundamental order along the radial and axial 
direction, for wavelengths around 680 nm.  

 
We used a gradient-based optimization algorithm coupled to an electromagnetic solver (Lumerical) to 

maximize the overlap between the mode radiated by the cavity, and the desired radiation mode in free space. 
This approach gives control over the final output beam shape and polarization. We used an adjoint method to 
efficiently compute the optimization gradient that indicates how to evolve the cavity geometry with only two 
electromagnetic simulations, regardless the number of degrees of freedom. 

 
The three cavity designs were fabricated on a III-V semiconductor platform with a 180-nm-thick 

GaInP/AlGaInP double quantum well on a GaAs substrate. The cavities geometry was defined by electron beam 
lithography and reactive ion etching, followed by wet etching to create a pedestal under the nanocavities. The 
far-field intensity distribution and polarization of the radiated beams were measured by combining Fourier 
microscopy with k-space polarimetry. Results are shown on Figure 1. 



 
Figure 1: Results for three targeted radiation modes of axial emission: linear, azimuthal and radial; showing 

the optimized nanolasers and their far-fields. a): Optimized cavity geometry in grey together with the SEM 
image of the fabricated nanolaser. b): Targeted radiation mode for the nanolaser. c): Experimental far-field 
measurement from the nanolasers shown in a). kx and ky refer to the wave-vector along x and y-directions, 
respectively. For b) and c) the colourmap represents the light intensity, the arrow field represents the electric 
field polarization, and the dashed concentric rings represent the polar angle measured in degrees with respect to 
the axial direction. 

 
This work was funded via EPSRC Centre for Doctoral Training in Metamaterials (Grant No. 

EP/L015331/1). 
References 
1. Toropov, N., Cabello, G., Serrano, M.P., Gutha, R. R., Rafti, M. and Vollmer, F. “Review of biosensing with 

whispering-gallery mode lasers”. Light Sci Appl Vol 10, 42, 2021. 
2. Zhukov, A.E., Kryzhanovskaya, N.V., Moiseev, E.I., Maximov, M. V. “Quantum-dot microlasers based on whispering 

gallery mode resonators”. Light Sci Appl Vol 10, 80, 2021. 
3. Mahler, L., Tredicucci, A., Beltram, F., Walther C., Faist, J., Witzigmann, B., Beere, H. E., and Ritchie, D. A. 

“Vertically emitting microdisk lasers”, Nat Photonics Vol 3, 46-49, 2009. 
4. Zhang, Z., Qiao, X., Midya, B., Liu, K., Sun, J., Wu, T. Liu, W., Agarwal, R., Jornet, J. M., Lonhi, S., Litchinister, N. 

M., Feng, L. “Tunable topological charge vortex microlaser”, Science, Vol 368, 6492, 760-763, 2020. 
5. Molesky, S., Lin, Z., Piggott, A. Y., Jin, W., Vucković, W., and Rodriguez, A. W.  “Inverse design in nanophotonics,” 

Nat. Photonics Vol. 12, 659–670, 2018. 
6. Lalau-Keraly, C. M., Bhargava, S., Miller, O. D., and Yablonovitch, E. “Adjoint shape optimization applied to 

electromagnetic design”, Opt. Express Vol. 21, 21693, 2013. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Understanding the Kinetics of Plasmon Induced Dehalogenation Reaction on the 
Surface of Silver and Gold Nanoparticles 
 

A. Dutta1, R. Schürmann1, S. Kogikoski Jr.1, N. S. Mueller2, Stephanie Reich2 and Ilko Bald1*  
1Institute of Chemistry, Physical Chemistry, University of Potsdam, Karl-Liebknecht-Str. 24-25, 14476, Potsdam, Germany.  

2Department of Physics, Freie Universität Berlin, Arnimallee 14, 14195 Berlin, Germany 

 
*corresponding author: ilko.bald@uni-potsdam.de 

 
Understanding the nature and mechanism of plasmon interaction with molecules at metal-molecule interface and 
factors controlling their reaction rate in a heterogeneous system is of utmost importance as this form the basis of 
plasmon chemistry. Therefore, the dehalogenation kinetics (C‒Br bond cleavage) of brominated purines to define 
the kinetic rate law and the underlying reaction mechanism prevalent in heterogeneous medium via surface 
enhanced Raman scattering (SERS) technique have been studied within this report. 
 
An initial report from our group demonstrates the C-Br bond cleavage in 8-Bromoadenine (BrAde) adsorbed on 
aggregates of Au and Ag via hot electron transfer based on the DEA model.1 However, the factors that influence 
the kinetic rate law, the reaction rate and possible product generation still need to be understood to develop a 
complete idea of the reaction mechanism. Therefore, the dehalogenation kinetics of 8-bromoguanine (BrGua) 
and 8-Bromoadenine (BrAde) on aggregated surfaces of silver (Ag) and gold (Au) NPs have been studied to 
understand the reaction kinetics and the underlying reaction mechanism prevalent in heterogeneous reaction 
systems induced by plasmons monitored by surface enhanced Raman scattering (SERS).2,3 
Based on this, hot-electron induced cleavage of C-Br bonds, release of Br- and formation of a reactive radical 
intermediate is proposed to be the essential step that forms the basis of the kinetic rate equation. Based on a 
proposed kinetic model,2,4 the time-average constant concentration of hot electrons and timescale of the 
dissociation of transient negative ions (TNI) is considered to play a critical role in defining the rate law. 
Therefore, pseudo-first order dehalogenation kinetics has been implemented (Equation 1) considering the 
time-averaged concentration of hot electrons to be constant. (Figure 1A) Importantly, Br- and product 
nucleobase radical play an important role in hole deactivation which ultimately guides the dehalogenation rate. 
Although the reaction rate is initially suggested to be limited by electron transfer to the LUMO of adsorbed 
BrNBs, we arrive at the conclusion that insufficient hole deactivation could impede the reaction rate significantly 
marking itself as rate determining step for the overall reaction.3 The favourable oxidation potential of Br- and the 
nucleobases radicals towards hole reaction explains the overall higher reactivity of dehalogenation kinetics 
observed on Ag which is compromised on Au surfaces due to large oxidation potential of both Br- and the 
nucleobases. 
 
 
 
 
Higher reaction rate observed at lowest laser wavelength (Figure 1B) has been explained by pronounced surface 
plasmon resonance (SPR) absorption accompanied by high plasmonic enhancement in case of Ag compared to 
Au, which results in the generation of higher concentration of hot carriers. We further comment on the 



hot-electron transfer nature of the reaction prevalent over the thermal nature by showing the wavelength 
dependency of the reaction rate normalized to absorbed optical power.(Figure 1C) 

 
Figure 1. (A) IGua/IBrGua versus time plot when fitted to pseudo first order integrated rate expression (Equation 1) 
with pink curve showing the corresponding fit (Laser: 633 nm; 1 mW, 5 s). (B) Semi-log plot of rate constant kf1 
normalized with respect to lowest incident laser power (P, mW) plotted at different laser wavelength for 
dehalogenation of BrGua on AgNPs (blue) and AuNPs (pink), respectively. (Y-axis is in log scale) and (C) Rate 
constant (kf1) normalized with respect to absorbed laser power (Pabs in mW) expressed by plotted at different 
laser wavelength for BrGua coated AgNPs. Pabs = Incident power×Absorbance. 
 
The dehalogenation reaction rate law is independent of the nature of brominated nucleobases and the plasmonic 
substrate although the feasibility of the reaction and their corresponding reaction rate is guided by nature of the 
brominated purines and the plasmonic substrate involved. Based on the present findings, future implications lie 
in further monitoring of hot electron induced reactions in brominated purines when incorporated in long ss and 
ds DNA by the SERS method.5 The success of which would direct one to employ the bromo-derivative of the 
purines and other potent electrophilic radiosensitizers for real time study in cellular environment for upgraded 
cancer therapy. 
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Abstract: We propose the design of a near infrared polarization filter based on periodic donor-doped ZnO 
nano-layers embedded in a transparent dielectric matrix. We show that, for TM polarized incident light, around 
the epsilon near zero wavelength, the electric field is extremely confined in the donor-doped ZnO nano-layers, 
which gives an ultra-high propagation loss compared to the TE polarization. By harnessing this feature, we 
found a polarization extinction ratio >1000 and a TE transmittance >80%, in the wavelength range 1230-1460 
nm. 

 
Extreme light confinement in a very narrow region of space has been widely investigated due to its potential for 
applications such as sensing, switching, or enhanced nonlinear optics. Surface plasmons supported by metal 
dielectric interfaces or guided modes supported by high index contrast materials have been primarily used to get 
extreme field enhancement. Recently, transparent conducting oxides, such as donor-doped ZnO, indium tin 
oxide or doped cadmium oxide having their permittivity very close to zero in a selected spectral region in the 
infrared, have been shown to support extreme electric field confinement in ultrathin layers near the epsilon near 
zero (ENZ) wavelength [1]. Such materials have been used in high harmonic generation  [2], ultrafast 
switching  [3], modulation  [4], etc. In this paper, we show that periodic layers of an ENZ material can 
selectively polarize in-plane propagating near infrared light thanks to the excitation of highly confined modes.    

 
The schematic of the considered structure is shown in Fig 1(a). It consists of periodic donor-doped ZnO 

layers in a transparent dielectric matrix. At both facets of the structure, an antireflection coating (ARC) layer is 
considered. The thicknesses of the donor doped ZnO layers, transparent dielectric matrix, and ARC are denoted 
by t1, t2 and t3, respectively. The length of structure in the propagation direction (x) is denoted by L. In the 
considered wavelength range (1.1 to 1.6 Pm), the refractive indices of the transparent dielectric and ARC are 
taken as 2.3 and 1.5, whereas the refractive index of donor doped ZnO layers is modeled using the 
Drude-Lorentz model  [5]. Incident light was first considered to be propagating in the x direction. We used the 
finite element method to calculate the transmission characteristics of the considered structure. By performing 
parameter sweeps, we found sets of values of t1, t2, t3 and L that enable the structure to display a high 
transmittance >80% under TE polarized light, and a TE/TM polarization extinction ratio of more than 1000 in 
the telecommunication wavelength range 1230-1460 nm, as shown in Figure 1(b). We also studied the properties 
of the structure as a function of the angle of incidence. The structure’s strong polarization selectivity occurs 
because of the very high field confinement in the donor-doped ZnO layer in case of TM polarization, resulting in 
very high propagation loss compared to the TE polarization. Such a structure could be utilized for the design of 
compact polarization filters. 
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             (a)                                                       (b) 
 

 
                                                                                          

Fig. 1. (a) Schematic of the considered structure and (b) Spectral variation of transmittance for TE polarization and the 
polarization extinction ratio at the normal incidence.  
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Abstract: We explored a system supporting low-energy excitations, in particular, mid-infrared localized 
plasmon modes and phonon polaritons that are tuned to be strongly coupled. We studied the coupled modes by 
using far-field infrared spectroscopy, state-of-the-art monochromated electron energy-loss spectroscopy, 
numerical simulations and analytical modeling. We demonstrated that the electron probe facilitates a precise 
characterization of polaritons constituting the coupled system, and enables an active control over the coupling 
and the resulting sample response both in frequency and space. 

 
 

Plasmonic or generally nanophotonic systems have been usually investigated by optical [1] and electron 
beam [2] spectroscopic methods. However, as a rule, each of them have been applied for individual samples 
separately without direct comparison of their results. In this presentation we take up this challenge and report on 
the correlative electron and optical spectroscopy applied for an exploration of fundamental phenomena 
associated with nanostructured systems possessing both infrared phonon polaritons (PhPs) and plasmon 
polaritons (PPs). More specifically, we have studied an electromagnetic coupling between MIR PhPs in a silicon 
dioxide membrane and low-energy localized surface plasmon (LSP) modes formed by the confinement of PPs in 
micrometer-long gold antennas. We have found that far-field IR spectra can be substantially different from EEL 
spectra, which we confirm by experiments supported by numerical simulations and analytical modeling. We 
show that by precisely positioning the electron beam, the coupling between the polaritonic excitations can 
selectively trigger either uncoupled PhPs or coupled LSPs/PhPs. Based on our understanding of the 
focused-beam excitation of the polaritonic system, we also present a post-processing analysis in the EEL spectra 
that facilitates identification of the new hybrid modes and allows an easier comparison to the far-field optical 
spectra [3]. 

 
In addition to this study, we will present a complementary analysis of the electromagnetic coupling between 

localized surface plasmons in gold rectangular antennas and MIR PhPs in a silicon dioxide thin film on a 
semi-infinite silicon substrate. Even though the underlying principles in this system have been previously 
described [4, 5], we complement these results by a detailed analysis of the resultant hybrid modes based on a 
coupled oscillator model, realistic SiO2 dielectric function, as well as on the calculation of the Hopfield mixing 
coefficients [6]. 



 
Figure 1. Coupled system response as a function of the plasmonic antenna length. Simulated pseudo-dispersions 
for (a) optical scattering and (b) reference-subtracted EEL spectra. 
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Abstract: Infinite subwavelength gratings are known for its infinite quality factor feature. When the structure 
becomes finite, its Q-factor decreases rapidly. To date, it was shown that high Q-factors are only possible in 
designs where the refractive index contrast between membrane and substrate is high. In this work we present two 
different approaches to enhance quality factor of Fano resonance in low refractive index contrast vertically 
nonsymmetric subwavelength gratings. The calculations are carried out using arsenide-based materials as an 
example. 

 
Subwavelength Grating (SG) is a periodic structure consisting of high refractive index grating slabs 

that is surrounded by low refractive index material from top and bottom. When a material underneath the 
grating is air, we refer to such structure as a “membrane”. In this case it is possible to obtain an infinite 
quality factor Q, which states the existence of so-called Bound State in the Continuum (BIC). This 
behavior is also observed in structures that have the same, low-refractive index material from the top and 
bottom side of a membrane. We refer to this type of design as a “vertically symmetric subwavelength 
grating” (VS-SG). However, VS-SGs are challenging in fabrication and susceptible to mechanical 
damage in the case of a membrane.  

In order to ensure mechanically robust configuration vertical symmetry of the structure must be 
broken, by placing the membrane onto stable substrate, thus creating so-called “vertically nonsymmetric 
subwavelength grating” (VN-SG). For numerous possible applications, those devices are envisioned to be 
electrically pumped, therefore both materials (membrane and substrate) should be of high electrical and 
thermal conductivity. Recently we showed that though the refractive index contrast between membrane 
and cladding is small, it is possible to observe BICs in VN-SGs [1]. In [1] we showed that localization of 
BICs in infinite structure corresponds with the local maxima of quality factor in finite structures. In a 
structure made of GaAs membrane and AlAs substrate quality factor was of the order of Q≈104. 

In this work we demonstrate an analysis of arsenide-based configuration aimed at improving its 
quality factor with the aid of numerical simulations. We show two different geometrical approaches of 
improving quality factor by modifying central grating slab and by modifying the width of the central air 
gap in the grating.  
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Abstract: We demonstrate that arrays of pairs of elliptical hexagonal boron nitride antennas can support bound 
states in the continuum. We tune the coupling of the BIC modes with incident light using the angle of the major 
axis of the antennas and we demonstrate a trifold enhancement of the quality factor of the resonance. 
 
Optical Bound states in the continuum (BIC) acquired a lot of attention in the last decade. BIC states have been 
widely discussed in material systems such as photonic crystals, optical waveguides and fibers, 2D materials, and 
other optical systems. In the last few years, optically detected BICs in photonic systems were exploited as 
promising tools to enhance light-matter interactions. Recent research [1] combines nanophotonics with imaging 
optics that extends the potential of dielectric metasurfaces for sensing applications by using a symmetric 
meta-unit composed of two elliptical dielectric nanoresonators [1]. The confinement of BIC to improve quality 
factor Q is still an important challenge in this field of research. We define Q as:   

Quality Factor (Q) =  

The high-quality phonon polaritons, strong optical anisotropy, and high emission efficiency make hBN an ideal 
system for nanophotonics. hBN is a versatile platform to arbitrarily control polaritons at the nanoscale to achieve 
freeform, transformation, and meta optics [2,3]. 
Here we show the study of the resonance at (BIC) mode based on phonon polaritons and improve the quality 
factor (Q) using periodic meta-units composed of a pair of elliptical hexagonal boron nitride (hBN) polaritonic 
resonators over the SiO2/Si substrate as shown in Fig. 1a.  
 

 
 
 Figure. 1. a) Elliptical hBN antennas over SiO2/Si substrate. b) Transmittance vs Frequency curve TX and TY 

for EX and EY polarization at 0 and 10 degrees of hBN resonators rotation respectively. c) Response curve at 
degrees of rotation for EX and EY polarization and represents BIC mode at EX polarization. 

 
 



Here in this research, the simulations are done under two directions of the electric field, EX (horizontal) and EY 

(vertical), to selectively excite the modes of the structure. The rotation of the hBN resonators affects BIC modes 
because the component of EX and EY varies with every rotation and orientation of resonators. Specifically, in 
each unit cell, the resonators are rotated by an angle θ in opposite directions. For θ=0°, the BIC state is a dark 
mode that cannot be excited with incident light. For increasing values of θ, we can increase the coupling of the 
original BIC mode with plane waves (quasi-BIC mode). In this simulation, we used θ=0°,10°, and we observe 
that for 10°, a new resonance in the transmission spectrum (Fig. 1b) appears at about 43THz, indicating coupling 
to the BIC mode. To better estimate the Q we remove the effect of the substrate (Fig. 1c) and we find that Q 
increases from 140 (for the main resonances) to 430 for the BIC state. This enhancement in Q, is more than 
factor of 3 because, the main resonances are dominated by radiative losses, which can be reduced in the BIC 
state using the rotation angle to control coupling.  
The high Q (BIC) modes represent the formation of strongly coupled phonon-polaritons and our result suggests a 
platform for future polaritonic devices.  
We acknowledge the financial support of the European Research Council (ERC) under Grant Agreement No. 
ERC-2020-STG 948250 (SubNanoOptoDevices). 
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Abstract: Achieving higher operating temperatures is a key-point in the current infrared photodetection research. 
One promising way to achieve this goal is through the reduction of the thickness of the active region and the use 
of optical resonators to compensate the consequent loss of absorption. Herein we present simulation results of the 
absorption in a thin LWIR T2SL photodetectors, capped with heavily doped semiconductors nanostructures. 

 
High-performance infrared photodetectors suffer from a major drawback: due to the low band-gap of the 

semiconductor, thermal energy is sufficient to generate electron-holes pairs at room temperature. The resulting 
dark-current is associated with both the noise and the detector’s dynamic limit [1]. Therefore, they need to be 
cooled down to unpractical cryogenic temperatures, typically lower than 90 K for Long-Wave InfraRed (LWIR) 
focal plan arrays. This requires the use of cryocoolers, which goes against the “Size Weight And Power” 
requirements and may be another cause of malfunction. Compatible with Type-II SuperLattice (T2SL) 
technologies, a few strategies can be investigated to lower the dark current or to allow higher operating 
temperatures, for instance the use of gallium-free structures or of “bariode” designs. We propose here another 
strategy, relying on the reduction of the T2SL thickness. The absorption decrease due to the thinner absorbing 
layer is counterbalanced by the addition of nanostructures [2]. Nanostructures are already employed for 
photovoltaics in order to reduce the quantity of absorber material [3] or for SWIR (short-wave infrared) 
applications to mitigate the short diffusion length of the free carriers [4]. However, these are often made out of 
metal (Ag or Au) which require additional deposition processes. As shown in [5], heavily doped semiconductors 
are of great interest to replace them thanks to the enhanced integration capabilities offered through monolithic 
epitaxial growth. In this proceeding, we focus on a LWIR multi-resonant component made out of heavily doped 
nanostructured InAsSb, for which we present electromagnetic computations and angularly resolved optical 
measurements. 
The structure described in inset of Figure 1 is composed of a InAs/GaSb T2SL grown atop of a heavily Si-doped 
InAs 0.91Sb 0.09 layer on a GaSb substrate and capped with nanostructures. InAsSb layer acts as a mirror for LWIR 
and its permittivity can be described by a Drude model as [5,6] : 

𝜀(𝜔) = 𝜀∞ (1 −
𝜔𝑝2

𝜔(𝜔 + 𝑖𝛾))
 

Where 𝜀∞ is the high frequency permittivity of the material, 𝛾 is the damping factor, and 𝜔𝑝 is the plasma 
frequency. This frequency corresponds to the limit under which the real part of the dielectric permittivity becomes 
negative revealing a metallic behavior of the material. The variation with respect to the doping level is given by 

𝜔𝑝 =
2𝜋𝑐
𝜆𝑝

= √ 𝑁𝑒2

𝜀0𝜀∞𝑚∗, where c is the speed of light, 𝜆𝑝 is the plasma wavelength, N is the density of electrons, e 

is the electron charge, 𝜀0 is the relative permittivity, and 𝑚∗ is the effective mass of electrons [7]. For instance, 
an InAs 0.91Sb 0.09 layer n-type doped at 5.5x1019 cm-3 is expected to have a plasma frequency 𝜆𝑝 = 5.25 µm.  



Figure 1 exhibits the simulated spectral response of a thin multi-resonant structure in TM polarization (Transverse 
Magnetic: magnetic field parallel with the rods) and for various incidence angles. These computations were made 
using a RCWA library [8]. Absorption within the detector is stable up to a 50° angle of incidence and achieves a 
mean value higher than 35% on the 8 to 12 µm window. This high absorption performance for our nanostructured 
300 nm thick detector is comparable with that of a 2.5 µm thick bare T2SL [9]. It is achievable thanks to the 
important dissipation within the T2SL layer (as shown Figure 2). Its wide acceptance angle is also of particular 
interest in potential use with convergent optics. 

 

 
 
 
 
 
We report a mean absorption of 35% on the 8 to 12 µm window stable from a 0° to 50° angle incidence. 
During the conference we will present actual optical measurements of the samples collected at different angles of 
incidence and an in-depth study of the various resonance mechanisms at stake. 
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Figure 1: Representation of a multi-resonant structure for LWIR (top), in 

blue heavily doped InAsSb, in green GaSb and T2SL in red; and its 

simulated spectral absorption for different angles of incidence with four 

identified resonances: (A) 8 µm, (B) 9.2 µm (C) 9.8 µm and (D) 11.65 µm. 

Figure 2: Normalized dissipation map of within the structure at 

normal incidence for the four aforementioned resonance 

frequencies at A) 8 µm, B) 9.2 µm, C) 9.8 µm and D) 11.65 µm. 

Dashed lines represent the structure: InAsSb in blue, T2SL in red. 
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Background and research question/challenge
•

Introduction and Research background:
•

The tw
o elite research fields of m

etam
aterials and photonic crystals (PC) are com

bined in photonic 
hypercrystals(PHC) that show

 unique properties.
•

Photonic crystals (PC) and m
etam

aterials both have bandw
idth and poor light em

ission lim
itations, but w

hen 
com

bined into photonic hypercrystalthe em
ission rate and bandw

idth m
ay becom

e high.
•

Hyperbolic m
etam

aterials (HM
M

s) exhibit characteristics belonging to the optics of uniaxial crystal. The 
dielectric functions for such crystals are described by tensor of tw

o different com
ponents i.e., parallel (!! ) and 

perpendicular (!" ) to the interface.
•

The surface states are deep sub w
avelength as expected and their dependence on different param

eters of the 
structure is needed to be explored.

•
Strategy for overcom

ing the challenge:
Here w

e use a novel m
athem

atical form
alism

to study the existence of surface states at the interface of a PHC 
and air. This is a kind of sem

i-num
erical m

ethod that com
bines the analytical approach of finding eigen m

odes at the 
surface that decay across the interface. The roots of the resulting dispersion relation are found num

erically by perform
ing 

a search based on built in New
ton Raphson m

ethod in softw
are M

athem
atica.

m
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•
Figure I (a) and I (b) show

s the schem
e of PHC and frequency regions of type I 

and II HM
M

s, w
e investigate the existence of TM

-polarized surface w
aves at the 

boundary betw
een air and a PHC.

Figure I(a):The schem
atic diagram
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For PHC w
e take a HM

M
s superlattice based on doped sem

iconductor. Dielectric layer 
consist of"##.%& $%#.'( "&

having w
idth 250 nm

 w
hile the HM

M
s com

pose on $%#.') '(#.%* "&
&

 "##.%& $%#.'( "&
having thickness 250 nm

 its both m
etallic and dielectric prim

itivities (!+
; 

!, ) are in m
id infrared range.

•
In Figure II (a) and II (b) the dispersion curve A explains the dispersion for m

aterials in 
w

hich length elem
ents are d

H
= 0.40 and d

D = 0.60 , Sim
ilarly for B,C and D w

e take d
H

= 
0.50 , 0.60 and 0.70 and d

D = 0.50 , 0.40 and 0.30 respectively w
hile the filling factor 

rem
ains sam

e equal to 0.5. It is seen that by increasing the ratio of HM
M

s in the PHC, 
the surface w

aves shift higher in frequency.
•

In Figure II (c) dispersion curves for different filling factor values P
1 =0.30, P

2 =0.40
, 

P
3 =0.45

and P
4 =0.5 show

s by increasing the filling factor of HM
M

s in PHC the surface 
w

aves shifts higher in frequency taking d
H

= 0.50 and d
D = 0.50 respectively.

Expectations are, this current prelim
inary research w

ill form
 the basis in future for PHC in 

w
hich nonlinearity can be utilized to study som

e other novel characteristics of such surface 
states.

Figure II

Figure II (a)

Figure II (c)

Figure II (b)
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Abstract: Electron energy loss spectroscopy is often utilized to characterize localized surface plasmon modes 
supported by plasmonic antennas. However, the spectral resolution of this technique is rather mediocre. We 
address this issue by employing the spectral and spatial distribution of the loss probability simultaneously. We 
propose several spatio-spectral metrics and demonstrate their ability to resolve nearly degenerate modes 
supported by a dimer of plasmonic discs.  

 
 

Electron energy loss spectroscopy (EELS) is an experimental technique allowing to characterize localized 
surface plasmon resonances (LSPR) supported by plasmonic antennas (PAs) with excellent (subnanometer) 
spatial resolution. The loss probability Γ(ω) is directly related to the electric component of LSP field at the 
frequency ω projected to the trajectory of the electron [1]. The drawback of EELS is constituted by its mediocre 
spectral resolution, typically around 0.1 eV, which makes it difficult to resolve spectrally overlapping LSPR. A 
prototypical system with overlapping LSPR is a weakly coupled dimer composed of two identical PAs. The 
complexity of the loss spectrum is further increased when the components of the dimer themselves support 
overlapping modes, such as the case of disc-shaped PAs. The lowest-order dipole mode in plasmonic discs is 
double degenerate. A nice illustration of this degeneracy is provided by the observed splitting of the mode when 
the symmetry of the disc is lowered e.g. by its gradual morphing into a crescent [2]. Upon a formation of the 
dimer, the two pairs of dipole modes hybridize into the new set of modes: longitudinal dipole bonding (LDB), 
longitudinal dipole antibonding (LDA), transverse dipole bonding dipole (TDB), and transverse dipole 
antibonding (TDA) modes. 
 

 
Figure 1: (a,b,c ) A scheme of the dipole modes supported by a plasmonic dimer of discs: (a) Longitudinal dipole bonding 

mode (LDB), (b) transverse dipole modes (TD), (c) longitudinal dipole antibonding mode (LDA). Arrows show the 
oscillations of the current and colorful patches show the area of accumulated charge, corresponding to bright spots in the 

loss probability. (d,e) Second central moment in the longitudinal (blue) and transverse (red) direction. 
 
Figure 1 provides an intuitive understanding of all four dipole plasmon. The arrows indicate the current 

oscillations. The charge accumulates at the boundaries of the discs at the areas visualized by colorful patches 



(blue for longitudinal oscillations and red for transverse oscillations). The accumulated charge is the source of 
the electric field that acts on the probing electrons. Consequently, the maxima of the charge correspond to the 
maxima of the loss probability [3]. 

 

 
Figure 2: Loss probability distribution obtained from the experiment (a,b,c) and calculated (d,e,f), taken for the loss energy 

corresponding to (a,d) LDB mode, (b,e) TD modes, (c,f) LDA mode 
 

The calculated maps of the loss probability shown in Fig. 2(d,e,f) correspond very well to the scheme of 
Fig. 1. The experimental maps of the loss probability shown in Fig. 2(a,b,c) are less clear due to a rather low 
signal-to-noise ratio, large background, and imperfections in the size of the antenna. To identify the modes from 
the experimental map, we have proposed several metrics that transform complex spatial maps of the loss 
probability into a simple quantitative measure. One of the suitable metrics is a second central moment (SCM), 
corresponding to the variance of the longitudinal and transverse coordinate over the loss probability map. 
 

The experimental and calculated values of the SCM are shown in Fig. 1(d,e). By comparison with Fig. 2 we 
can assign the maximum in the longitudinal SCM (blue line in Fig. 1(d,e)) to the LDB mode, the maximum of 
the transverse SCM (red line) to the TD modes, and the minimum in the longitudinal SCM to the LDA mode. 
With this, we identify the experimental energies of the modes, which are by about 0.2 eV lower than in the 
calculations, possibly because of some deviations between the real and model dimensions of the dimer. Other 
explored metrics include polar distribution of the loss density and weighted spectral distribution of the loss 
probability. The metrics allowed to identify the individual modes even when the plain spectra of the modes were 
unresolved. This fact emphasizes the power of spatio-spectral metrics in the identification of plasmonic modes 
with significant spectral overlap. 
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Abstract: We provide near-field spectroscopy of gold nanoaggregates with a substantial enhancement in 
surface-enhanced Raman scattering. Using an aperture near-field scanning optical microscope and a well-defined 
aggregate, a good correlation between topography and optical confinement was revealed. The genesis of the 
localized electromagnetic (EM) field at the "hotsite" and the EM enhancement factor in the SERS process 
require such a direct observation with high spatial resolution. The results were validated using a finite difference 
time domain analysis. 
 

Snapshot of confined optical field usually observed at the interstitial of plasmonic nanoparticles system has 
been long-desired in the plasmonic fraternity. Electromagnetic (EM) near-field confinements are detected at 
asperities, such as apexes of triangles, corners of cubes, or edges of arbitrary forms with limited sites, in a single 
nanoparticle system [1-3]. However, such confinements are frequent in well-defined nanoaggregates, usually 
produced at the junction of two nearby nanoparticles, and hence increase the ensemble SERS features compared 
to those reported in a single nanoparticle system [4-7]. Any alteration in such EM near-field distributions caused 
by plasmon interactions with incident photons will affect plasmon-enhanced spectroscopy like SERS 
spectroscopy. Since the amplification of surface-enhanced Raman scattering (SERS) is linked to the combined 
plasmon–photon entity, it is crucial to understand the plasmon excitations created on nanoassemblies and the 
subsequent optical properties, such as SERS spectroscopy. 

Here in this work, we report near-field SERS spectroscopy of a well-defined gold nanoaggregate using an 
aperture near-field scanning electron microscopy (a-NSOM). A good correlation between topography and 
near-field SERS characteristics were obtained. Near-field SERS spectra from Rhodamine 6G (R6G) molecules 
were found to be enhanced in presence of the aggregate due to the concentrated EM field. The results are also 
supported by a simulation using finite difference time domain (FDTD) analysis. 

Aggregates of gold nanoparticles were prepared by immobilizing the gold nanospheres (~100 nm) on a 
cover-slip, which was pre-treated with trimethoxy-[3-(methylamino)propyl]silane. The cover-slip was then 
spin-coated with R6G molecules in a methanol/water solution. Assuming homogenous dispersion of the 
molecules on the substrate, the area density of R6G molecules was roughly 100 molecules per 100 nm x 100 nm. 
The sample's morphology was confirmed using topographic a-NSOM measurements The measurements were 
carried out under ambient conditions using a gold-coated apertured near-field probe tip (aperture diameter 
50-100 nm). A He-Ne laser (λ= 632.8 nm) was used to excite Raman scattering from the sample. An objective 
gathered emitted Raman photons, which were then detected by a polychromator-CCD. 

In Fig.1(b), near-field SERS spectra of R6G is shown obtained at four NSOM tip positions; on the aggregate 
(position marked as B) and outside of the aggregate (position marked as A, C and D). Fig.1(a) is the shear-forced 
topography correlated to the above mentioned tip positions captured by NSOM system simultaneously. 
Enhanced SERS signal of R6G molecules was observed only in the presence of aggregate as shown in spectrum 



B of fig.1(b). The enhancement was estimated as strong as 10 orders of magnitude considering very low density 
of R6G molecules on the sample substrate. It is noteworthy that some specific and selective modes enhancement 
of R6G molecules were observed which has never been reported even by single molecule-SERS detection with 
an enhancement factor of upto 1015. An FDTD analysis keeping the parameter identical to that of experimental 
condition will be presented to demonstrate the results obtained in this study. 

 
Fig.1 (a) Shear-force topography. Dotted circles are approximate 100 nm particles shape. (b) Near-field SERS 

spectra of R6G at marked positions A, B, C & D in fig. 1(a). Image size: 1 μm x 1 μm. 
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Abstract: A plasmonic transmitter composed of Pentoxide of Tantalum (Ta2O5) and Gold (Au) has been 
proposed and numerically analyzed. The transmitter has been designed to operate over the wavelength interval 
from 600 to 850 nm, known as Near Infrared (NI). We studied the dependence of the optical response on the 
geometrical parameters and they can affect optical response of the plasmonic transmitter, which can be used as 
optical filters. The Finite Element Method has been used to carry the simulations. 

 
Plasmonic devices have been investigated because of their applications like filters [1] and absorbers [2] 

using various parameters like temperature, geometrical variations and incident angle. The plasmonic 

device became an important alternative for optical devices because it can be easily produced with 

nowadays microelectronic state of art fabrication at nanometric scales. Once metals combine with 

dielectric materials in the same structure, they provide singular propagations properties, because the 

diffraction limit is overcome [3]. From variations of the geometrical parameters and refractive index of 

the materials as function of the wavelength, we obtained structures that behaved as transmitter filters.   

In this work we analyze the propagation proprieties of lithography free plasmonic transmitter 

composed by Au as metal and Ta2O5 as insulator [4, 5]. The structure is shown in Fig. 1. We considered 

insulator -metal -insulator- metal to compose the structure.  The geometrical parameters h1 was fixed in 

100 nm, h2 in 5 nm, h4 in 15 nm, while h3 variated from 250 to 320 nm. The efficient frequency domain 

finite element approach was used (COMSOL). The refractive index dependence of the materials like a 

function of wavelength was considerate in all simulations. 

The results are shown in Fig.2, demonstrated a red shift when the wavelength increase, beside a 

multiples peak of transmittance achieving 79% for structure with h3 with 250 nm. In Table 1 shown the 

wavelength (λp), thickness (h3) when peak occurs and the bandwidth.    
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Fig. 1. Schematic of the proposed plasmonic transmitter.  
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Fig. 2.  Transmittance spectra as a function of 

the thickness h3 

Table 1. Wavelength peak and bandwitdt as a function 

of the thickness h3. 

 

The peak wavelength exhibits a linear dependence with h3 according to λp = 283.2 + 1.71 h3. 

As a conclusion we proposed and analyzed a plasmonic transmitter filter based on Gold and 

Pentoxide of Tantalum demonstrating the possibility to operate like a filter in the near infrared 

wavelength interval. The variations of thickness of the h3 layer indicate that this device may be tunable. 

Others simulations are still in progress like the response as a function of the incident angle and 

polarization. We are also considering the use of other not noble metals to achieve low bandwidth and 

increase the transmission. 
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Abstract: Plasmonic surface lattice resonance-based (SLR) nanolasers are attractive because of small mode 
volumes, ultrafast dynamics and good beam directionality. Underlying plasmonic nanocavities are usually 
produced by standard lithography processes. We have developed a method to arrange monodisperse, single crystal 
colloidal nanoparticles onto large, patterned substrates with a high assembly yield. Furthermore, we have shown 
that the SLR is not static at ultrafast time scale due to the optomechanical modes of constituent nanoparticles. Our 
findings open new opportunities for large scale nanolasers with ultrafast functions. 

 
The collective nanoparticle lattice resonances (i.e., SLR) are interesting, because the associated 

electromagnetic field is delocalized throughout the array, enabling applications such as biosensing and nanolasing. 
The former has been a very widely researched topic lately.1 The SLR can be utilized as the distributed feedback 
for lasing, when lattice resonance supporting structures are put in close proximity to gain medium. This shows 
great promise for applications as ultracompact light sources for imaging, spectroscopy, and biosensing. 

However, underlying plasmonic nanocavities are usually produced by standard lithography processes. Here 
we show capillary force assisted nanoparticle assembly to produce Ag nanoparticle lattices featuring SLR 
extinction peaks with Q-factors up to 80.2 Briefly, the technique involves sandwiching a drop of colloidal solution 
between a patterned template and a stationary glass slide and translating one with respect to the other. An 
accumulation zone forms at the three-phase boundary at an elevated temperature, leading to selective confinement 
of nanoparticles in the predefined traps, producing a plasmonic lattice. An optical micrograph of such lattice is 
shown in Fig 1 a. 

 

  
Figure 1. a) SEM micrograph of a Ag nanocube self-assembled lattice b) Optical dispersion diagrams for two excitation 

polarizations; bar in the middle shows transmittance of a nanoparticle colloidal solution; overlayed lines show the Rayleigh 
anomaly modes available in the lattice 



We further characterized these plasmonic systems to reveal their dependance on polarization and incidence 
angles and compared the results to simulations based on the coupled dipole approximation and the finite element 
method. As expected the ultrasharp extinction peaks generated by the collective resonance closely follows the 
Rayleigh anomaly lines, defined by the diffraction formulas. The SLR position also depends on the polarization 
of incident light, as the induced dipole radiation has to reasonably overlap the diffraction directions, dictated by 
the lattice (Fig. 1 b). The observation of SLRs in a self-assembled system demonstrates that a high level of long-
range positional control in large areas can be achieved at the single-particle level. 

Furthermore, we used transient absorbance spectroscopy to show how the optomechanical modes supported 
by individual nanoparticles affect the dynamic optical properties of SLRs in Ag nanocube arrays.3 The localized 
surface plasmon resonance is very sensitive to the nanoparticle geometry, which can change at the ultrafast time 
scale given an excitation that is shorter than the natural mechanical oscillation frequency of the nanostructure. In 
result, the LSPR oscillates at the same mechanical mode frequency and in turn the SLR is also modulated. This 
means that the ultrasharp, delocalized lattice resonance mode can be modulated at ultrafast timescales. We 
compared the OMs of nanocubes in solution versus in arrays and determined their mechanical quality factors. Two 
dominant mechanical modes were revealed in simulations and imported into an electromagnetic model to examine 
how shape affects the dispersion diagram. TAS measurements at normal incidence and high angle are compared 
to the model and illustrate how in-plane and out-of-plane coupling affects OMs and thereby the SLR. The 
observations demonstrate the effect of ultrafast processes on the photonic length scale, which when paired to gain 
media, could open to breakthrough applications of self-assembled, large scale nanolasers with ultrafast modulation 
functionalities. 

 
This research was performed within project LaSensA under the M-ERA.NET scheme and was funded by the 

Research Council of Lithuania (LMTLT), agreement No. S-M-ERA.NET-21-2. 
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Abstract: Chemically synthesized silver nanoparticles of different average sizes (70 nm - 130 nm) were deposited 
into regular lattices on PDMS templates by the CAPA method. The fabricated arrays exhibited SLR. The effect of the 
nanoparticle size on the SLR peak position and the SERS activity related to the excitation wavelength and SLR peak 
position overlap was investigated. The overlapping positions at 532 nm excitation wavelength, the enhancement factor 
reached 108, and the detection limit for 2-naphthalenethiol molecules - 10-8 M.  
  
  

Nobel metals arrays (Au, Ag) attract huge interest due to their unique optical properties, especially surface 
plasmon that is considered to be used in a wide range of applications such as biosensing [1], lasing [2], optical 
switch [3], etc.  

It was shown that the periodicity of plasmonic nanostructures plays a crucial role in their optical properties and 
results in high-quality resonant peaks termed surface lattice plasmon resonance (SLR) [4]. The size of metallic 
nanostructures, likewise the spectral signature of their plasmon resonance, contribute to the SLR peak position and 
redshifts with the increasing size of the nanoparticles in the regular array. The near field concentration in the 
nanoparticles or hots spots are known for high surface enhancement factors in Raman Scattering but it is not a 
well-controlled process and has limitations related to the material defined spectral position of the plasmon 
resonance. It was demonstrated that the appropriate choice of the plasmonic nanoparticle dimensions and their 
arrangement periodicity defined by electron beam lithography enables the enhancement of a particular wavelength 
laser [5].  

In our work, we developed a 2D structure based on a chemically synthesized silver nanoparticle array for a 
wavelength tailored SERS application. The target Raman scattering excitation wavelength was 532 nm. Based on 
previous research [6], the PDMS template with 330 nm pitch traps was chosen and silver nanoparticles ranging 
from 70 nm to 130 nm in diameter were deposited into well-defined arrays by the capillary assisted particle 
assembly (CAPA) technique. As the result, the SLR peaks shift from 493 to 520 nm using the same template only 
increasing the size of the nanoparticles. The SERS activity was checked for 2-naphthalenol (2NT) molecules at 
different excitation wavelengths 442 nm, 532 nm, 633 nm, 785 nm, and 830 nm that were in resonance and out of 
resonance with the SLR peak. The enchantment factor (EF) was determined for 2NT adsorbed from alcohol-based 
solution in 10-4M concentration and amounted to 1.1x108 while the detection limit at the target wavelength of 532 



nm was determined to be10-8 M. The decrease in EF value was observed using excitation wavelength far from the 
SLR and resulted in 4.4x102 for 830 nm wavelength.  
  
This research was performed within a project LaSensA under the M-ERA.NET scheme and was funded by the 
Research Council of Lithuania (LMTLT), agreement No. S-M-ERA.NET-21-2.   
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Abstract: Strongly coupled systems exhibit hybridization of electronic energy levels and following appearance

of new resonance frequencies. Hot carriers are preferably generated for excitation frequencies matching the new

resonances.  The  hot  carrier  energy distribution  deviates  from the  one  corresponding to  the  non-interacting

system, indicating existence of new decay paths, due to nanoparticle – molecule hybridized states. This  suggests

a possibility of manipulation of the energy of the generated hot carriers via strong interaction with the molecules.

After excitation plasmons decay and a non-equilibrium distribution of hot carriers in the material is created.

The induced hot carrier energy distribution is a function of energy, electronic band structure and nanostructure

geometry.  A change  in  electronic  band structure  due to  strong coupling between two systems creates  new

hybridized electronic states. We study the changes in the hot carrier energy distribution as a function of coupling

strength between a nanoparticle (NP) and a molecule following the methodology in [1].

 We consider a system of Na NP coupled to a doubled hexacene molecule (see Fig.1b). The free-electron-

like structure of Na simplifies the analysis. Doubling of hexacene molecule enables adjustment of the positions

of the molecular electronic resonance and the plasmon resonance and forms an efficient test system active at low

energies.  We change the distance between the hexacene molecules and the NP and the molecule to obtain

satisfying tuning and change in the coupling strength.

Strong coupling between Na147 and the doubled hexacene is visible as a resonance splitting in Fig.1a. The

splitting width changes with the distance between the NP and the molecule. We have excited the system with a

Figure 1: (a) Photoabsorption spectra. (b) Scheme of the system. (c) Time evolution of transitions contributions for
the system separated with the gap equal to 3Å. Transition contributions maps after excitation with pulse of frequency
equal to lower (d) and upper (e) polariton. Systems of various gaps are compared to isolated Na147  NP.



Gaussian pulse of the full width at half maximum equal to 0.1 eV  to excite only one polariton resonance at time.

At the beginning of the time evolution in the transitions contributions maps (TCM) of the system with the gap

equal to 3Å (Fig. 1c) one can notice a significant share of off-resonant transitions. But after 30fs a vast majority

of the transitions is in resonance with the excitation pulse, which stands for single particle excitations, i.e. hot

carries.  The  plasmon  is  represented  as  numerous  low  energy  transitions  around  -0.5  eV,  and  molecular

transitions  are  visible  as  isolated  spots  below resonance  (see  Fig.1d).  In  Fig.1d  and  1e  we  present  TCM

corresponding to lower and upper polariton exciatation and compare the results for the coupled system to an

isolated Na147 NP. Most of the transitions after 30 fs of propagation is resonant with the exception of the lower

polariton case in weakly coupled system for larger gaps. Absence of molecular transitions in strongly coupled

system suggests that there is a new decay path for them. In the case of upper polariton excitation molecule is less

strong and for gap equal to 50Å, the TCM is only slightly different from the one for isolated Na147. In Fig. 2, we

present hot carrier energy distributions as a function of pulse excitation energy. The maxima of hot carriers

excitation probabilities follow the plasmon, and the polariton resonances. As a result in strongly coupled system

we observe lower and upper polariton branches. In the case of a weakly coupled system the obtained distribution

is simply  a sum of  the distributions  for the isolated Na147 and the doubled hexacene (see Fig.  2a).  Further

analysis, presented in Fig. 2b, indicates that there is a significantly higher probability of hot electron generation

in the NP. This is confirmed in analysis of hot carrier amounts per atom (see Fig. 2c) in the system. 

The results suggest that there is a possibility of manipulation of the energy and the spatial distribution of

generated hot carriers via strong interaction with molecules. Moreover, with strong coupling one can adjust the

optimal excitation frequency for hot carrier generation.
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Figure 2: (a) From top energy distributions of excited hot carriers in strongly coupled system with the gap equal to 3
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Abstract: On-chip integration of light sources would benefit from near-field handling of the emission with a 
subwavelength spatial resolution. Here we present a fully near-field photoluminescence study of semiconductor 
quantum dots, with a surface plasmon interference device (SPID) used for the excitation and an aperture-type 
scanning near-field optical microscope (SNOM) combined with a spectrometer for the collection. 
 

 
Luminescence is a tremendously important phenomenon allowing to study the excitations of matter with 

excellent sensitivity down to individual photons or to prepare non-classical light for quantum communication. 
Due to its inelastic nature, the response is naturally decoupled from the excitation. This allows for studying 
systems with a weak response, such as individual molecules or nanostructures. The spatial resolution of the 
luminescence experiments, as well as on-chip integration of semiconductor light sources, is limited by the fact 
that the wavelength of the light is considerably larger than the physical dimensions of the emitter. Therefore, 
near-field handling of the emission with a deeply subwavelength spatial resolution would be of great importance. 

 

 
Figure 1: Surface plasmon interference device: (a) Scheme of the device: side and top view. (b) SEM image of the 

fabricated structure. The inset shows details of the slit. 
 
Here we present a fully near-field luminescence experiment. The delivery of the near field excitation power 

is mediated by a surface plasmon interference device (SPID). A scheme of the device is shown in Fig. 1(a). It 
consists of an opaque metallic (gold, thickness 200 nm) layer on a transparent substrate (quartz) that acts as 
mechanical support. A slit of subwavelength width is fabricated in the metallic layer. The device is illuminated 
from the bottom. The external far-field illumination is fully blocked by the metallic layer. The transmission of 
the power through the layer is only possible through surface plasmon polaritons (SPP), evanescent 
electromagnetic waves supported by the dielectric-metal interfaces. The slits thus serve as linear sources of SPP 
waves, which form a standing wave on top of the SPID [1,2,3]. 

 



The emitters are deposited onto the SPID. As the first emitter we have used rhodamine 6G dye producing a 
high-yield broad-range emission centered at the photon energy of 2.2 eV (wavelength of 560 nm). The dye was 
dispersed in polymethyl-metacrylate (PMMA) and deposited onto the SPID by spin-coating, forming a layer of 
thickness of about 100 nm. The far-field emission spectra of rhodamine 6G have been characterized using the 
excitation with optical far field (the sample was illuminated from the top through the same objective that was 
used for the collection) and optical near field (the sample was illuminated from the bottom). Remarkably, we 
observed that the spectral profile of the emission is to a large extent independent of the nature of the excitation. 
The SPID is thus able to deliver the near field excitation power to the light emitter without altering its emission 
properties. 

 

Figure 2: (a,b) Photoluminescence maps of CdSe/ZnS QDs on SPID characterized by near-field SNOM, recorded for 
distinct polarizations of the external illumination denoted by blue arrows. The emission is integrated over the spectral range 

between 635 and 685 nm. (c) A spectrum corresponding to a specific pixel of panel (b) (denoted by an asterisk). 
 
In the subsequent study, we utilize colloidal core-shell CdSe/ZnS quantum dots (Qdot 655 ITK Carboxyl 

Quantum Dots by Thermo Fischer Scientific) as the emitters. Since the luminescence response of this system is 
particularly intense, it is possible to detect the luminescence (excited via SPID as in the previous case) not only 
in the far field but also in the near field using SNOM. Figs. 2(a,b) show maps of the photoluminescence signal 
integrated over the spectral range of 635 – 685 nm obtained by scanning the area of the SPID with SNOM. The 
area of the intense photoluminescence has a bow-tie shape parallel with the polarization of the external 
excitation, as expected [3]. Fig. 2(c) shows a spectrum recorded from a specific spot on the SPID. The spectrum 
showing the same spectral profile as the emission detected in the far-field has a decent peak intensity of about 
100 counts/s and represents a truly near-field photoluminescence spectrum, excited and collected using optical 
near fields. 
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Abstract: We demonstrate the huge potential of nanosecond lasers to control diffraction and dichroism of 
self-organized plasmonic metamaterials by suitably tuning the laser processing parameters. Different diffractive 
and dichroic behaviors orginate from a large variety of metallic nanoparticle sizes and arrangements and depths 
of surface gratings. Electromagnetic simulations that reproduce the polarized transmission spectra of disordered 
plasmonic nanocomposites demonstrate the existence of coupling between localized plasmonic modes and 
delocalized photonic modes when dichroism is present. 
 

Self-organization induced by cw, ns or fs lasers has been implemented on all kinds of materials, such as pure 
metals, semiconductors, dielectrics and metal dielectric nanocomposites that correspond to plasmonic 
metamaterials. The latter were used in emerging applications of the security field related to the control of color. 
Laser processing of plasmonic metamaterials allowed demonstrating the first implementation of three-image 
multiplexing for white light observation1,2. Such an innovation relies on the ability to create by laser specific 
diffractive and dichroic properties of plasmonic metamaterials. In this work, we report a parameter study, which 
highlights the parameter ranges where diffraction and dichroism occur, identifies the morphological features 
induced by laser processing that lead to either diffraction or dichroism, or to the two simultaneously and explains 
thanks to electromagnetic simulations of the real structures the origin of the observed dichroic properties.  

The material used in this study is composed of a mesoporous titania thin film loaded with small silver 
nanoparticles and silver salt deposited on glass substrate. The sample is processed with a nanosecond laser 
emitting at 532nm wavelength and linearly polarized controlled by a galvanometric scanner head. 726 squares of 
0.8² mm² area are created, each of them corresponding to a specific set of four laser processing parameters, the 
laser fluence, repetition rate, scan speed and distance between laser lines (or overlapping). These squares are 
characterized optically and morphologically. Their colors and spectra are measured in transmission and 
reflection for TE and TM polarized light under 15° of incidence and their color are recorded in diffraction for 
average incidence and diffraction angles of 57° and 25°, respectively. The dichroic properties are illustrated by 
showing the difference between the colors (difference of the three channels R, G, B of images) measured for TE 
and TM polarized light in either transmission or reflection. Their surface is imaged by scanning electron 
microscopy and atomic force microscopy. Few transmission electron microscopy measurements are also carried 
out in top view and cross-section to better describe the 3D distribution of silver nanoparticles in the thin TiO2 
film and simulate the optical properties of samples. 

Figure 1 illustrates the diffraction and dichroic properties of a part of the measured squares in the form of 4 
colors whose lightness is proportional to 1-the diffraction intensity in the plane of incidence when the latter is 
perpendicular (bottom blue triangle) or parallel (top orange triangle) to the laser polarization used from printing, 



and 2-the polarization dichroism in reflection (left yellow triangle) or transmission (right purple triangle). 
Interestingly, some squares exhibit only diffraction, others only dichroism and others both diffraction and 
dichroism. The morphological characterizations allow to identify the characteristic features of diffractive and 
dichroic samples. Two kinds of grating-like structures are observed, periodic surface corrugation and periodic 
organization of silver nanoparticles either in the film or on the surfaces. These periodic patterns result from 
laser-induced self-organization mechanisms. The results highlight the influence of the nanoparticle size and the 
depth of surface gratings on diffraction, and the influence of electromagnetic coupling between Ag nanoparticles 
on dichoism. Electromagnetic simulation also evidence the physical mechanism at the origin of dichroism.  

This laser processing technique, which is easy to implement and cost effective can find large-scale industrial 
applications, especially in color marking, data storage and visual security.      
 

 
Figure 1. Illustration of diffraction (1 and 3) and dichroism (2 and 4) of an ensemble of plasmonic 

metamaterials produced by laser processing. Different repetition rates, dy (corresponds to the distance 
between laser lines), fluences and scan speeds are used for processing. 
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Abstract: Nonadiabatic nano-optical electron tunneling in the transition region between multiphoton-induced 
emission and adiabatic tunnel emission is explored in the near-field of plasmonic nanostructures. For Keldysh γ 
values between ∼1.3 and ∼2.2, measured photoemission spectra show recollision driven by the near-field. 
Simultaneously, the photoemission yield shows an intensity scaling with a constant nonlinearity, which is 
characteristic for multiphoton-induced emission. Our observations in this transition region were reproduced with 
the numerical solution of Schrödinger’s equation, mimicking the nanoscale field geometry.  

 
Our work demonstrates nonadiabatic tunneling of photoelectrons in the vicinity of nanostructures with a 

characteristic size of around 100 nm. In particular, we use 7 fs laser pulses at 80 MHz from a Ti:sapphire 
femtosecond laser oscillator to excite localized surface plasmons on different gold nanoparticles. We determine the 
enhancement by measuring the kinetic energy spectrum of the electrons that are photoemitted from the surface of 
the nanoparticle as a function of incident laser intensity [1,2]. From the shape of the energy spectra, and the 
retrieved field enhancement values, we are able to follow the transition between two regimes: the first is 
characterized by multiphoton emission [MPE], while in the second (at higher intensities), tunneling emission [TE] 
of the electrons through the potential barrier distorted by the laser field is more pronounced. There have been 
studies of these two emission regimes for select systems, but little is known about the transition region between 
them, the so-called non-adiabatic tunneling. 

 
(a)         (b) 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 1. (a) Electron spectra recorded in the transition region. At lower intensities triangular spectra can be observed (colored magenta), with 
increasing the intensity a plateau appears at higher electron energies (colored blue). In the lower left corner a SEM picture from the 
nanoparticles used for the measurements can be seen. (b) Simulated spatial field enhancement distribution. Vertical red arrow shows the 
incident laser polarization. 

 
For low laser intensities, photoelectron spectra consist of a peak at low kinetic energies which decays 



exponentially for enhanced energies. Upon increasing the intensity, the spectra develop a characteristic plateau 
region. The plateau contains electrons accelerated in the laser field and rescattered from the surface of the 
nanoparticles, a phenomenon that is switched on by increasing the intensity. This plateau, characteristic for the TE 
regime, is present in the measurements alongside with the constant nonlinearity of the photocurrent, the latter a trait 
of the MPE regime. The aforementioned spectral features can be observed on the measured spectra in Fig. 1.(a).  

The mixed photoemission features indicate, that the measurements are taking place in the transition region for 
the highest intensities. The field enhancement could be extracted from the intensity dependence of the spectra, and 
Numerical FDTD calculations underlined these values (Fig. 1.(b)). Determining the field enhancement enabled us 
to pinpoint the transition intensity and calculate the corresponding adiabaticity (Keldysh) parameter γ ≈ 2 [3]. This 
value is in good agreement with the results acquired by the numerical solution of the Schrödinger equation and 
other numerical calculations. 
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Abstract:  

We present the control of plasmon-driven growth of Au nanoparticles by live monitoring their photoluminescence 

emission in a closed-loop. We find that the final emission maximum of single nanoparticles can be tuned with a 

precision of 2-3 nm, and that the tuning is also reflected in their scattering maximum. In comparison to controlling the 

growth by irradiation time and/or reaction conditions, the closed-loop control delivers superior reproducibility and a 

3-to-4-fold higher precision in the final properties of the nanoparticles. 

 
Summary of the work: 
 

 

Figure 1 a) Scheme of the plasmon-assisted growth process. b) Maximum photoluminescence emission (𝜆𝜆𝜆𝜆𝜆𝜆𝑥𝑥 ) vs. time 
for the growing of 12 individual NPs, with a target of 𝜆𝜆𝜆𝜆𝜆𝜆𝑥𝑥 = 570 nm, indicated with a dashed red horizontal line. The 
dashed black line indicates the final mean 𝜆𝜆𝜆𝜆𝜆𝜆𝑥𝑥, and the grey shaded area corresponds to ±1 standard deviation. (c) 
Dark-field images of the same Au NPs before and after irradiation for different 𝜆𝜆𝜆𝜆𝜆𝜆𝑥𝑥 targets: 560 nm, 570 nm and 580 nm. 
The interparticle distance between NPs of the same column is 3 μm. 



The morphology and composition of metallic nanoparticles determine their optical response through their 
localized surface plasmon resonances. Plasmon-driven reactions are a versatile route to tune the morphology and 
composition of single nanoparticles, and thus hold potential to achieve tailored optical functionalities of 
nanoparticles. Unfortunately, controlling the reaction time and/or nominal conditions does not allow 
reproducible results due to differences in the initial size and shape of the nanoparticles, as well as local 
variations of irradiance, temperature increase, and availability of reagents.  
 
In this work, we studied the control of plasmon-driven growth of Au NPs by live monitoring their 
photoluminescence emission in a closed-loop. Au NPs having 60 nm in diameter were first deposited onto glass 
through optical printing.1 This technique allows to deposit colloidal NPs in specific positions of a substrate, 
creating ordered arrays. In this way, the automated localization and growth of individual NPs is simplified. Each 
optically printed NP was then used as a seed to obtain larger NPs by plasmon-assisted reduction of aqueous 
HAuCl4 using a 532 nm laser focused on its diffraction limit (see a scheme of the process in Figure 1a).2 As the 
nanoparticles grow, their PL maximum 𝜆𝜆𝜆𝜆𝜆𝜆𝑥𝑥 redshifts in a similar way as their scattering spectrum does (see 
Figure 1b). Therefore, by monitoring the 𝜆𝜆𝜆𝜆𝜆𝜆𝑥𝑥 it is possible to stop the reaction by simply selecting their final 
value. 
 
We found that the final emission maximum of single NPs can be tuned between 550 – 580 nm with a precision 
of 2-3 nm, and that the tuning was also reflected in their scattering maximum. In comparison to controlling the 
NP growth by irradiation time and/or reaction conditions, the closed-loop control delivers superior 
reproducibility and a 3-to-4-fold higher precision in the final properties of the NPs.3 

 
The presented method can be easily extended to other spectral ranges, nanoparticle types, and reactions, 
facilitating the fabrication of (arrays of) supported NPs with finely, and independently tuned optical properties, 
relevant to numerous applications and research areas. 
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Abstract: Metal nanoparticles are active research object and they can be used in various applications. Silver 
nanoparticles typically are synthesized in aqueous solution and their transfer to organic solvents is required for 
application purposes with organic luminophores. We studied silver nanoparticles transfer from aqueous to organic 
media by ultrasonic treatment and shell changing processes. Photoluminescence properties – emission maps, 
photoluminescence quantum yield and lifetime of nanoparticles containing organic luminophore DWK-1-TB thin 
films were studied. Improvements of photoluminescence properties in nanoparticles containing films was observed.  
 
Summary 
 
Photoluminescence process found its application in variety of field like LED, photovoltaics, biosensing, imaging, 
medicine, Raman spectroscopy etc. Luminophores with high quantum yield are in particular interest for practical 
approach, but the most of organic luminescent materials have low quantum yield what is not so useful for 
applications. However, quantum yield and emission intensity of organic compounds can be significantly 
increased by introducing metallic nanoparticles (NPs) into organic media [1]. NPs can be produced 
lithographically, but it is time consuming and rather expensive process. NPs can be chemically synthesized in 
large amounts with desirable absorbance peaks from UV to IR range, and size and shape of NPs can be 
controlled [2]. Thus, in this work prismatic and spherical core-shell NPs were synthesized. Since NPs synthesis 
usually takes place in aqueous media, introducing them into organic solvents is still a challenge. In this work we 
transferred silver nanoparticles from aqueous solution. 
A core-shell silver nanoprisms were obtained in silver nitrate reduction process by sodium borohydride in 
aqueous solution. The shell of a nanoparticles was formed by polyvinylpyrrolidone and sodium citrate that 
allowed to obtain prismatic nanoparticles what was confirmed by TEM measurements. Spherical nanoparticles 
had sodium citrate shell. 
Synthesized prismatic nanoparticles were transferred to dichloromethane by ultrasonic method. A bounding 
element – ethanol was added to aqueous nanoparticles solution, then dichloromethane was added. Solution was 
placed in ultrasonic bath for 2-3h. After ultrasonic treatment nanoparticles partially was transferred into organic 
media. The transfer efficiency is not very high, some nanoparticles remains in aqueous solution, but stability of 
nanoparticles in organic media was good. Presence of nanoprisms in organic media was confirmed with TEM 
measurements. The ultrasonic transfer method is more effective if PMMA is added to DCM. Only nanoparticles 
coated with polyvinylpyrrolidone can be transferred into organic media by ultrasonic method. 
Spherical nanoparticles were transferred to organic by shell changing method. Thiol-terminated ligand [3] was 
synthesized and transfer was performed according to procedure described elsewhere [3]. 
Obtained nanoparticles in organic media were used in DWK-1-TB [4] thin films preparations. Different 
nanoparticles at various concentrations were added to DWK-1-TB solution and thin films were spin-coated on 
glass substrate. Luminescence properties of thin films were studied by Edinburg Instrument Photoluminescence 



spectrometer FLS1000. Emission maps, lifetime and quantum yield was measured. An emission intensity 
enhancement in nanoparticles containing thin films was observed, while there was rather low impact on the 
quantum yield and lifetime of the film. IT can be explained by nanoparticles mirror effect in the volume of 
organic luminophore, when light gets reflected from nanoparticles thus optical path of light in the material 
increases and more photons get absorbed, following by increment in emission intensity. In a spectral region, 
where absorbance of nanoparticles and organic luminophore overlapped higher emission intensity increment was 
observed and there were improvements in quantum yield and luminescence lifetime as well. 
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Abstract: We demonstrate a fabrication process of substrate-based aligned gold trimers with sub-5 nm air-filled 
vertical nanogaps. The devised procedure uses a sacrificial oxide layer to define the nanogap, a glancing angle 
deposition to impose a directionality on trimer formation, and a sacrificial antimony layer whose sublimation regulates 
the gold assembly process. The work advances the possibility of developing a low-cost, high-throughput, and scalable 
nanomanufacturing platform for nanogap fabrication. 
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Abstract: The SERS from R6G molecule near the single and dimer Ag nanospheroids in water is studied 
theoretically. It is shown that small Ag nanospheroids provide strong enhancement of order of  1014 owing 
to small curvature radius of the particle. The contributions of surface plasmons, image effect, lightning rod and hot-
spot effects in SERS enhancement factor are explicitly demonstrated. 

       Surface enhanced Raman scattering (SERS) by rhodamine molecule (R6G) placed near the single Ag nanorod 

(NR) and in the gap of dimer of Ag NSs is studied. First, we introduce an analytical model to consider joint action of 

electromagnetic (EM) mechanisms of SERS of R6G placed near the apex of isolated Ag nanospheroid (NS) in vacuum 

and in water in quasistatic approximation. By modeling R6G as a polarizable isotropic point dipole in the electric 

field directed along the long axes of NS, and assuming the distance ℎ between the dipole and NS apex smaller than 

the curvature radius near the apex we obtain for SERS enhancement factor (EF) - 𝜂(𝜆, 𝑦)  

𝜂(𝜆, 𝑦) = |

𝜀(𝜆)
(𝜀(𝜆) − 𝜀𝑚)𝐿1(𝜉) + 𝜀𝑚

1 − 𝜀(𝜆) − 𝜀𝑚
𝜀(𝜆) + 𝜀𝑚

∙ 2 − 𝑦 + 𝑦2

8𝜀𝑚ℎ3 𝛼(𝜆)
|

4

.

here 𝜆 is a wavelength of incident light, 𝜀𝑚 is the dielectric constant of surrounding media, 𝜀(𝜆) is a dielectric function 

of Ag, 𝛼(𝜆) - complex polarizability of dye molecule [1], 𝐿1(𝜉) = (𝜉2 − 1) ⋅ (𝜉
2
ln (𝜉+1

𝜉−1
) − 1), 𝜉 =

√𝑐2 𝑐2 − 𝑎2⁄ ,  𝑐 and 𝑎 - major and minor semiaxes of NS, 𝜌 = 𝑎2 𝑐⁄ -curvature radius at the vertex of NS, 𝑦 = ℎ/𝜌. 

The numerator in 𝜂(𝜆, 𝑦) accounts for SP resonance and lightning rod effect, whereas the image effect is described 

by the reciprocal of denominator. We show that matching of these two resonances leads to large EF, e.g. in vacuum 

for 𝑐 = 36 𝑛𝑚 , 𝑎 = 8 𝑛𝑚  and  ℎ = 0.8 𝑛𝑚, 𝜂(𝜆, 𝑦) takes the value of 1013, which is a result of adopted point 

dipole approximation. Thus, in quasistatic approximation, the relative contributions of EM mechanisms, including 

resonance excitation of dye by resulting field can be estimated.  

      Based on analysis of developed analytical model, we employ COMSOL software to study SERS from R6G in the 

water, placed in two locations 1) near the isolated Ag NS, 2) in the gap of Ag NS dimer in end-to-end configuration 

under longitudinal exitation. The dye molecule is modeled as a small sphere with the radius 𝑅 to ensure the measured 

value at absorption resonance wavelength (λ=526 nm) [1] ). The calculation gives for 𝑅 the value of 0.51 𝑛𝑚, which 

we use for our further simulations. When the surrounding medium is water the results of simulation of optimized EF 



defined as (|𝐸𝒓⃑⃑⃑⃑ | |𝐸𝑖⃑⃑  ⃑|⁄ )
4
 (𝐸𝑟⃑⃑⃑⃑  is a resulting electric field and 𝐸𝑖⃑⃑  ⃑ is the incident field) showing the explicit contributions 

of SP, image, lightning rod and hot-spot effects are presented in the Fig.1, a) and b).   

             
Fig. 1. SERS EF at the center of R6G molecule placed a) near the isolated Ag NS of semiaxes 𝑐 = 20 𝑛𝑚 , 𝑎 =

6.7 𝑛𝑚 and b) at the center of the dimer gap with NSs of sizes as in a). Red and blue curves refer to NS-R6G two 

separations  𝑑 = 0.4 𝑛𝑚  and 𝑑 = 1.6 𝑛𝑚  (1a), and two values of dimer gap widths of  𝑑 = 1.8 𝑛𝑚 and 4.2 𝑛𝑚 (1b). 

The blue curves on a) and b) are multiplied by 102.  

 

     Two peaks of EF - 4.4 ∙ 1014 and  1.4 ∙ 1015 on red curve of Fig.1a) refer to image effect at 𝜆𝐼𝐸 = 570 𝑛𝑚 and 

SP resonance at 𝜆𝑆𝑃 = 598 𝑛𝑚. With increase of 𝑑 the decline of EF, as well as the redshifts of 𝜆𝐼𝐸  and 𝜆𝑆𝑃 are 

evident (blue curve in Fig.1a). For both gaps of dimer, the EFs show strong single peaks of 8.3 ∙ 1014 and 1.1 ∙ 1015 

at 696 𝑛𝑚 and 714 𝑛𝑚 correspondingly (Fig. 1b, blue and red curves), owing to joint contribution of SP resonance 

and hot-spot effect. Thus, in the range 𝑜𝑓 570 𝑛𝑚 ÷ 710 𝑛𝑚 thanks to various EM mechanisms small Ag NSs in 

water provide high EF ~1014. 

      High values of EF presented in the figures are conditioned by NS’s small curvature radius of  𝜌 = 2.24 𝑛𝑚. 

Mention that although the synthesis of stable silver nanorods for SERS as compared to other shapes is much more 

developed [2], for the sizes comparable to described above NS the corresponding curvature radius becomes  𝜌 = 5 ÷

10 𝑛𝑚 reducing the EF by almost two orders of magnitude.    
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Abstract: The lateral Goos-Hanchen displacement for a visible wavelength range beam when surface plasmon 
resonance is excited in a subwavelength metal grating is carried out theoretically and experimentally. A shift of 
the order of the beam width for the reflected beam near the surface plasmon resonance is demonstrated. The 
reflected beam is divided into two beams, the relative powers of which depends on the width of the incident 
Gaussian beam and the depth of the grating.  
    

 
The beam reflected off an interface experiences spatial and angular shifts depending on its polarization and 

profile. The spatial displacements are the well-known Goos-Hänchen (GH) shift in the plane of incidence [1,2]. In 
[3] the first observation of the GH shift of a light beam incident on a bare metal surface was reported. Usually, the 
GH shift is of the order of the wavelength. Various ways to enhance the shifts were considered. The displacement 
of the order of the beam width was shown for multilayered structures in [2]. In [4], beam shifts or corrections with 
respect to geometrical optics caused by the wave effects in a graded-index optical fiber were investigated. The GH 
effect can be enhanced near the critical angle of total reflection, where the surface plasmon resonance occurs [5,6].  

In this paper, we investigate the GH shift when the surface plasmon resonance is excited in a subwavelength 
nickel grating with a period Λ = 400 nm (Fig. 1a). A lateral displacement of the order of the beam width for the 
reflected beam is demonstrated near the surface plasmon resonance. The reflected beam is split into two beams, 
the relative powers of which depend on the incident beam width and the grating depth.  

In Fig. 1b the results of calculations and measurements of diffraction efficiency of the zero order of the nickel 
grating depending on the angle of incidence of the radiation with p- polarization are presented. It is seen that the 
effect of plasmon resonance at the incidence angle of ~ 31o occurs (Fig. 1b). At a relief depth of h = 80 nm and 
angle of incidence 𝜃𝑖 = 31o, almost all incident energy is absorbed by the grating (Fig. 1b).  

  
Fig. 1. Image of grating (a) and calculated (solid line) and measured diffraction efficiency of the zero order depending on 
the angle of radiation incidence for the nickel grating with a period / = 400 nm and depth h = 80 nm at a wavelength of 

radiation O = 641 nm with p- polarization (b).  

  a) 

  b) 

 c)     
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In Fig. 2 the experimental setup consisting of the He-Ne laser, half-wave plate, focusing lens, subwavelength 
grating, Thorlabs CCD camera beam profiler and PC (a), and intensity profiles (b) of the reflected beams for the 
s- and p- polarized incident beams are presented.  

 a)      b) 
Fig. 2. Experimental setup (a) and reflected beams profiles from Ni subwavelength grating (b).    

 
The high sensitivity of the Goos-Hanchen shift to the angle of incidence of the light beam near the surface plasmon 
resonance is demonstrated. The results can be useful in the development of a variety of sensors [7, 8], as well as 
in angular metrology and in spatial-temporal processing techniques. 
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Abstract: The mechanism of high-frequency (microwave and THz) electromagnetic radiation in lightning and 
spark discharges is proposed. The existence of fast electromagnetic surface waves propagating along the discharge 
channel at a speed close to the speed of light in a vacuum is shown. The possibility of generating radio, microwave, 
and THz radiation caused by a polarization current pulse and the associated field of a surface wave moving with 
relativistic velocity along a curved discharge channel is shown.  

 
 

Lightning discharges are the most common source of powerful electromagnetic fields of natural origin [1].        
In recent years, much attention has been paid to the study of high-energy radiation pulses at the initial stage of a 
lightning discharge [2]. X-rays and gamma rays were detected during the stepping phase of negative natural 
lightning strikes. Measurements show that X-rays from natural lightning and intense bursts of gamma-ray radiation 
with energies up to 10 MeV are correlated with negative leader stepping [2]. Recent observations have shown that 
gamma radiation correlates with radio-frequency radiation and is generated at the last stage of lightning leader 
channel development prior to the lightning return stroke [3, 4]. The bursts of 30-80 MHz radiation because of 
leader stepping were observed in [5].  

In this paper, we propose a physical mechanism for the formation of ultrahigh-frequency (microwave and THz) 
radiation during spark discharge and lightning caused by a pulse of polarization current and the associated field of 
a surface plasmon wave. The streamer-leader process underlies the development of lightning and spark discharges 
in the atmosphere [2, 6]. High-frequency modes of electromagnetic waves are excited in the discharge channels 
during the formation of the leader steps or during grounding [7]. It is well known that surface electromagnetic 
waves can propagate along a conducting wire. Here we show that fast surface electromagnetic waves (surface 
plasmons) at speeds close to the speed of light in a vacuum can propagate along the ionized channel of the lightning 
leader. There are numerous bends and irregularities on the boundary of the tortuous lightning channel (Fig. 1). The 
curvature of the trajectory introduces a centripetal acceleration into the moving region of plasma polarization, 
which leads to electromagnetic radiation. The induced polarization determines the density of electric dipoles, so 
the properties of radiation are determined by the radiation resulting from the movement of the dipole or charge e, 
which moves with a relativistic speed along a circular trajectory. Electromagnetic radiation generated by charges 
moving along a curved trajectory (synchrotron radiation) has been known for a long time. 

In the ultra-relativistic case, the total radiation power is determined by the expression [7]: 

          𝑊 = 2
3

𝑒2𝑐
4𝜋𝜀0

𝛼4𝛾4

𝑅2 ,                                                        (1) 

where 𝛾 = (1 − 𝑣2

𝑐2)
−1

2
 is the relativistic Lorentz factor, 𝛼 = 𝑣

𝑐
, e is the electron charge, v is the velocity of the 

surface plasmon wave (polarization density), c is the speed of light in vacuum, and R is the curvature radius of the 



trajectory bend. The radiation is concentrated mainly in a narrow cone with an axis along the direction of the 
velocity. The angular width 𝛥𝜑  in which the main part of the radiation is enclosed is inverse proportional to the 
relativistic Lorentz factor: 𝛥𝜑 ≈ 1 𝛾⁄ .                 

 
 

Fig. 1. Schematic view of a tortuous lightning channel and radiation sources. 
 
Thus, the influence of the conductivity and the radius of the lightning channel on the propagation velocity of 

electromagnetic waves, taking into account absorption, is studied. The existence of fast electromagnetic surface 
plasmon waves propagating along the lightning discharge channel at a speed close to the speed of light in a vacuum 
is shown. The possibility of generating radio, microwave and THz radiation by a pulse of a polarization current 
moving along a curved trajectory by means of a synchrotron radiation mechanism during the formation of the 
leader stages and at the very beginning of the lightning return stroke stage is shown. 
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Abstract: Here, we demonstrate optically active volumetric materials obtained with micro-pulling down method. 
By applying NanoParticle Direct Doping Method, nanocomposites with plasmonic properties are fabricated, 
which allows us to observe enhanced optical features. 

 
 
New generation of plasmonic materials are manufactured by NanoParticle-Direct Doping method developed 

in our laboratory. Possibility of direct introduction of plasmonic particles lets us easily dope glasses with NPs of 
various electromagnetic properties, thus tuning LSPR to enhance the targeted effects, e.g. PL of quantum dots. 
The scope of interest also covers eutectic crystals with plasmonic dopants that demonstrate unusual optical 
effects. 

Combining research on both fabrication and characterization of the novel materials with unusual 
electromagnetic properties may result in development of low-cost photonic devices with enhanced 
functionalities.  
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Abstract: We discuss the surface plasmon activity and nonlocal interactions between the ionic systems and 
active planar solid interfaces induced by optical excitation, using a multi-fluid model. These plasmonic effects 
are studied under various ionic system parameters and optical conditions which are highly tunable. 
 

1. Introduction 
Plasmonics deals with the resonant interactions between the oscillations of free electrons in the conduction band 
of metal and the electromagnetic radiation of the incident light. These interactions result in the emergence of 
waves called surface plasmons which propagate along the surface at the metal-dielectric interface [1]. These 
waves also emanate in other conducting surfaces like semiconductors [2] and charged ionic systems like 
electrolytes [4-6]. By altering the surface plasmon properties and the geometry of conducting surfaces, several 
fascinating applications can be found in the fields of chemistry, biology, and electronics. Nevertheless, we need 
to think beyond the classical picture and consider the nonclassical interactions between the electrons, to unleash 
the absolute potential offered by the surface plasmons. These nonclassical interactions, also referred to as 
nonlocality, emerge because of the strong space confinement of electrons on the nano-level. The nonlocal effects 
in metal nanoparticles and electrolyte systems are being prominently studied in recent times [2-6]. We discuss 
the nonlocality of surface plasmons in the charged ionic systems with a planar conducting solid interface.  
 

2. Soft Plasmonics 
Soft Plasmonics deals with the study of plasmonic effects in soft matter wherein the optical interactions are 
understood in analogy to the metal nanoparticles. The studies of spherical ions and chain of axons using Random 
Phase Approximation (RPA) are some of the recent remarkable works in this field [4, 5]. We discuss the ionic 
plasmon effects in the electrolyte systems with a solid conducting interface in which the optical response of the 
charged negative and positive ions in the electrolyte is analyzed under the scope of a hydrodynamic, two-fluid 
model [6].   
   In contrast to the metal nanoparticles which oscillate with mass m = me and elementary charge Q = e, the 
free positive and negative ions in the electrolyte oscillate with different bulk plasmon frequencies based on their 
respective mass m±, charge Q±, and concentration n±, as  
                                

                                                                          𝜔𝑝±
2 =

𝑄±
2 𝑛±

𝜖0𝑚±
 .                                                                               (1) 

 
It can be understood from the above equation that the plasmonic properties of the electrolytes are highly tunable 
using the ionic system parameters: ion mass, ion concentration, and material choice. Fig. 1. (a) depicts the 



respective ionic bulk plasmon frequencies ωp plotted for a set of positive and negative ions with varying ion 
mass ratio m/me. In contrast to the metals, the ωp values are very small for ions and lie in the far-infrared range.  
 

           
      Fig. 1. (a) Ionic bulk plasmon frequencies ωp for varying ion mass ratio with n± = 1 mol/m3 NA , where NA is 
the Avogadro constant. (b) Real and imaginary parts of the ionic permittivity for H2O, NaCl, and KCl in solution 
over a range of incident frequencies.                              
    
   For an incident light of frequency ω = ck, where c is the speed of light and k is the wave vector, the 
transversal ionic permittivity for the coupled electrolyte system is defined as  
                                  

 

                                                ε⊥
𝑖𝑜𝑛𝑠 = ε𝑏 −

𝜔𝑝−
2

𝜔(𝜔 + 𝑖𝛾−) −
𝜔𝑝+

2

𝜔(𝜔 + 𝑖𝛾+)                                                        (2) 

 

where εb is the background dielectric permittivity of the solution and γ± is the plasmonic damping. Fig. 1. (b) 
depicts this permittivity for various ions in water. It can be noted that around the plasmon frequency, the real part 
transits from negative to positive values which are typical for plasmonic materials 
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Abstract: Tip-enhanced photoluminescence (TEPL) is a recently developed tool useful to investigate single 
molecule response down to sub-molecular level. This technique takes advantage of the metal nanostructures 
ability to enhance an electromagnetic radiation due to the generation of localized surface plasmons. We 
propose a theoretical analysis of TEPL,1 coupling the quantum mechanical description of the target molecule, 
Zinc-Phthalocyanine2, with a continuum description of two nanostructures that mimic the nanocavity usually 
employed in STM microscopes.  
 
Introduction Our purpose is to theoretically investigate the influence of nanostructures features on the 
molecule photoluminescence to give insight on the process that control the experimental outcomes. Among 
all the different methods employed so far to describe molecule-nanostructure interaction, here we employ 
polarizable continuum model (PCM)3 to consider the nanostructures coupled with a quantum mechanical 
description of the molecule.4 The PCM problem is solved with boundary elements model (BEM)5 through 
discretization of the NP surface in small tesserae where are located the polarization charges induced by the 
presence of either an incident field or a molecule. On the other hand, the molecule has been treated at DFT 
level of theory, where energies, transition dipole moments and potentials on the nanostructures surface have 
been computed including the equilibration of the molecule with the nanostructures. This procedure has been 
applied to a Zinc-Phthalocyanine molecule, recently used in TEPL imaging experiment2, in a Silver nanocavity 
made by two nanostructures (a tip and a substrate), to understand the role of the nanostructures features on 
TEPL. We focused our investigation on the geometry of the nanotip, the dielectric function employed to 
describe the metal and the tip-molecule distance. In the simulations, Zinc-Phthalocyanine molecule lays on 
the xy plane the nanotip axes direction is oriented along the z axes, as in figure 1. The nanotip is modelled as 
a truncated cone with an additional protrusion having atomic dimension. 

 

 

 

 

 
 
 

Results  
Below we report the main results obtained exploiting some relevant features involved in TEPL experiment, further 
analyses can be found in our recently published paper1.  
In order to investigated how the electric field induced by the nanostructures is spatially distributed in proximity 
of the nanotip, the electric field enhancement has been computed on 5 points with different x coordinates but 
same distance, along the z axes, from the nanotip. To this point, equation (1) of ref. [2] has been solved 
considering the potential generated by an incident electric field. The results, reported in panel a of figure 2, show 
how the intensity of the field enhancement changed with the position along the x axes reaching a maximum 
around 0.5 nm, beside the frequency corresponding to the maximum intensity does not change significantly.  
With the aim of investigating how the nanotip shape influences the molecular response, we computed the electric 
field on a single point under the tip centre, with x = 0.5 nm and at distance 0.4 nm along the z axes, with five 
different tip shapes generated varying the protrusion base radius of the nanotip. The results, reported in panel b 
of figure 2 show how varying the protrusion base radius change not only the intensity of the enhancement field 
but also the entire spectrum. 

z 
x y 

x 
y 

Figure 1 Molecule-nanostructures set-up used in the simulations. 
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Figure 2 a) Electric field enhancement as a function of frequency at different points, b) electric field enhancement on a single point as 
a function of frequency, with different tip shapes. 

Finally, the TEPL intensity of Zinc-phthalocyanine has been computed as expressed in equation (9) of ref. [1], 
moving the molecule on 1.25 nm x 1.25 nm grid centred on one of the four lobes of the molecule. Energies, 
transition dipole moments and potential on nanostructures tesserae have been computed for each molecule 
position, either equilibrating only the ground state or also the excited states of the molecule with the 
nanostructures charge distribution. Figure 3 shows our results, obtained equilibrating only the ground state 
with the nanostructures, superposed with the molecule structure. The outcomes are in good agreement with 
the experimental results and with similar simulations presented in ref. [2]. The results show a maximum TEPL 
intensity located on the aromatic rings of the molecule while the photoluminescence is almost negligible in 
the centre of the molecule corresponding to Zinc atom.  

 
 

 

 

 

 

 

 

Figure 3 Calculated TEPL intensity of Zinc-Phthalocyanine. 
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Abstract: Topological insulators (TIs) are new-age materials having an electronic gapless conducting surface 
and an insulating bulk. TIs can potentially improve the conventional surface plasmon resonance (SPR) sensors. 
The plasmonic response of TI (Bi2Se3) with varying thickness was studied in sandwich coupling with Au layer 
and Au gratings. The thickness of the TI was optimized, and the effect of the change in grating width was 
reported by calculating the sensitivity of the system. 
 

The plasmonic materials generally used are noble metals (gold (Au) and silver), however, there still is a need 
for low loss plasmonic materials. The surface of Topological insulators (TIs) have time reversal symmetry 
caused by spin orbital coupling effects causing a linear dispersion relation. This unique combination of surface 
and bulk behaviour leads to excellent properties, including high carrier mobility, excellent sensitivity, and a wide 
spectral operating range, from ultraviolet (UV) to the terahertz (THz) range (1). Furthermore, the environmental 
stability, conductivity, and in some cases, transparency and flexibility make them an excellent choice for optical 
devices. The bulk plasmonic behaviour of TIs is controlled by the interband transitions from 2-3 eV to higher 
frequencies and intraband in the mid infrared (mid-IR) region (2). The surface plasmon resonance (SPR) sensors 
are widely used to sense biomarkers, food toxins, water pollutants, etc., in an aqueous medium. Hence, in the 
current article, the performance of a plasmonic device incorporating a TI was evaluated for surrounding 
refractive close to water. 

 
Figure 1 a) Schematic representation of the plasmonic device in the grating coupled Kretschmann 

configuration, the TM polarized light was incident at a fixed angle. b) Reflectivity plots for bilayer configuration 
(n0=1.33) of Au (tAu=40 nm) and Bi2Se3 layers, without grating.  

The sensitivity response of a plasmonic device using a TI (Bi2Se3) layer was studied using commercial 
simulation software COMSOL, which uses finite element method (FEM) to solve Maxwell’s equations. The 
device was in Kretschmann configuration, which uses TM polarized light incident on a glass prism that 
undergoes total internal reflection to induce surface plasmon polaritons on the interface between glass and a thin 
layer of plasmonic material, which leads to SPR. The configuration of the plasmonic device is shown in Figure 



1(a); gold (Au) layer was placed on a glass substrate, followed by a Bi2Se3 layer and Au grating, with height h = 
40 nm, width w was varied from 50 nm to 500 nm, and period was P = 2 x w. The refractive index of the glass 
substrate was 1.5, and the surrounding refractive index was varied to calculate the sensitivity of the device. The 
optical properties of Bi2Se3 were procured from literature, which used the density functional theory (DFT) to 
calculate the dielectric function, which was also compared with spectroscopic ellipsometry (3). The thickness (t) 
of the Bi2Se3 layer was varied from 2 quintuple layers (QLs) to 30 QLs, and the optical properties were input 
accordingly. The dielectric function of gold was input according to the Lorentz-Drude model (4). Sensitivity was 
calculated by the ratio of change in the resonance wavelength to the change in the refractive index.  

Initially, the reflectivity of Au and Bi2Se3 bilayer (tAu = 40 nm and t =2 QLs to 30 QLs) was calculated. It 
was observed that as t was increased, the resonance wavelength red shifted, and the dip broadened (Figure 1(b)). 
To improve the sensitivity of the device, a grating coupled Kretschmann configuration was simulated; figure 2(a) 
shows that, as t was increased, the dip in reflectivity broadens. Hence, t= 2 QLs was chosen as the configuration 
to observe the grating effect. The sensitivity of the single gold layer was 5660 nm/RIU, the sensitivity increased 
to 5940 nm/RIU as 2 QLs of Bi2Se3 was placed upon it (Figure 2 (b)). The grating coupled Kretschmann 
configuration resulted in a massive increase in the sensitivity (Figure 2 (b)). The highest reported sensitivity was 
for w = 100 nm (17160 nm/RIU). A combination of prism and grating coupled responses were observed, which 
can be used to sense biomarkers, food toxins, water pollutants, etc., in an aqueous medium. 

 
Figure 2 a) Reflectivity response of the plasmonic device (n0=1.33) consisting of Au (tAu=40 nm) and Bi2Se3 

layers and grating with w=100 nm, h=40 nm, P=200 nm. b) Sensitivity comparison of the various configurations, 
from left to right, Au single layer, Au and Bi2Se3 bilayer, and grating coupled Kretschmann configuration with 
Au, Bi2Se3 layers, grating with w=50 nm to 500 nm. 
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Abstract 
The plasmonic response of nanoparticles (NPs) of Au, Ag, 
Cu, and Al were compared quantitatively through dipole 
and multipole peaks using optical simulations. Spherical, 
nanobar and nanoprism shaped NPs in air, glass and silicon 
embedding were analyzed in a broadband wavelength 
range. The NP size was selected to vary from sphere of 
radius 25 nm to 100 nm, hence, covering a wide range of 
potential applications.  

1. Introduction 
Metallic nanoparticles (NPs) due to their brilliant optical 
properties have found applications in solar cells [1], sensing 
[2], [3], light manipulation [4], spectroscopy [5]–[7], etc. 
Ag and Au are widely used in the aforementioned 
applications, however, Al and Cu are being increasingly 
explored due to their lower cost [8]–[10]. When 
electromagnetic (EM) wave of wavelength close to the NP 
width is incident on a metallic NP, the surface electrons of 
the NP oscillate collectively to oppose the incident wave 
[11], and at the localized surface plasmon resonance 
(LSPR) state, electric field is significantly enhanced close to 
the surface [12], [13]. The LSPR effect is the primary 
reason for the bright and varied colors of solutions of 
metallic NPs. Therefore, metallic NPs were being used for 
centuries for decorative purposes [14]. However, the 
advancement of technology has enabled researchers to 
minutely control the features of nanoparticles leading to 
much more sophisticated applications. The plasmonic 
response of the NPs include dipole and multipole poles 
depending upon the condition (size, shape, environment, 
and material) of the NP. Smaller sized spherical NPs (radius 
lower than 50 nm) generally display only the dipole 
configuration in response to the incident EM wave, but, size 
increase and complexities in shape of the nanoparticle are 
introduced, the multipole character is increased. The study 
of the multipole behavior is important for the advancement 
of new-age areas nanoantennas and metamaterials, as well 
as advanced optical applications. To simulate the plasmonic 
response of the NPs techniques such as finite difference 
time domain, discrete dipole approximation, and finite 
element method (FEM) are commonly used. The 
aforementioned techniques do not provide accurate results 
below feature sizes of 2 to 5 nm because of the introduction 

of quantum effects. Embedding of the NPs in an 
environment has found applications in solar cells, 
biosensing, photovoltaics, and surface-enhanced Raman 
spectroscopy (SERS), to list a handful among a gambit of 
applications.  
The LSPR response of the metallic NP depends upon the 
energy required for the interband transitions and the amount 
of losses due to the material. Au and Cu have similarly 
positioned interband transitions in the visible region, hence, 
show a similar peak positions. Al and Ag have interband 
transitions located in the near infrared (NIR) region and 
ultraviolet (UV) region. Thereby, the varied response of the 
selected materials was quantified over a broadband 
wavelength range. The good response in UV region for Al 
has lead to exciting applications in SERS [15].. Cu has 
excellent thermal conductivity, hence, Cu NPs are being 
used in catalysis [16] and electronic circuits [17].  
The fabrication of nanopatterned surfaces using electron 
beam lithography [18], [19], laser interference lithography 
[20], nanoimprinting [21], etc. has enabled the use of nano 
level surface features in research and as well as commercial 
applications. The complex shaped nanopatterns containing 
sharp edges can lead to the enhancement of electric field 
leading to an amplified plasmonic response [22], [23]. 
Further, metal NPs placed in dielectric environment has 
advantages such as protection against the environment, 
which is particularly important for Cu and Ag [24], [25]. 
Further, embedding can protect against agglomeration 
which is essential to preserve the desired response of the 
system. The commonly used embedding environment is 
glass [26], [27] and a-Si [28], [29], particularly  in solar 
cells, a-Si is widely used [30]. The absorption of silicon is 
low, metal NPs induce multiple reflections in the silicon 
layer causing an increase in absorption [31]. Generally, the 
size of NPs can range from few tens of nanometers to few 
hundreds of nanometer [28]. The embedding media can also 
help to tune the operating range of the system containing 
the metallic NPs [32]. One of the examples is the use of 
metallic NPs embedded in glass which are being used to 
prevent harmful UV light and for protection against the 
heating caused by the NIR light in buildings and cars [33]. 
SERS applications benefit from embedding because of the 
increased durability of the substrates which can potentially 
lead increased on site testing potential.  
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Figure 1: a) Real and b) imaginary part of the dielectric functions used for the simulation.  

 

Figure 2: a) Spherical NP of radius r, b) nanobar with square cross section with side a, thickness t and corner fillet of a/20, and c) 
nanoprism with equilateral triangle cross section with side b, thickness t and corner fillet b/20. The edge fillet f = 4 nm; and the 
black arrows show the direction of electric filed (E) and magnetic field (B), while, the red arrow is the direction incident wave.  

 
The current article aims to understand the role of material, 
size, shape, and embedding on the resonance (dipole and 
multipole) response of metallic NPs. There are various 
articles in literature explaining the properties of Ag and Au 
NPs [34]–[36]. However, the analysis of all the important 

metallic NPs over broadband wavelength range quantitively 
is lacking. The simulation of the metallic NPs of spherical, 
nanobar, and nanoprism shape was performed for size 
equivalent to spheres radius 25 nm, 50 nm, 75 nm, and 100 
nm in air, glass, and a-Si.  

2. Methodology  
The simulation was executed in FEM based software 
COMSOL. The software solves the Maxwell’s equations 
using partial differential equations. The plasmonic response 
was studied using extinction cross section, which is the 
corresponding cross sectional area of the NP which scatters 
and absorbs the incident EM wave. The scattering and 
absorption cross section was calculated separately [37]. The 
scattering cross section was calculated by integrating the 
flux of the Poynting vector of the incident field that is 
scattered over the surface. The absorption of was calculated 
by integrating the power decayed over the volume. The 
dielectric function used in the calculations was obtained 
from literature (Au, Ag, Cu [38], Al [39], and a-Si [40]) as 
shown in Fig. 1. The dielectric function contained both real 

and imaginary part, the real represents how the material 
responds to incoming EM wave, and imaginary part takes 
into account the losses due to the material. Dielectric 
function of air and glass contained only real part and was 
taken as 1 and 2.25. 
 The NP shapes selected for comparison were spherical, 
nanobar, and nanoprism; since they are the most commonly 
used shapes used individually, in nanoantennas, and as the 
unit cell of nanoarrays. As represented in Fig. 2, spherical 
NP had radius r, the square cross section of nanobar had 
side a, and equilateral triangle cross section of nanoprism 
had side b. The sides a and b were derived by keeping the 
volume of the NP equal to sphere of radius 25 nm, 50 nm, 
75 nm, and 100 nm. Furthermore, nanobar and nanoprism 
were realistically rounded to represent the practically 
fabricated NPs. The cross section had a fillet radius of a/20 
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and b/20 for nanobar and nanoprism, respectively. While 
the edges were given a fillet radius of 4 nm for both the 
aforementioned shapes. The incoming EM wave was input 
normal to face of the square and equilateral triangle. 
Electric field was taken along the side of square as 
presented in Fig. 2(b). However, in the nanoprism, two 
configurations were initially considered, the electric field 
along and perpendicular to side of nanoprism. It was seen 
that for both the configurations, the peak positions for 
extinction cross section plots were similar, but the peak 
intensity was higher when electric field was taken 
perpendicular to the side because of the higher aspect ratio 
of the NP. Hence, only the system where the electric field 
was perpendicular to the side was considered for further 
analysis.  
The results of the simulation were validated by comparing 
with the experimental [41] and simulation [42] literature, it 
was seen that both the peak position and intensity of the 
plots in literature were in close agreement.  

3. Results  
The scattering, absorption, and extinction spectrum of the 
NPs were compared from 200 nm to 1800 nm, which covers 
UV to NIR regions. However, for Al, simulations were also 
performed for deep UV region (initiated from 50 nm) to 
study significant peaks. The dipole and multipole behavior 
of the various materials, sizes and embedding for spherical, 
nanobar and nanoprism shaped NPs are compared in Table 
1, Table 2, and Table 3, respectively.  

3.1. Spherical NP 

At small sizes, extinction cross section spectrum is 
dominated by absorption cross section, as the size increases, 
the contribution of scattering cross section vastly increases 
[8] [15]. Further, when size is increased, the full width at 
half maxima (FWHM) increases due to the damping caused 
by the weakened plasmon because of the increase in 
distance [43], [44]. The position of the peaks, which decides 
the working range of the system are discussed in Table 1, 
Table 2, and Table 3. Further, most of the optical sensing is 
based upon the shift in dipole peaks. Considering spherical 
NP of radius 25 nm in air, the dipole peak is at 510 nm, 363 
nm, and 187 nm for Au, Ag, and Al respectively. For Cu, 
the peak was not resolved due to the high losses and overlap 
of optical peaks with the interband transitions which is 
around 590 nm. For Ag, Ag, and Al the interband 
transitions is around 320 nm, 521 nm, and 872 nm, 
respectively, which can also be observed in Fig. 1. 
Furthermore, a quadrupole peak was observed at 143 nm for 
25 nm radius spherical NP. When size of spherical NP is 
increased to sphere of radius 50 nm, the peak red shifts due 
to the higher charge separation which leads to lower 
restoring force. The dipole peaks are present at 520 nm, 393 
nm, 542 nm, and 294 nm for Au, Ag, Cu, and Al, 
respectively. Which is an increase of 2 %, 8.3 %, and 57.2 
% for Au, Ag, and Al. Further, an increased multipole effect 

can be observed when for larger sizes, which can also be 
observed by the presence of higher order poles in Ag (only 
quadrupole) and Al. The effect of increase of size is similar 
for the rest of the sizes and shapes. The detailed comparison 
of the shape is studied in the next section. As the 
surrounding environment was selected as glass from air, for 
25 nm radius sphere, dipole peak of Au, Ag, and Al was 
red-shifted by 7.5 %, 19.8 %, and 47.1 %, respectively. The 
higher refractive index of surrounding leads to larger 
polarization of the surrounding, which decreases the charge 
accumulation in the hotspot region, creating a decreased 
restoring force; therefore, the peak is shifted to higher 
wavelength. Further, a clear dipole peak was observed for 
Cu at 580 nm in glass. Quadrupole peaks were be observed 
for Ag and Al at 385 nm and 199 nm. As the embedded was 
altered from glass to silicon, there was an even greater red 
shift of dipole and multipole peaks. Comparing to air, 
dipole peak shifted by 81 %, 138 %, and 227.6 % for Au, 
Ag, and Al, respectively. Due to the similar position of 
interband and the resonance peak at 870 nm, and the greater 
imaginary part of dielectric function cause a broad peak for 
Al, and hence, the increased shift is due to the involvements 
of interband transitions. The broad peak for Al was clearly 
observed in the radius 50 nm sphere in silicon; the rest of 
the metals show sharp peaks. Furthermore, the large 
absorption of Al causes its lower intensity. As opposed to 
Au and Ag, the interband transitions of Ag and Al do not 
overlap with the resonance region. The absorption in Ag 
was smaller as compared to Au and Cu for similarly sized 
spheres because of the low losses in Ag caused by the 
smaller imaginary component of the permittivity. A strong 
dip in the absorption spectrum was observed at 320 nm 
across all the simulations of Ag NPs because, in this region, 
both real and imaginary parts of dielectric function are close 
to zero. Cu and Au display similar peak positions, however, 
higher absorption of Cu causes lower intensity of peaks. 

3.2. Nanobar and nanoprism 

The various dipole and multipole for spherical [45], [46], 
nanobar [47], and nanoprism [48], [49] are compared in Fig. 
3 for Ag NPs of radius 100 nm in air. The electric field 
configuration remains similar for other materials, although 
the intensity varies. The sharp features of the nanobar (Fig. 
3(d-f)) and nanoprism (Fig. 3(g-l)) leads to the creation of 
hotspots which is evident by the increased electric field. 
The range of electric field was comparable for all the 
configurations in spherical shaped NPs, which is evident 
from the use of the same scale for all the configurations. 
The length in direction of electric field was larger in 
equilateral triangle than square for same volume in the 
selected polarization conditions. Therefore, for the dipole 
configuration, the nanoprism displayed more intense 
hotspots than nanobars. The hotspot formation leads to a 
massive rise in the dipole peaks intensities in extinction 
cross section. 
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Table 1: Dipole (D), quadrupole (Q), and octupole (O) peak positions in nanometers (nm) for Au, Ag, Cu, and Al of spherical 
nanoparticles (NPs) of volume equal to sphere of radius 25 nm, 50 nm, 75 nm, and 100 nm (left to right) in air, glass and a-Si. 

  
Volume = 25 nm radius 

sphere 
Volume = 50 nm radius 

sphere 
Volume = 75 nm radius 

sphere 
Volume = 100 nm radius 

sphere 
Pole D Q O D Q O D Q O D Q O 

 Air 
Au 510 - - 520 - - 546 - - 596 - - 
Ag 363 - - 393 353 - 458 366 - 570 390 360 
Cu - - - 542 - - 583 - - 611 390 - 
Al 187 143 - 294 187 153 420 245 188 545 312 230 
 Glass 

Au 548 - - 602 - - 700 556 - 862 596 - 
Ag 435 385 - 528 410 - 678 463 398 847 534 439 
Cu 580 - - 613 - - 700 - - 862 609 - 
Al 275 199 - 441 276 219 630 370 279 888 475 344 
 a-Si 

Au 923 753 - 1198 866 756 1560 1032 845 - 1221 963 
Ag 864 673 615 1156 813 686 1537 993 795 - 1190 924 
Cu 916 741 - 1189 857 747 1555 1031 838 - 1216 959 
Al 613 438 - 1058 618 490 1472 943 640 - 1121 - 

 

Table 2: Dipole (D), quadrupole (Q), and octupole (O) peak positions in nanometers (nm) for Au, Ag, Cu, and Al of nanobars of 
volume equal to sphere of radius 25 nm, 50 nm, 75 nm, and 100 nm (left to right) in air, glass and a-Si. 

  Volume = 25 nm radius 
sphere 

Volume = 50 nm radius 
sphere 

Volume = 75 nm radius 
sphere 

Volume = 100 nm radius 
sphere 

Pole D Q O D Q O D Q O D Q O 
 Air 

Au 532 - - 652 - - 896 - - 1217 623 552 
Ag 408 360 - 587 389 - 860 453 397 1090 558 453 
Cu 573 - - 652 - - 893 - - 1213 628 - 
Al 236 - - 462 - 170 734 - 247 1119 - 327  

Glass 
Au 624 - - 904 - - 1315 693 602 - 855 691 
Ag 533 416 - 856 492 - 1282 631 513 - 811 630 
Cu 628 - - 899 - - 1316 684 611 - 840 682 
Al 350 - - 692 - 246 1172 - 353 1657 - 486  

a-Si 
Au 1192 852 - - 1078 916 - 1423 1139 - - 1428 
Ag 1125 762 - - 1027 850 - 1390 1090 - - 1387 
Cu 1180 838 - - 1070 901 - 1427 1128 - - 1429 
Al 963 - - 1678 - - - - 941 - - 1197 

 

Table 3: Dipole (1), quadrupole (2), and octupole (3) peaks positions in nanometers (nm) for Au, Ag, Cu, and Al of nanoprisms of 
volume equal to sphere of diameter 50 nm, 100 nm, 150 nm, and 200 nm (left to right) in air, glass and a-Si. 

  Volume = 25 nm radius 
sphere 

Volume = 50 nm radius 
sphere 

Volume = 75 nm radius 
sphere 

Volume = 100 nm radius 
sphere 

Pole D Q O D Q O D Q O D Q O 
 Air 

Au 560 - - 723 - - 1021 593 - 1390 707 602 
Ag 447 366 - 668 410 - 987 512 439 1368 658 530 
Cu 587 - - 715 - - 1020 604 - 1394 704 611 
Al 270 - - 526 253 201 941 394 297 1277 - 416  

Glass 
Au 685 - - 1026 624 - 1498 - 666 - 1010 812 
Ag 603 429 - 978 539 475 1466 734 600 - 970 767 
Cu 676 - - 1022 626 - 1502 780 660 - 1009 803 
Al 398 - - 921 378 294 1340 - 443 - - 619  

a-Si 
Au 1364 886 - - 1212 1035 - 1670 1351 - - 1737 
Ag 1297 800 - - 1153 975 - 1632 1309 - - 1716 
Cu 1366 871 - - 1202 1026 - 1686 1347 - - 1742 
Al 1059 - - - - - - - 1104 - - 1497 
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Figure 3: The electric field (V/m) for Ag NPs in air with volume corresponding to sphere of radius 100 nm. (a-c) Spherical NP, (d-f) 
nanobar, and (g-l) nanoprism. The arrow mentions the direction of the electric field.  

 

 

Figure 4: Quantitative shift of dipole peak for NP embedded in a) glass and b) silicon in comparison to air. 

Further, the increase in cross-sectional length of the NPs 
leads to a red shifted dipole peak. As shown in table 2, 
dipole peaks for nanobars of volume equivalent to radius 25 
nm sphere are present at 532 nm, 573 nm, 408 nm, and 236 
nm for Au, Cu, Ag, and Al, respectively. The peaks were 
much more intense as in comparison to spherical NPs due to 
hotspot creation. Although the multipole peaks were visible 
in the extinction plots, the huge intensity of the dipole does 
not allow the multipoles to be distinct for nanobar of 
volume equivalent to 25 nm radius sphere. The red shift 
because of embedding in glass and silicon was much higher 
than the corresponding spherical NPs. Specifically, as the 
upon changing environment from air to glass, for nanobars 
of volume of radius 25 nm sphere, dipole peak was red 
shifted by 124.1 %, 105.9 %, 175.7 %, and 308.1 % for Au, 
Cu, Ag, and Al. Upon embedding with silicon, for nanobars 
and nanoprisms of volume greater than 25 nm radius 
sphere, dipole peaks shifted to a wavelength higher than 
1800 nm, apart from Al nanobar of volume equivalent to 
radius 50 nm sphere, hence, the analysis was limited to 
higher order poles in the aforementioned cases.  
The length of the equilateral triangle in direction of electric 
field was larger than the nanobar; therefore, the peaks for 
nanoprisms were of increased intensity in comparison to the 
nanobars. Furthermore, the sharper edges cause a red-shift 
as compared to nanobars. For nanoprisms of volume 
equivalent to radius 25 nm sphere, the dipole peaks red 
shifted by 5.3 %, 2.4 %, 9.6 %, 14.4 % for Au, Cu, Ag, and 

Al, respectively, in comparison to the equivalent nanobar. 
Similar to nanobars, the nanoprism of volume equivalent to 
25 nm radius sphere does not show any multipole character 
due to the domination of dipole. As the environment was 
changed to glass from air, the red shift of the dipole peaks 
was comparable to the nanobars of the same volumes with a 
slight increase in the percentage values. When the 
nanoprisms were placed in silicon, in comparison to air, the 
dipole peak shifted to larger wavelength by 143.6 %, 132.7 
%, 190.2 %, and 292.2 % for Au, Cu, Ag, Ag, and Al.  
The shifts in the peaks are quantitatively displayed in Fig. 4. 
In Fig. 4 (a and b), the dipole peak shifts are compared for 
NPs in glass and silicon in comparison to air. In both glass 
and silicon, the dipole shifts up to 75 nm radius sphere is 
generally highest for Al; and Ag has marginally larger 
values than Au and Ag.  Furthermore, in a-Si, the dipole 
shift has much higher values in comparison to glass for all 
materials. 
 

4. Conclusions  
Comparison of NPs of spherical, nanobar and nanoprism 
shape of various noble metals important in the field of 
plasmonics (Au, Ag, Cu, and Al) was performed in a FEM 
based simulation software. Owing to the imaginary 
component of the dielectric function being close to zero for 
the targeted range (200 nm to 1800 nm) for Ag, the 
plasmonic peaks for Ag were the most intense and showed 



6 
 

the largest multipole character. The interband transition 
peak for Al is close to the start of the NIR range, hence, the 
resonance peaks were overlapped leading to broad peaks. 
Further, high imaginary component of dielectric function 
causes peaks of decreased intensity. Shift in the plasmonic 
peaks due to variation in size and embedding was highest 
for Al, followed by Ag. Au and Cu displayed similar peak 
positions, however, Cu having higher imaginary part of 
dielectric function leads to peaks of decreased intensity. The 
effect of material on response of the NPs decreased as the 
size of NPs was increased.  
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Abstract: In this paper we present the inverse design of a multiband absorber based on a periodical plasmonic 
structures. The geometrical and optical parameters of the plasmonic grating composed of gold and germanium 
are obtained by using an efficient inverse design algorithm while the electromagnetic response is evaluated 
numerically by using the finite element method. We obtained multiband absorbers with almost near unity 
absorption in the mid- and long-wave infrared region from 4µm to 10µm. 

 
 

Plasmonic absorbers have been investigated because of a myriad of applications such as thermal and 

image detectors, stealth, filtering and polarizers [1-2]. In addition, multiband infrared detectors have the 

ability of acquiring the infrared image of objects in two or more infrared spectral bands in this way they 

can make an efficient use of the information contained in separate bands, consequently, an improvement 

of the signal recognition can be expected [1]. Multiband spectrum response of infrared detectors can be 

adjusted by the design of plasmonic or metamaterial structures, one of the approaches uses a trapezoidal 

grating with two or more resonant wavelength [1] while the other considers unbalanced superlattcies 

gratings composed of several elements with different widths and heights [3]. On the other hand, the 

inverse design or synthesis of plasmonic devices to exhibit a particular electromagnetic behavior is under 

research and the genetic algorithm is one of the most used for this purpose [4]. 

In this work the classical genetic algorithm [4], in conjunction with an efficient frequency domain 

finite element approach (COMSOL), has been implemented aiming the design of multipeak absorbers in 

the mid and far infrared region (3300nm – 9800nm). The proposed absorber is composed by two metallic 

strips over the top of a three layer dielectric-metal-dielectr, as depicted in Fig. 1. The metal is gold and 

the dielectric Germanium, the refractive indexes are given in [3]. 

The genetic algorithm has been implemented with the following parameters: Population of 20 

individual with real representation of the variables, a wheel roulette selection, a mutation ratio between 

0.0005 and 0.15, a crossing ratio 0.8 to 0.95 with elitism of one individual.  

The fitness function was defined to optimize a structure with 3 absorption peaks. The results are 

shown in Fig. 2 (a). with the optimized parameters: p=2139nm, t=111nm, w1=383nm, h1=117nm, 

g=335nm, w2=531nm and h2,69nm. The absroptioin peaks are at the wavelengths of 3750nm, 4970nm 

and 6230nm, respectively, for TM polarization. The evolution of the fitness function is shown in Fig. 2.b.  

 



T 

Fig. 1. Schematic of the proposed plasmonic absorber 

 

  
(a) (b) 

 

Fig. 2. (a) Absorption spectra of the optimized three-peaks absorber wih p=2139nm, t=111nm, 

w1=383nm, h1=117nm, g=335nm, w2=531nm and h2,69nm. (b)  

 

As a conclusion we demonstrate the ability of the implemented genetic algorithm to synthesize 

multiband infrared absorbers composed by a multilayered metallic-dielectric super-grating. The present 

approach can be easily adapted for the design and optimization of several other plasmonic devices. 
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Abstract:  
Light-matter interaction of two-dimensional materials with metal nanoparticles has been a topic of growing 
interest owing to several potential applications of the system and the fundamentals involved1. Here we explore 
the possibility of monolayer tungsten diselenide (WSe2) as a strain-induced single-photon emitter by embedding 
it in a hetero- plasmonic dimer cavity. At the same time, a homo-plasmonic dimer cavity geometry allows us to 
study the strong light-matter coupling with TMD monolayer and enabling us to realize possible exciton-based 
devices.   
 
Embedding a 2D material in plasmonic cavities can provide an excellent platform for realizing light 
manipulation at the nanoscale. Using two metal nanoparticles (or dimers) with a sub-nm gap creates hotspots 
with an enhanced electric field confined within the nm range. Our group has utilized this effect to get a dramatic 
photoresponse with graphene as the spacer layer2. Such localized high fields can result in very high absorption of 
light within the system. The confinement can even alter the plasmon and exciton states, creating new ones, 
pushing the system into a strong plasmon-exciton coupling regime. We have tried and utilized these fascinating 
light-matter interaction effects of WSe2 in two of such plasmonic dimer cavities.   
 
The first work was done towards integrating and creating a platform for future on-chip scalable quantum light 
sources or single-photon sources (SPSs). SPSs are the heart of any future quantum application needed to boost 
technology, from quantum communication to metrology, and quantum computation. Strain fields in monolayer 
WSe2 have been shown to create defects in the system which, when activated, act as sites for single photons3. 
Albeit work has been done in this field, research persists for a better, more efficient, and indistinguishable source 
of single photons. In our work, we integrated strain engineering at nanoscale and the effect of a nano-plasmonic 
cavity for improving the efficiency of the system to create efficient, on-demand, deterministic single-photon 
sources. The pillar height, choice of the plasmonic materials for the cavity, and control over their shape and size 
add a tunability feature to our approach. We chose a gold (Au) disc and a silver (Ag) sphere at the top for the 
same. The device structure was fabricated using a combination of electron-beam (e-beam) lithography, e-beam 
deposition, and reactive-ion-etching. To characterize the system as a good quantum source, the sharp spectral 
features were spectrally isolated. We performed second-order photon correlation measurements (g(2) measurement) 
to characterize the emitter. A measured value of g(2) around 0.4 suggests the source to be  a single-photon source. 
Further studies of enormous electric field enhancements due to the hetero-dimer cavity and its effect on the 
lifetime and characteristics of these quantum emissions are underway. Fig 1 shows the schematic of the desired 
device geometry (1a), corresponding SEM image (1b), a low-temperature PL spectra from one of the pillars of 
the sample(1c), and the auto-correlation (g2) data for one of the selected emitters in the system (1d).  
 
For the next work, we integrated monolayer WSe2 in a horizontal homo-dimer cavity with Ag nanoparticles 



(NPs), resulting in a signature of tremendously strong light-matter interactions and enhanced optical 
performance. These samples were characterized in a home-built darkfield scattering setup where the scattering 
signals from a region were recorded in an EM-CCD camera. Fig 2b shows the schematic of the setup. The data 
shows a clear split around the WSe2 exciton value. This was further confirmed with COMSOL simulations 
which showed a split in the scattering spectra with the monolayer and no split without it. This is one of the few 
works done to show plasmonically influenced exciton-plasmon coupling in a monolayer WSe2 

4, in contrast to a 
previous work which suggested that less than a few multi-layers of WSe2 could not show strong coupling5. Fig 
2c show simulation results with and without WSe2 for our cavity, and corresponding results of the split in the 
scattering signals (2d). 
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Fig 2. (a)Schematic of home built scattering setup. (b) SEM 
of horizontal Ag dimer cavity with WSe2 (red). Scale bar: 
200nm. (c) COMSOL results with and without the 
monolayer. (d) scattering signal from one of the dimers, 
with double Lorentzian fits (yellow and green) 
 

Fig 1. (a) Schematic of device geometry. Strained           
monolayer WSe2 highlighted in red dashed lines. (b) SEM 
image of the same. Scale bar: 200nm. (c) Low temperature 
PL spectra and (d) g2 data of the selected emission peak. 
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Abstract: We utilise cavity-free strong coupling, where electromagnetic modes sustained by a material are 
strong enough to strongly couple to the material's own molecular resonance, to create phase singularities in a 
simple thin film of organic molecules. We show that the use of photochromic molecules allows for all-optical 
control of phase singularities. We suggest that this opens a new application for strong light-matter coupling and a 
new, simplified, more versatile means of manipulating phase singularities. 

 
 

Phase singularities occur when the amplitude of light reflected by an object is zero and its phase becomes 
undefined. Singular optics, the field of optics concerned with the exploitation of phase singularities, has 
primarily studied optical vortices in electromagnetic field profiles in real space[1]. Phase singularities can also 
be observed in photonic dispersion plots, where a response function (such as phase change on reflection) is 
plotted in parameter space (e.g. as a function of energy and a geometric parameter[2]). These phase singularities, 
which lead to sharp phase jumps in reflection spectra, could find application in sensing, potentially enabling a 
sensitivity three orders of magnitude greater than commercial amplitude-based sensing technology[3], and in flat 
optics, where it is otherwise difficult to induce strong optical phase variations in materials with deeply 
subwavelength thicknesses[1]. Phase singularities have been observed in a variety of nanophotonic structures: 
they generally require careful design of complicated structures and any phase singularities can only be observed 
under a very specific set of conditions[2, 3], such as one particular incident angle of light. 

 
We show that phase singularities can be created using strong light-matter coupling. An ensemble of 

molecular resonators and a confined electromagnetic field can become coupled if the matter and light modes can 
be excited under the same conditions. When the coupling strength exceeds losses to the environment the light 
and matter modes enter the strong coupling regime, forming hybrid states known as polaritons[4]. To the best of 
our knowledge the generation of phase singularities using strong coupling has not previously been reported. 
While most strong coupling experiments rely on external structures (such as planar microcavities or plasmonic 
nanostructures) to generate confined electromagnetic fields, our results build on recent work which shows that 
such structures are not always needed[5]. We use such a cavity-free design here to observe phase singularities 
associated with each newly created polariton state. We use a photochemical reaction to control the number of 
coupled molecules, and hence the light-matter coupling strength, by simple irradiation of light. This allows one 
to tune into and detune from the phase singularities associated with each polariton branch, modifying the phase 
sensitivity of the films. Our results demonstrate what we believe to be the first application of strong light-matter 
coupling to the creation of phase singularities in dispersion plots in a remarkably simple structure. 
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Abstract: Plasmonic metasurfaces are often used in a variety of applications which require light processing, 
with miniaturized devices integrable in various systems. In this work, we propose metasurface structures 
specifically tailored for fluorescent enhancement of Rhodamine 6G. Using finite-difference time-domain 
simulations we observed that we could obtain an improvement of the localized electromagnetic field of 5.76 
times with silver resonators of 60 nm height. The investigation performed with a fluorescent scanner confirm 
that the proposed and fabricated structures offer fluorescent enhancement.  

 
Metasurfaces are arrays of two-dimensional structures artificially fabricated with carefully aligned 

nano-antennas to easily control the properties of light, such as amplitude, phase, direction of propagation, and 
polarization at nanoscale. Because it has the advantages of ultra-thin thickness and light processing, massive 
investigations of the properties of metasurfaces have been carried out for various applications. These 
investigations have shown that metasurfaces are suitable for miniaturization and integration of various systems, 
such as surface plasmon launcher [1], nonlinear devices [2], biodetection [3], infrared selective emission sources 
[4] and various new photonic systems and devices [5, 6]. 

Here we propose a metasurface structure specifically tailored for fluorescent enhancement. To determine the 
optimal dimensions for the nano-antennas, 3D finite-difference time-domain (FDTD) simulations were 
performed. The aim was to obtain resonances at different wavelengths (NIR-VIS), for the localized improvement 
of the excitation field and the collection efficiency of the emitted photons, thus achieving a considerable 
improvement of the fluorescent emission of a variety of fluorophores. To simulate the periodic array of 
nanostructures we used periodic boundary conditions (PBC). The incident radiation was a Gaussian wave 
centered at 532 nm wavelength (excitation wavelength for Rhodamine 6G). The refractive index of metals was 
modeled by a standard Lorentz-Drude formula. Also, the intensity of electromagnetic radiation was analyzed on 
three different planes placed at: a) the upper surface of the resonators; b) the middle of the resonators; c) 
resonator / substrate interface. The geometrical parameters of the proposed structures are presented in Table 1. 
Figure 1 shows the unit-cell of this structure, the simulated electromagnetic field distribution, and the intensity of 
the electromagnetic field on the 3 observation planes for silver resonators with a height of 60 nm. 

 
Table 1. Geometric parameters used in 4 sets of 3D FDTD numerical investigations. 

No 
Sim. 

w [nm] Wx 
[nm] 

Wy 
[nm] 

1 80 160 160 
2 96 192 192 
3 120 240 240 
4 160 320 320 



a)  b)  c)  

Figure 1. The elementary unit-cell through which metasurfaces with nanostructures can be obtained: a) artist 
view b) electromagnetic field distribution; c) the intensity of the electromagnetic field on the 3 observation 

planes for resonators with 60 nm height  
 

The simulation results indicate that this type of structures offer a high localized electromagnetic field 
improvement. One can see from Figure 1c) that the improvement of the electromagnetic field located at the 
air/resonator interface is up to 5.76 times. Also, there are several points that show increased localized 
electromagnetic field (Figure 1b) offering a good intensification over the entire metarurface area. 

For the fabrication of the proposed metasurface structure we employed the following process: i) electron 
beam lithography; ii) Ag e-beam evaporation; iii) lift-off. Figure 2a show a SEM micrograph of the metasurface. 
The fabricated structure is coated with a thin film of R6G dispersed in PMMA, and the fluorescent intensity is 
investigated using a fluorescent scanner. From Figure 2b it can be observed that the presence of the metasurface 
with silver resonator on a silicon substrate considerably increases the R6G fluorescent emission.  

a)   b)  

Figure 2. a) SEM micrograph of a metasurface with controllable elements; b) The fluorescence provided by 
the structures captured with a fluorescence scanner 
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Abstract: New metalens which consist of two concentric elliptical nanohole arrays in silver film are proposed to 
generate an optical vortex for beam shaping by incident light with circular polarization. The generated optical 
filed from metalens can be altered by the rotation of elliptical nanohole. The metalens will generate a tiny spot 
with a favorable depth of focus as the major axis of elliptical nanohole in the inner concentric array is 
perpendicular to the major axis of elliptical nanohole in the outer concentric array. 
 

Figure 1 shows the schematic diagram of metalens. In Fig. 1 (a), the polarization of incident light is 
right-circularly polarized, and the modulation of the beam shape of transmitted light can be achieved by the 
rotation of the major axis of elliptical nanohole. The adoption of rotating elliptical nanohole can obtain phase 
shift for transmitted light as circular polarized light impinges on an elliptical nanohole. Hence, we can alter the 
rotation angle of the major axis of elliptical nanohole in two concentric arrays to generate spatially variant 
polarization such as an optical vortex beam [1,2]. In Fig. 1 (b), it presents every elliptical nanohole that has 
rotation angles θo and θi in the outer and inner concentric arrays, respectively. Figure 1 (c) shows that the 
rotation angles of metalens are 0o and 90o in θo and θi, respectively.  

 
Figure 1. Schematic diagram of metalens. (a) The right-circularly polarized light is focused by metalens. (b) R 
and r are radius of outer and inner concentric arrays, respectively. θo and θi are the rotation angle of elliptical 
hole in outer and inner concentric arrays, respectively. (c) θo and θi of this metalens are 0o and 90o, respectively.  

 
We use the finite difference time domain to investigate the focusing properties of the metalenses. Figure 2 

shows the intensity map of transmitted light from the corresponding metalens. In the upper part of Fig. 2, there 
are three kinds of metalenses, and the rotation angle of the major axis of elliptical hole between the inner and 
outer concentric arrays are different. In the lower part of Fig. 2 (c), the transmitted light from this metalens 
possesses a long depth of focus (DOF: 3.5 μm) and a tiny focusing spot (spot size: 375 nm). This means that the 
metalens with such a geometric phase configuration can provide the constructive interference between 
transmitted light from inner and outer concentric arrays on the central location. The geometric phase 
configuration of Fig. 2 (c) metalens can generate two kinds of polarizations to compensate for phase shift in 



radial and azimuthal directions as comparing with Fig. 2 (a). Figure 3 shows the intensity and phase maps of 
transmitted light from metalens in the X-Y plane. The upper part of Fig. 3 (c) shows that a tiny spot can be 
generated by metalens of Fig. 2 (c). In the lower part of Fig. 3 (c), it reveals that the azimuthally polarized vector 
beam is generated as the optical field carries the spiral phase. The authors are grateful for the financial supports 
of Ministry of Science and Technology, Grant No. 110-2221-E-006-128. 

 
Figure 2. Beam shape of transmitted light from metalens by incident light with right-hand circular polarization 
for the 532 nm wavelength. The thickness of the silver film is 180 nm, which was supported on glass. R and r in 
these metalenses are 4 μm and 3 μm, respectively. The lengths of major and minor axis of elliptical hole are 300 
nm and 150 nm, respectively. Upper part is scanning electron microscope photo of metalens. Lower part is 
intensity map of transmitted light from metalens in X-Z plane. (a) θo and θi of metalens are 0o and 0o, 
respectively. (b) θo and θi of metalens are 90o and 90o, respectively. (c) θo and θi of metalens are 0o and 90o, 
respectively.  

 
Figure 3. Upper and lower parts are intensity and phase maps are in X-Y plane as z = 5μm, respectively. (a) θo 
and θi of metalens are 0o and 0o, respectively. (b) θo and θi of metalens are 90o and 90o, respectively. (c) θo and θi 
of metalens are 0o and 90o, respectively.  
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Abstract: We integrate poly(3,4-ethylenedioxythiophene) (PEDOT) into plasmonic nanocavities to systematically 
study its redox mechanisms via in-situ spectro-electrochemistry. Both dark-field and surface-enhanced Raman 
scattering (SERS) are tracked during repeated redox cycles for PEDOT thicknesses from 2-20 nm. Surprisingly 
our data shows systematic changes in these spectra for sub-10nm polymer thicknesses, showing how extreme 
anisotropies and inverted orientations are produced for conducting polymer chains close to the interface. 
 

PEDOT has been studied intensively due to its high conductivity, reversible doping, and mechanical flexibility. 
However, nanoscale characterization of its doping/redox (Fig.1A) remains extremely challenging. Here, we demonstrate 
an electrochromic nanoparticle-on-mirror structure (eNPoM)1, where gold nanoparticles are encapsulated by a thin layer 
of PEDOT and drop-cast onto a gold mirror. In this geometry (Fig.1B), light is confined to volumes <100 nm3 forming 
an optical hotspot with gap size defined by the polymer thickness. The plasmon resonance of this geometry is highly 
sensitive to the local refractive index and spectrally shifts for changes in polymer charge state (Fig.1C). This redox 
reaction is spectrally probed in real time by incorporating eNPoM samples in a spectrochemical cell with three 
electrodes. Combining SERS with in-situ cyclic voltammetry now resolves the doping mechanism during redox. 
Different behaviors are observed when varying polymer thickness, both in switching direction of dark-field scattering 
peaks (Fig.1C) and in SERS spectra. Our results demonstrate how the polymer organization and redox changes in 
ultrathin layers, of strong interest for sensing and switching.2 More generally, it shows a novel viable spectroscopic 
technique giving detailed information about redox on the few-nm scale, accessing few electron transport at complex 
interfaces, relevant for widespread applications such as wearable devices. 

 
Figure 1. Plasmonic electrochromic switching with PEDOT. (A) Redox reactions of PEDOT0 (reduced p0), 
PEDOT●+ (radical intermediate), PEDOT2+ (oxidized p2+). (B) eNPoM in spectrochemical cell with Au mirror (working 
electrode), Pt counter-electrode and 3M KCl Ag/AgCl reference, gap size of the nanocavity d. (C) DF scattering spectra 
of eNPoMs with different PEDOT shell thickness vs voltage applied from -0.6 ↔ 0.6V. 
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Abstract: Using Localized Surface Plasmon Resonance (LSPR) as an optical probe we demonstrate the presence 
of free carriers in phosphorus doped silicon nanocrystals embedded in silica. We demonstrate that LSP resonances 
can be supported with only about 10 free electrons per nanocrystal, and the appearance of an avoided crossing 
behavior linked to the hybridization of the LSP and the silica matrix phonon modes. Finally, the scattering time 
dependence versus carrier density allows us to discriminate different scattering process. 
 
We investigate the plasmonic properties of phosphorus-doped Si nanocrystals (SiNCs) embedded in SiO2. We 
demonstrate that SiNCs can be massively doped by combining Low Energy Ion Implantation and Rapid Thermal 
Annealing, with measured LSPR wavelength ranging from 4 to 7 um depending on the P implantation dose (see 
Figure (a)). To determine the carrier density and electronic scattering time for all experimental doses, we use 
homemade numerical simulations based on the Green Dyadic Method, taking into account the complex 
multilayered dielectric environment of our samples2. The simulation allowed us to put into light a hybridization 
between the LSPR and the optical phonon modes of the silica matrix. As a result, the maximum of extinction 
versus carrier density deviates from the expected LSPR energy ωsp (Mie resonance) for a spherical NC (see Figure 
(b)). The degree of optical field confinement λ/(2nd) (where d is the SiNC diameter and n the optical index of 
SiO2) observed in those samples is extremely high, ranging from 250 up to 800. This is significantly higher than 
what can be obtained with noble metals and even better than what has previously been observed in hyper doped 
Si based plasmonic metasurfaces1. Using the carrier density and average volume of the NC in our samples, we can 
calculate the average number of free electrons in each NC contributing to the plasmon resonances. We deduced 
these values with a precision of few electrons and they range from more than 100 electrons for larger NCs (higher 
P dose) down to approximately ten electrons for small NCs (see green circles in Fig.(c)). Finally, in our system, 
the diameter of the SiNCs is smaller than the electron mean free path, electrons then collide with the spherical NC 
surface at an average account of 2VF /r, strongly affecting the observed dependence of τ(N) (see red stars in Fig.(c)).  

 
This work was partly funded by ANR DONNA (ANR-18-CE09-0034) and from the International Emerging Action 
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Abstract: Composite optical vortex beams (COVBs) have attracted considerable interest owing to their 
peculiar optical features and extra degree of freedom for carrying information. Optical metasurfaces 
have shown much promise for generating these COVBs due to their unprecedented capability in the 
arbitrary control of light’s amplitude, phase and polarization at a subwavelength scale. Recently, we 
have proposed and experimentally demonstrated a facile metasurface approach to generating COVBs 
based on the superposition of multiple circularly polarized vortex beams with different topological 
charges.  
 
Emerging optical metasurfaces have provided unprecedented capabilities to locally manipulate light's 
phase, amplitude, and polarization at subwavelength scale, leading to the development of novel 
metasurface devices, including metalenses, multifunctional devices, polarization sensitive holograms, 
vortex beam generators and polarization structure generation. The ultrathin nature of metasurfaces 
makes them desirable for miniaturization and integration. Optical metasurfaces have been used to 
generate vortex beams and realize the superposition of these beams. These demonstrations prove that 
metasurfaces can be used to create complicated singularity structures based on the superposition of two 
vortex beams. However, the superposition of multiple vortex beams (3 or more) is needed to engineer 
the singularity structure of COVBs, which hasn’t been demonstrated with optical metasurfaces. In 
addition, unlike SLMs, geometric optical metasurfaces are sensitive to polarization states of the light, 
providing a new degree of freedom to engineer COVBs. 
 
We propose and experimentally demonstrate a single metasurface for generating these COVBs. Our 
design is based on the superposition of multiple vortex beams with different combinations of circular 
polarizations, which is realized based on a geometric metasurface consisting of metallic nanorods with 
spatially variant orientations. Unlike previously demonstrated metasurface based superposition of two 
vortex beams, four vortex beams with different combinations of circular polarizations are involved in 
our work. The CVBs are experimentally demonstrated and compared with simulation results, which 
shows that a single metasurface can create and engineer singularity structures. The effects of the initial 
phases, the amplitude coefficients and the incident polarization states for modulating the singularity 
structures are analyzed. Our work opens a new boulevard for engineering CVBs with a minimal 
footprint. 
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Abstract: We have designed an anomalous reflection surface by considering the surface impedance at the 
boundary of the metasurface. We have built an approximation of this surface using strips, a simplification of a 
patch array, of varying sizes to match the desired impedance distribution. Using this anomalous reflection surface 
we have then studied the angular response of the surface compared to models of the surface impedance distribution. 
Using this design methodology we aim to design more complex spatially varying surface impedances. 

 
With the increasing demand on wireless technology, the electromagnetic spectrum is becoming more cluttered. 

This is leading to an increased demand on metasurfaces that manipulate wavefronts, for beam forming, reflection 
or transmission. To manipulate wavefronts from a surface we can consider the surface impedance. Previous work 
has studied high impedance surfaces for Artificial Magnetic Conductors [1]. We have studied the spatial 
distribution of surface impedance at all real and imaginary values and used our analysis to design a simple 
anomalous reflection surface.  

 
When an electromagnetic field interacts with a metasurface or metallic boundary it can be approximated by 

the Impedance Boundary Condition [2] given by: 
�̂� × �̅� = 𝑍(�̂� × �̅�) × �̂�,  

 
where �̂� is the normal to the surface and 𝑍 is the impedance of the surface. From here we can then find the 
relative surface impedance for a given �̅� field at the surface: 

𝑍
𝜂

=
𝑖

𝑘𝐻𝑧
(sin 𝜃

𝜕𝐻𝑧

𝜕𝑥
+ cos 𝜃

𝜕𝐻𝑧

𝜕𝑦
), 

where 𝜂 is the impedance of free space, 𝑘 is the wave vector in free space, 𝜃 is the angle of the field to normal 
and 𝐻𝑧 is the magnetic field in 𝑧. From here we can define our 𝐻𝑧  as 𝐻inc + 𝐻ref and define an anomalous 
reflection surface by choosing 𝐻inc as a normal incidence plane wave and 𝐻ref as a plane wave at some angle. 
We choose our anomalously reflected angle to be 30° which leads to a surface impedance as in figure 1. It is 
important to note we can define any incident and reflected field provided we can produce some spatially varying 
loss/gain and phase change with a suitable precision. We have initially chosen anomalous reflection as a simple 
proof of concept. 
 

With our spatially varying surface impedance defined, we divide our surface impedance into small unit cells 
with known surface impedances [3]. In our case, we use a metallic strip unit cell, a patch array [3] in 2 dimensions. 
By changing the occupancy of the strip in the unit cell we can produce a varying surface impedance. We then test 
the surface operating at normal incidence and find it is able to anomalously reflect at 30° as designed, shown in 
figure 2. 



 
  

Figure 1: The real and imaginary components of the 
surface impedance for a normal incidence plane wave 

reflecting at 30°. 
 

Figure 2: The far field reflection from a normal 
incidence plane wave on the sample, normalized to 

the largest reflected lobe. 30° is the largest 
reflected lobe. 

 
Anomalous reflection is well studied in literature, however, most experimental studies only consider the 

scattering properties under the designed conditions. The theoretical angular response of these surfaces has been 
studied [4] and so we have tested the angular response of our surface with respect to this. 

 
This method for surface impedance design may find applications in tailoring radiation patterns of antennas 

close to non-flat surfaces, where the impedance distribution could redirect the radiation in a specific form. 
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Abstract: We propose a simple electrical and spectral way of resolving an EP of THz non-Hermitian graphene 
metasurfaces. Experimentally, the non-Hermitian Jones matrix is reconstructed in parameter space spanned by 
the input frequency and gate voltage. At the EP, the coalescence of polarization eigenstates makes one of the 
cross-polarised transmission amplitudes vanish, resulting in maximal asymmetric polarisation conversion.     
 

 Exceptional points (EPs) are non-Hermitian degeneracies, where eigenvalues and corresponding eigenstates 
coalesce [1, 2, 3]. Owing to the intriguing phenomena associated with EPs, a considerable amount of attention 
has been paid to various non-Hermitian systems. In particular, photonic platforms make these EP-based 
phenomena be investigated and utilized more conveniently due to the ease of precise control on gain and loss. 
The examples include parametric encircling around EPs and topological energy transfer, unidirectional 
invisibility, lasing mode selection, and enhanced sensing. Notably, metasurfaces have also proven their viability 
as a promising non-Hermitian platform [4], but a controlled access to the EP in non-Hermitian metasurfaces still 
remains out of reach. Here, we propose gated graphene metasurfaces as a potential tunable non-Hermitian 
platform and demonstrate electrically controlled access to the EP in parameter space.  

 As the non-Hermitian degeneracies are of the codimension two, the EP can be found in two-parameter space. 
To trace eigentransmission of the metasurface in two-parameter space and its branching topology at the EP in a 
controllable manner, we designed a gate-controlled graphene metasurface consisting of an array of two coupled 
split ring resonators (SRRs) with their splits opened in orthogonal directions (Fig. 1). A graphene micro-ribbon is 
placed between the two SRRs so that the intrinsic loss rates of SRRs can be asymmetrically adjusted through the 

Figure 1 Schematic illustration of gate-controlled non-Hermitian graphene metasurfaces and their device layout. Optical 
micrograph of the fabricated sample is shown in the right.  



variation of the optical conductivity of graphene. Therefore, we utilize the angular frequency of an input wave 
and the gate voltage (or the Fermi level) that controls the optical conductivity of graphene micro-ribbons as the 
two parameters. The non-Hermitian graphene metasurfaces are fabricated by standard microfabrication 
techniques and a CVD-grown graphene transfer method. Terahertz time domain spectroscopy (THz-TDS) on the 
fabricated metasurface provides co- and cross-polarized amplitude transmission spectra with variation in gate 
voltage. Figure 2a shows the amplitude eigentrasmission as a function of the input frequency and gate voltage 
and reveals the self-intersecting Riemann surfaces and the existence of an EP. The corresponding 
parameter-dependent eigenpolarization states exist in pairs (Fig. 2b), and their trajectories are shown to be not 
antipodal but symmetric with respect to the north pole in the Poincaré sphere. As the frequency and gate voltage 
approach the EP condition, both the eigenpolarization state moves towards the north pole (corresponding to the 
LCP state) in the Poincaré sphere. Interestingly, as a consequence of the eigenpolarization state coalescence at 
the EP, the cross-polarized transmission amplitude (TRL) becomes substantially small at the EP (Fig 2c). The 
minimization of the cross-polarised transmission amplitude (TRL) is shown to maximize the asymmetric 
polarization conversion at the EP (Fig 2d, e). 
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Figure 2 a, Measured eigentransmission as a function of the input frequency and gate voltage, b, Eigenpolarization states 
plotted on the Poincare sphere with variations in the input frequency and gate voltage. c, Cross-polarized transmission 
amplitude from LCP to RCP. d, Schematic illustration of the asymmetric polarization conversion. e, Asymmetric 
polarization conversion with a variation of gate voltage.  
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Abstract: Metasurfaces are promising alternative to bulky, heavy and expensive optical components. High aspect 
ratio structures can be obtained by planar silicon processing techniques such as EBL and DRIE. This paper presents 
the optimization of the cryogenic etching process for metalenses development. We obtained silicon nanopillars arrays 
(metalenses) with perfect vertical profile of nanopillars and smooth sidewalls. The developed structures were 
manufactured on 4-inches silicon wafers, therefore they can be directly used as metalenses or as master wafers for 
UV-NIL processing.  

1. Introduction 
Matasurfaces are a new field of research in photonics, composed of nanostructured arrays that manipulate the 
phase and polarization of optical waves with subwavelength spatial resolution. Matasurfaces enable the 
transition from bulky, heavy and expensive optical components toward ultrathin optical lenses (metalenses) [1]. 
High-performance metalenses require medium-to-high gap aspect ratios between pillars. These features can be 
achieved by using standard planar silicon processing techniques [2-4]. Electron beam lithography (EBL) and 
ultraviolet nanoimprint lithography (UV-NIL) are the most relevant techniques used for the metalenses’ 
patterning, while the reactive ion etching (RIE) enables the patterns transfer on the silicon substrate [5,6]. This 
paper presents the optimization of cryogenic deep reactive ion etching (DRIE) process in order to achieve 
vertical profile of the silicon pillars and smooth sidewalls, features which strongly influence the efficiency of the 
developed lenses.  

2. Results 
Metalenses developed in this research are based on 
rectangular pillars acting as phase shifters on circular 
polarized light through the geometrical phase principle. 
To achieve maximum transmitted efficiency for the target 
wavelength of λ=1.55 µm, the rectangle width, length, 
height and periodicity of the pillar were designed to 
be w=230 nm, l=354 nm, h=1200 nm and p=835 nm, 
respectively. The rectangular pillars are continuously 
rotate ranging from 0 < 2α < 360 degrees. More details of 
the metalens’ design can be found in [4]. The pattern 
transfer was performed by both EBL and cryogenic 
etching processes. For the EBL patterning, the bottom-up 
approach was used to fabricate the nanoscale structures. 
The substrate was spin coated with a positive electron 

 

Fig. 1. SEM cross-sectional view of the nanopatterned 
metalens after cryogenic silicon etching process, with 
details of the nanopillars’ fidelity, the roughness of the 
etched surface and the etching profile of the pillars. 

Recipe 4 

Recipe 1 



resist poly- (methyl methacrylate) (PMMA)) film, having a thickness of 200 nm, and then was patterned by a 
dedicated e-beam equipment -RAITH e_Line. The following parameters were used for the exposure: 
acceleration voltage - 30kV; beam current - 200pA, clearing dose - 300µC/cm2. By using PECS software module, 
the proximity effect was corrected. The irradiated wafers were then developed in a mixture MIBK:IPA (1:3) for 
60 sec. at 22°C to reveal the patterns. A highly directional e-beam evaporation system (TEMESCAL FC-2000) 
for metal (Ti) deposition was used in order to provide an excellent quality of the lift-off technique. The silicon 
etching process was subsequent performed in an inductively coupled plasma reactive ion etching (ICP-RIE) 
system (Oxford Instruments Plasmalab 100 Ltd). The cryogenic etching process used O2 for sidewall passivation 
and SF6 as etchant. Four different recipes were tested in order to obtain vertical profile of the silicon nanopillars 
and smooth sidewalls. During the etching optimization process, by balancing the O2 gas flow versus plasma 
loading, we obtained the targeted profile control of the etched nanopillars (Fig. 1). The processing temperature 
was maintained at -116°C for all recipes. We observed that high O2 flows led to positive profiles, while low 
O2 flows accentuated the undercutting effect. Preliminary conclusions pointed out an efficiency of around 45% 
(the simulated theoretical limit was 61% for the chosen Si substrate) for the metalenses performed with the first 
recipe and the ongoing work includes optical measurements of the metalenses fabricated with the last recipes, in 
special with the fourth recipe, where the tapering and roughness effects were eliminated.   
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Abstract: For the scattering matrix of a lossless reciprocal multi-resonance system, we develop a 
phenomenological quasi-normal mode theory (QNMT), whose applicability supersedes coupled mode theory 
(CMT), by directly using the system true modes instead of requiring identification of the “uncoupled” modes. For 
the QNMT parameters, we then derive analytical criteria, satisfied for most common two-port scattering spectra. 
We use them to design microwave metasurfaces implementing accurate standard (Chebyshev, elliptic) filters 
configured for polarization-preserving transmission, reflective polarization conversion, and diffractive 
“anomalous” reflection. 

 
 

Introduction 
The design of high-order wave filters usually involves the tuning of spatially distinct components, either circuit 

elements (e.g., inductors and capacitors for microwaves) in the quasi-static limit, where network synthesis [1] 
applies, or weakly coupled resonators (e.g., microrings for photonics) for use with CMT [2]. For compact 
wavelength-sized filters with multiple overlapping resonances, these approaches fail, while methods directly 
optimizing the scattering spectrum face numerical difficulties [3]. As an example, only approximate quasi-elliptic 
metasurface (MS) filters have been demonstrated [4]. To address these issues, we have developed a systematic 
method for filter design based on smoother optimization problems using only an eigensolver. 

 
Quasi-normal mode theory (QNMT) and filter design criteria 

Let a lossless reciprocal scattering system with only 𝑃𝑃  input/output coupling ports support 𝑁𝑁  high-𝑄𝑄 
resonances with frequencies 𝜔𝜔𝑛𝑛  and coupling-to-ports coefficients 𝐷𝐷𝑝𝑝𝑛𝑛 , in addition to (almost frequency-
independent) background port-scattering terms 𝐶𝐶𝑝𝑝𝑝𝑝. If we define the matrices Ω = diag{𝜔𝜔𝑛𝑛}, D = �𝐷𝐷𝑝𝑝𝑛𝑛�, C =
�𝐶𝐶𝑝𝑝𝑝𝑝�, and M𝑛𝑛𝑛𝑛 = �∑ 𝐷𝐷𝑝𝑝𝑛𝑛𝑃𝑃

𝑝𝑝=1 𝐷𝐷𝑝𝑝𝑛𝑛∗ �/(𝑖𝑖𝜔𝜔𝑛𝑛 − 𝑖𝑖𝜔𝜔𝑛𝑛∗), the system scattering matrix at frequency 𝜔𝜔 can be written as 
                             𝑆𝑆(𝜔𝜔) = �𝐼𝐼 + 𝐷𝐷(𝑖𝑖𝜔𝜔 − 𝑖𝑖Ω)−1𝑀𝑀−1𝐷𝐷†�𝐶𝐶                            (1) 
This is the main result of our QNMT [5]. 𝐶𝐶 itself can also be calculated using Eq. (1) with the low-𝑄𝑄 system 
modes and 𝐶𝐶 = −𝐼𝐼, so that 𝑆𝑆 can be computed using only an eigensolver. For each resonance 𝑛𝑛, only the ratios 
𝐷𝐷𝑝𝑝𝑛𝑛/𝐷𝐷𝑞𝑞𝑛𝑛 among couplings to different ports matter, therefore, conveniently, the quasi-normal fields (divergent far 
from the scatterer) do not need to be normalized. For two-port systems, we set 𝜎𝜎𝑛𝑛 = 𝐷𝐷2𝑛𝑛/𝐷𝐷1𝑛𝑛, thus 𝑆𝑆 depends 
only on {𝜔𝜔𝑛𝑛,𝜎𝜎𝑛𝑛} and 𝐶𝐶. 

To design two-port filters with 𝑆𝑆21(𝜔𝜔) exhibiting a desired response 𝐻𝐻(𝜔𝜔), it is obvious that the system 
resonance frequencies 𝜔𝜔𝑛𝑛 must match the poles of 𝐻𝐻. To also match its zeros, we first observe from Eq. (1) that 
𝑆𝑆(𝜔𝜔 → ∞) → 𝐶𝐶, so 𝐶𝐶21 must be designed to match 𝐻𝐻(𝜔𝜔 → ∞). Moreover, the vast majority of desired scattering 
responses, such as standard filter approximations (Chebyshev, elliptic, etc.), satisfy 𝑆𝑆22(𝜔𝜔) = 𝑒𝑒𝑖𝑖𝑖𝑖𝑆𝑆11(𝜔𝜔), in 
which case we have shown [6] that the coupling ratios must be 𝜎𝜎𝑛𝑛 = ±𝑒𝑒𝑖𝑖𝑖𝑖/2, where the signs should alternate 
between consecutive modes for standard filters. This set of analytical criteria for {𝜔𝜔𝑛𝑛,𝜎𝜎𝑛𝑛} and 𝐶𝐶 allows for 
precise filter design using only the system resonances. 



 
Figure 1: Microwave metasurfaces implementing standard filters for normally incident waves around 10 GHz with passband ripple -0.25 

dB and stopband limit -25 dB. Spectra are for (a,b) through transmission for any polarization and (c) conversion between two polarizations. 

The designed responses (blue) match the desired filters (black) very well. Copper losses (red) only reduce max transmission by < 1 dB. 

 
Metasurface filters 

We apply our method to design metasurface filters, with a multilayered geometry where metallic sheets are 
sandwiched between dielectric layers and etched to create resonant elements. For each desired response, the 
topology is chosen using physical intuition, for example, number of resonant elements equal to the desired filter 
order, each element roughly sized to support only a single mode around 10 GHz, and the connectivity of the metal 
and dielectric layers so as to achieve the necessary bandpass or bandstop behavior. Then, the exact optimal 
geometric and material parameters of each topology are found by applying a solver of nonlinear systems of 
equations to enforce our derived analytical criteria. Examples of designed metasurface filters of different orders 
and types are shown in Fig. 1. Very good agreement can be seen between the designed metasurface responses and 
the target filters, namely our method leads to precise filter design. Small deviations within the stopband arise from 
higher-order modes, whose effect could be further minimized. Details for these structures can be found in Ref. [6], 
along with more examples spanning different filter types, bandwidths, and two-port configurations, including one 
employing diffraction for “anomalous” retro-reflection upon incidence at an angle. 
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Abstract: Lens numerical aperture (NA) control has applications in many fields, such as photography, imaging, 
and laser processing. Active metasurfaces offer the prospect for dynamic control of numerical aperture, in a flat, 
compact and low-cost format. Here, we design and simulate an active focusing meta-mirror using phase-change 
materials to provide this control. Designs for use in both the infrared (3000 nm) and visible (632.8 nm) are 
shown. 

 
The numerical aperture of a focusing optical system ultimately determines both its limit of resolution (i.e. 

spot size, and intensity reaching the focal plane) and depth of focus, making it a key parameter in fields such as 
photography, imaging and laser processing [1, 2]. Having compact, precise and fast NA control without the need 
for movable parts would open up a new set of possibilities within these fields. In this context, in recent years the 
use of lightweight metalenses and meta-mirrors combined with reconfigurable materials whose refractive indices 
can be deliberately controlled (such as liquid crystals or chalcogenide phase change materials), have been 
proposed as a way to achieve compact and fast control of the focal position (and therefore simultaneous control 
of the NA). However, work reported to date is mainly limited to two focal positions (therefore to a binary-only 
NA control), which limits their performance and potential applications. In this work, therefore, we present the 
design of phase-change material (PCM) based focusing meta-reflectors with dynamic and multi-step NA control 
in different spectral regimes (here the visible and mid-wave infrared). Contrary to other designs reported in the 
literature, our approach to NA control is based on gradually tuning the effective aperture of a focusing 
meta-mirror with fixed focal length, exploiting the high amorphous to crystalline optical contrast offered by 
chalcogenide PCMs. As shown in figure 1(a), for this purpose our devices work by splitting into two arbitrarily 
reconfigurable regions a focusing meta-mirror array composed of subwavelength PCM meta-atoms. The inner 
region is designed in one PCM state to impose a parabolic optical phase profile onto incident light, bringing it to 
a focus. The outer (annular-like) region is switched to the other PCM state, delivering a flat phase profile that 
mimics the closing of an aperture r with respect to the original aperture R, as in figure 1(b).  

 

 
Figure 1. (a) Optical phase profiles (ᴪ) of a larger NA state on left and smaller NA state on the right, achieved 
via generating an effective semi-aperture of r with respect to R. (b) Effect of the switching between the two NAs 
shown in (a) on the focused beam (shown here in transmission for clarity). 

 



The spatial optical phase profiles shown in figure 1(a) are achieved using phase-change meta-atoms based on 
cylindrical dielectric resonators on a metallic surface [3]. Figure 2(a) shows our meta-atom design for use in the 
infrared (3000 nm) and has Ge2Sb2Se4Te1 (GSST) as the PCM. By varying the cylinder diameter, a 2π optical 
phase control is achieved in the crystalline phase, while switching the PCM to the amorphous phase generates a 
nearly flat phase profile (see figure 2(c)). Designs for use in other optical ranges can be readily formulated, with, 
for example, one optimized for the visible (632.8 nm) shown in figure 2(b) and using Sb2S3. 

  

 
Figure 2. (a) Meta-atom design for use at 3000 nm. t1=179 nm, t2=8 nm, P=1400 nm. (b) Meta-atom for 

632.8 nm. t1=74 nm, t2=32 nm, P=370 nm. (c) Optical phase dependence on resonator size at 3000 nm. 
 
The meta-atom structures of figure 2 were used to simulate focusing meta-mirrors with a fixed aperture of 

R = 0.5 cm and a tunable (by switching of the PCM) semi-aperture r, delivering different NAs. Focal plane 
intensity profiles are shown in figure 3(a) and figure 3(b), demonstrating the expected broadening of the spot as r 
(thus NA) is gradually decreased. Overall, we achieved NA control ranging from 0.45 to 0.27 or from 0.050 to 
0.029 in the IR (depending on lens geometry), and from 0.05 to 0.026 in the visible. These results show that 
PCM-based meta-mirrors can successfully control lens numerical aperture in a compact and dynamic manner, 
and over a wide range of wavelengths. 

 
Figure 3. Simulated intensity profiles for 0.5 cm radius lens, and when switched to radii of 0.35 cm and 0.30 

cm, operating (a) at 3000 nm with a focal length of 1 cm (b) at 632.8 nm with a focal length of 10 cm. 
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Abstract: We present an ultrathin metasurface composed of silver nanorods, which can arbitrarily manipulate 
the optical intensity of linearly polarized illumination by modulating the nanorod orientations. It can be used to 
display high-resolution grayscale images in sub-wavelength scales with a specific polarization state of linear 
light. We especially generate elaborate grayscale images to directly measure the polarization angle of the linearly 
incident light by extracting the angle of the brightest area of the grayscale images. 
. 
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Abstract: Two metasurfaces (MTS) and a series end-fed 1x10 array antenna with a modified Dolph-Chebyshev 
distribution for improved beam-width are designed for imaging applications in 24.05GHz-24.25GHz. Each 
single-layer MTS-array provides secondary lobes reduction and FTBR increase while preserves Gain, radiation 
efficiency, SLL and size. Moreover, operation bandwidth is widened, with Gain and radiation efficiency 
enhancement. The overall devices’ size is 86.8 x 12 x 0.762 mm3. The envisioned application is collision 
avoidance in aid to visually impaired people at medium-long distance. 

 
Two high impedance metasurfaces (MTS) [1] are designed for operation in the ISM 24.05 to 24.25GHz 

radar band to be arranged around a series end-fed 1x10 array antenna with a modified Dolph-Chebyshev 
distribution, pursuing a suitable antenna for wearable medium-long distance collision avoidance radar [2]-[3].  

 
Figure 1. Metasurfaces reflection coefficient phase and unit cell dimensions. Antenna geometry and dimensions. 

 
Figure 2. Radiation properties and surface current distribution at 24.15GHz for the antennas under analysis. 
As it can be observed in Figure 2 and 3, the metasurfaces arrangement around the array antenna provides 

Front-to-back-ratio (FTBR) enhancement (key in wearable applications), without degrading radiation parameters 



and preserving size. A metallic parasitic does not provide such improvement, but the opposite. Furthermore, the 
secondary lobes level is reduced by both metasurfaces (see Figure 4), although the square patch worsens the 
crosspolar level. 

 
Figure 3. a) S11, b) Gain, c) Radiation efficiency and d) FTBR for the antennas under analysis. 

 

It is very remarkable that metasurfaces widen the operation bandwidth with improved radiation properties 
preserving the size. For example, the radiation efficiency of the array at 23.75GHz is 65%, whereas the ones of 
the MTS-array and the MTSsquare-array are 85% and 90% respectively, with reduced secondary-lobes level. 

 
Figure 4. Radiation pattern cuts for Phi=0◦ and Phi=90◦ at 24.15GHz and 23.75GHz 
This research was funded by Ministerio de Ciencia, Innovación y universidades of Spanish Government 
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Abstract: The metasurface research field is currently investigating many modalities of tunability which will help 
to unlock the full potential of the unprecedented field control offered by the technology platform. We 
demonstrate the use of thin-film piezoelectric PZT for twice the state-of-the-art out-of-plane displacement at a 
quarter of the required voltage: 7.2µm piston movement under a voltage application of 23V. Using this 
functionality, we demonstrate a tunable dielectric metasurface lens with a focal shift of 250µm at a wavelength 
of 1.55µm. 

 
The research field is rapidly investigating modalities of tunability for optical metasurfaces (OMS). 

Modulation of OMS optical properties will be key towards unlocking far greater functionality and potential of 
applications within sensor and imaging technologies. Many of the tunability schemes so far explored, however, 
have significant drawbacks in terms of low switching speeds (e.g. liquid crystals), low modulation efficiencies 
(e.g. electrical or thermal refractive index modulation) or requiring high voltages (electrostatic MEMS). 
Integration of thin film piezoelectric films (piezoMEMS) with metasurfaces carries significant promise: They 
offer high mechanical displacement (i.e. capable of strong optical modulations) or fast actuation at low voltage 
and low power, and can be integrated in the MEMS production lines [1]. Our contribution in this respect is to 
introduce a new form of long stroke MEMS actuation to metasurfaces: Thin-film piezoelectric film actuation 
with lead zirconate titanate (PZT) [2]. This allows for twice the displacement at a quarter of the voltage, 
compared to state-of-the-art [3]: 7.2µm displacement at a voltage application of 23V. Furthermore, thin-film 
piezo-MEMS actuation can be fast (>kHz) and low power, thereby relevant for a wide range of mobile 
applications. 

To show the usefulness of the platform we demonstrate a tunable lens consisting of two consecutive 
metasurface lenses for which their interlens spacing is modulated by thin film PZT piezoMEMS. A focal length 
shift on the order of 250µm is demonstrated.   

 
Figure 1 (a) Metasurface on square silicon chip suspended in 
a thin-film PZT MEMS-actuated ring. (b) SEM image of part 



of the metasurface structure located at the center of the suspended 
silicon chip. The scalebar represents 1µm. 
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Abstract: We demonstrate the performance of our NIR compatible optical metasurface design and fabrication on 
a dedicated 300mm process in mass production. This technology has been developed to support our time-of-flight 
product line, providing performant optical components for beam-shaping and imaging functions. The technology 
is functionally flexible and can realise any arbitrary spatial phase modulation requirement within 1 wave. In high-
volume manufacture our optics achieve zeroth order average <0.2% and transmission >80% measured at wafer 
level. 
 

STMicroelectronics and Metalenz have co-developed design and manufacturing processes for optical 
metasurfaces to address sensing applications in the Near Infra-red (NIR) band (centered nominally on 850nm & 
940nm). These optical metasurfaces give us full phase freedom for one wave providing flexible design 
characteristics for monochrome conditions in a small form-factor making them well suited to our typical use-cases 
in consumer time-of-flight products: beam shaping optics for active illumination customisation, and imaging 
lenses for the detection system operating in the same band [1-3]. Fig. 1a) shows a cross-sectional view of a typical 
direct time of flight (dToF) device, consisting of an active illumination component, in this case a modulated NIR 
laser (VCSEL) and a Single Photon Avalanche Diode (SPAD) based detection system. Diffractive optical elements 
(DOEs) are highlighted in the figure. Fig 1b) shows a measured output intensity profile of a DOE realised as an 
optical metasurface showing good resolution and efficiency, in addition to deliberate low frequency variation of 
intensity across the field of emission. 

 
Figure 1. a) Typical STMicroelectronics dToF device, highlighting various key components including the DOE optics, VCSEL and 

detector. (b) measured output intensity profile of an optical metasurface DOE for active illumination customization in the dToF 

application. 

The technology is based on poly-crystaline silicon (pSi) cylindrical nano-scatterers immersed in SiO2 shown 
as various views in Fig 2, supported on a transparent substrate, with anti-reflective (AR) coatings applied to both 
surfaces. The nano-scatterers are patterned using immersion photo-lithography in deep UV, the smallest achievable 



 

structure having a diameter of 120nm and the largest having to respect spacing rules has a diameter of 350nm.  

 
Figure 2. a,b,c) SEM images of the patterned resist for different scatterer dimensions. (d) TEM cross-section view of pSi pillars. (e) 

tilted SEM view of free-standing pSi pillars. 

With knowledge of the morphological parameters of the nano-scatterers via high precision inline metrology 
tools, we can accurately predict optical characteristics through simulation and/or optical characterisation and 
translate an optimised phase function into the optical metasurface without need for significant process tuning on a 
design-by-design basis. This ability is exemplified in Fig 3, showing measured zeroth order performance across 
two wafers. Fig 3a) shows the zeroth order distribution on a monocondition 300mm wafer demonstrating the 
nominal design performance and uniformity of the process; Fig 3b) shows zeroth order evolution as process 
parameters are swept across the wafer allowing us to verify optimum process centring and optical performance 
sensitivity vs. process. We show that a zeroth order average of <0.2% is achieved across production with an 
average transmission of 81%. 

 
Figure 3. a) Measured Zeroth order vs. location measured across a monocondition wafer for a specific product optic. (b) The same 

product optic performance vs. process sweep showing the dependence of zeroth order on process. (c) Histogram of zeroth order of 

the population of devices on 4 monocondition wafers. (d) Histogram of transmission of the population of devices on the same 4 

monocondition wafers 
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Abstract: A compact and environmentally friendly uniplanar wearable antenna for an assistance system to 
support visually impaired people is presented. The antenna operates in the mmWave ISM frequency band 
(24.05-24.25 GHz). Polypropylene was selected as the antenna substrate due to its low-cost, flexibility and 
environmental advantages. A HIS metasurface has been designed to combine with the basic array antenna. 
Different unit-cell arrangements have been analyzed and compared. The resulting array-HIS antenna 
outperforms the basic array antenna in radiation properties and bandwidth. 

 
 

Mmwave band has attracted a lot of attention since its incorporation into the useful 5G spectrum and the 
definition of a licensed free ISM frequency band. The non-ionizing characteristic of these frequencies and their 
ability to pass through clothes, along with the compact size and affordable price of this technology, makes 
mmWave band a very good option for human safety applications. This work presents an antenna to be used with 
a radar to avoid collisions. 

A compact two-elements array has been designed due to its omnidirectional radiation pattern, which is 
preferred to illuminate all the scene from each possible position despite its shorter range. A flexible, economical, 
and eco-friendly material, Polypropylene (PP), has been used for the first time as the antenna substrate at 
mmWave band (ɛᵣ=2.2, tanδ=0.002, h=0.52mm). Figure 1a) shows the antenna geometry with its parameters. It 
has been optimized through simulation. The final dimensions are indicated in Table 1. It shows proper 
impedance matching between 23.5 GHz to 24.6 GHz (4.4 %) (see Figure 1b)). The radiation parameters at 24.1 
GHz can be found in Table 2 (A), while the radiation pattern cuts are shown in Figure 1c) and d). 

 

W50 Lin T W100 L100 T2 L50 A L50 T3 Wm Lm Wp Lp W L h 
1.64 8 1.4 0.55 1.2 1.6 0.5 0.2 2.7 1.8 1 1.7 4.7 3.5 26.6 25.5 0.52 

Table 1 Dimension of the basic array antenna [mm] 

In order to improve the performance of the basic array antenna a High Impedance Surface (HIS) has been 
designed to be combined with it. A simple squared geometry unit-cell has been selected. HIS behavior is sought 
in a wide bandwidth, since the resonance frequency will shift when combined with the antenna, as the structure 
will not be infinite. For this reason, the final dimensions of the metasurface are Wp=2.65mm, g=0.2mm and 
h=0.52mm. It resonates at 26.4 GHz with a 26.2% bandwidth of HIS performance (see Figure 1f)).  

Three different arrangements of the HIS unit-cells with the basic array antenna have been studied. Figure 1g) 
includes a set of three unit-cells placed between the patches (design (W)) as a kind of wall to reduce the mutual 
coupling, Figure 1h) incorporates unit-cells surrounding the patches (design (R)) to reduce the potential surface 
waves and Figure 1i) adds a new row of unit-cells (design (2R)). Table 2 indicates the radiation parameters and 
the bandwidth for each design. (W) increases the bandwidth and improves the front-to-back ratio (FTBR) with 
respect to (A) at the expense of slightly reduce directivity and gain. Meanwhile, (R) overcomes (W) and (A) in 
bandwidth, directivity and gain but with a worst FTBR. In addition, (2R) presents better FTBR value, keeping 



directivity, gain and practically the same bandwidth with respect to (R), but the total size of the design has 
increased. However, (2R) outperforms the basic array with the same size (A*) in both, bandwidth and radiation 
properties. The previous analysis is reinforced by the surface currents shown in Figure 1e) g) h) and i), where it 
can be observed that the unit-cells present high surface current levels, especially the central unit-cell between 
patches, which reduces the mutual coupling between them, enhancing the antenna performance. The basic array 
performance has been improved, especially in bandwidth by combining with a HIS. Depending on the 
application, the combined structure should be optimized to obtain suitable radiation properties. 

  

 
Figure 1 a) Antenna geometry b) Reflection coefficient c) H-plane d) E-plane e) Surface current of the (A) design f) HIS bandwidth and unit-cell geometry 

g) Surface current of the (W) design h) Surface current of the (R) design i) Surface current of the (2R) design. 
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Design BW [%] D [dB] G [dBi] η [%] FTBR [dB] Ypos [mm] Fr HIS [GHz] Area [mm²] 
(A) 4.4 9.6 9.5 98 18.3 - - 678.3 
(W) 5.4 9.2 9.1 98 21 1 26.4 678.3 
(R) 6 9.9 9.9 100 12.2 1 26.4 678.3 
(2R) 5.8 9.9 9.8 98 14.6 0.5 26.4 731.5 
(A*) 4.6 9.7 9.5 95 14.8 - - 731.5 

Table 2 Comparison of the designs. Radiation properties (at 24.1 GHz) and bandwidth. 
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Abstract: Here we explore a bi-layer metasurface that exhibits accidental degeneracies in the lowest order bands for 
certain geometries. These accidental degeneracy points can be opened, creating a band gap, in both an inverted and non-
inverted state. 

Accidental degeneracies and band inversion have been used as indicators of the topologically trivial and non-
trivial nature of bands and band gaps since the study of topology has become of interest in photonic 
metamaterials2,3 due to their analogies to conventional crystals in solid-state physics. 

The structure investigated here1, as shown in Figure 1., consists of two identical patterned copper layers each 
formed of parallel discontinuous metal strips. The two layers are parallel with the strips in each layer orientated 
orthogonal to one another, centered about the middle of the strips, with a thin air gap of thickness d between them. 
The novel aspect of this structure resides in the length of the individual strips (l = 11.25 mm) being greater than 
the lattice vector (a = 5 mm) and much greater than their width (w = 1.4 mm). The highly anisotropic nature of the 
individual layers means that band gaps can occur at a much larger in-plane wave vector than that arising from the 
periodicity of the structure. 

Initial results were obtained using a finite element method model. The dispersion relation for three different 
layer separations, each of which illustrates a different degeneracy at the M point on the Brillouin zone boundary 
between the three lowest order modes, are shown in Figure 2. We only look at the three lowest order modes as 
these are the bands involved in the inversion process.  

The ‘normal’ degeneracy, found for 150 μm layer separation between the copper strips, is that between Mode 

1 and Mode 2 with a band gap up to Mode 3. When this separation is reduced to 100 μm this band gap closes 
leading to the three lowest order modes becoming degenerate at the M point. Further reduction in the layer 
separation reopens the band gap but in an ‘inverted’ state with Mode 2 and 3 now forming a degenerate pair with 
a band gap down to Mode 1. The inversion in character of the modes occurs locally around the M point between 
modes 1 and 3 and can be seen in the field distributions of these modes. 

Figure 1. Top down view of 3x3 unit cells (a) and side profile of single unit cell (b) of bi-layer structure, like that designed by de Pineda et 

al. in 20191, with square lattice periodicty a = 5.0 mm. The strucure consists of two layers of periodic discontinuous rectangular metal strips 

(orange) with length l = 11.25 mm, width w = 1.4 mm and thickness = 0.018 mm. They are orientateted at 𝜃 = 18.43∘ from one of the lattice 

vectors, with the bottom layer rotated by 𝜙 = 90∘ relative to the top layer. In modelling the two layers are separated by a thin region of air 

of uniform thickness d, between 150 to 50 μm.  

l 

w 
d a 

i) ii) 

 𝝓 



The band inversion is illustrated in Figure 3. by comparing two points along the bands, one at the M point and 
one away from the region of inversion back towards X at a point labelled A. In both cases the degenerate pair are 
similar but rotated 90∘

 arising from the fact they originate from surface modes supported on a single layer of the 
structure. In contrast the field of the non-degenerate mode is strong in the center of both strips at the center of the 
cell. It can be seen in both cases that the modes, away from the region of inversion at M, share similar field profiles 
with Mode 1 and 2 having fields more localized to the ends of the strips while Mode 3 is strong in the center.   

We acknowledge financial support from the Engineering and Physical Sciences Research Council (EPSRC) 
of the United Kingdom, via the EPSRC Centre for Doctoral Training in Metamaterials (Grant No. EP/L015331/1). 
J.J.G. also acknowledges funding from MBDA.  
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Figure 2. Modelled dispersion relations of the three lowest order modes for three different layer separations. i) shows the ‘normal’ 

degeneracy between modes 1 (red) and 2 (blue) with a band gap up to mode 3 (green). ii) shows the fully degenerate system when the three 

lowest order modes all become degenerate at the M point and iii) shows the ‘inverted’ system where modes 2 & 3 become degenerate with 

a band gap down to mode 1. iii) also indicates the locations in reciprocal space of the field maps shown in Figure 3. at A and M. 

i) ii) iii) 

A 

Figure 3. The normalized z-component of the electric field taken at a midplane between the two layers for two different layer separations 

where dark blue indicates low field intensity and red indicates high field intensity. i) shows the field for the ‘non-inverted’ band structure 

for the 150 μm layer separation at two points on the band structure. A, which is situated halfway between M and X, and at M which is the 

region at which the bands become inverted. ii) shows the equivalent figures but for the ‘inverted’ band structure for the 50 μm  layer 

separation. 

ii) i) 
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Abstract: In this work we demonstrate how a combination of a plasmonic Fano-resonant metasurface design 
and bragg reflector back-planes can contribute to the generation of narrowband visible colors. Active tuning of 
reflected colors is achieved by stretching the array in the x- and y- directions and the reflector in z- shifts 
colorimetric response of both elements. The combination of these two types of photonic structures allows for 
substantially increased flexibility in design and color-space tuning.  
 

 Tunable plasmonic colors spanning the full visible spectrum have been previously demonstrated utilizing 
multiple mechanisms, including a strain-based actuation of the metasurface array [1]. This effort expands the 
control of the spectral lineshape and color sharpness through the introduction of fano-coupled designs; which are 
engineered to size-scales that are amenable towards scalable manufacturing routes such as roll-to-roll 
nanoimprint lithography (NIL).  Further manipulation of the reflector color is achieved through the integration of 
NIL-fabricated fano metasurfaces onto a flexible bragg reflector substrate [2]. Independent bi-axial actuation has 
demonstrated the ability to directly manipulate the metasurface periodicity and bragg reflector spectral response 
on demand, in addition to controlling metasurface-bragg stack coupling mechanisms. 

 

 
Figure 1. Integration of an optimized fano resonant metasurface design with tunable bragg reflector substrate 
with corresponding color tunability.  
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Abstract: Periodic arrays of sub-wavelength-scale holes in plasmonic metal films can designed to provide resonant 
transmission/reflectance peaks via the extraordinary optical transmission (EOT) effect.  The addition of 
phase-change materials (PCMs) to such devices can provide a degree of tuneability, cycles of heating and quenching 
shifting the peak position and/or amplitude depending on the phase-state of the PCM layer. This opens up new 
application potential in the fields of active filtering and sensing (e.g. for multispectral imaging), displays and optical 
modulation. 
 

Extraordinary optical transmission (EOT) devices usually consist of periodic arrays of sub-wavelength holes in a 
thin plasmonic metal film [1]. The size and periodicity of the holes determines the form of the transmission spectrum, 
enabling transmission peaks in the visible through to the Terahertz range to be readily achieved. Figure 1 shows 
examples of EOT devices designed to operate in the mid-infrared (mid-IR) spectral range, with array periods chosen 
to deliver transmission peaks at a number of specific mid-IR wavelengths. 

 
Figure 1. Optical microscope image (left) of an EOT array (6.6 µm period) in a 100 nm Au film on CaF2 

substrate and (right) transmission spectra (simulated shown by dashed lines, measured, using FTIR, shown by 
solid lines) of EOT arrays having a range of periods (from 2 to 6.6 µm) yielding various peaks in the mid-IR. 

 
The addition of a phase-change material (PCM) layer to EOT devices of the type discussed above modifies 

the local optical environment, in turn modifying the transmission spectrum. Moreover, switching the PCM layer 
between its amorphous and crystalline phase also modifies the spectrum, shifting the transmission peak’s central 
wavelength (and usually changing the Q factor too). This leads to the possibility of active filtering, in which the 
EOT device allows light of different wavelengths through, depending on the phase-state of the PCM layer [2, 3]. 
An example of such an active EOT device, fabricated by sputter deposition of a 70 nm Ge2Sb2Te5 PCM layer 
onto the EOT array, is shown in Figure 2, along with the resulting transmission spectra with the PCM in its 
amorphous and crystalline phases. A significant red shift of the transmission peak is seen upon crystallization, 



along with a slight reduction and broadening of the peak (the latter due to the increased value of k - the 
imaginary part of the refractive index - for the crystal phase).  

 

 
Figure 2. SEM image (left) of an active EOT device, realized by depositing a thin (here 70 nm) PCM layer 

(here Ge2Sb2Te5, or GST-225 for short) onto arrays of the type shown in Figure 1, and (right) transmission 
spectra (simulated shown by dashed lines, measured, using FTIR, shown by solid lines) with the PCM layer in 
both amorphous and crystalline states (the period in the array is here 4 µm).   

 
Since phase-change materials with suitable optical contrasts (differences in real and imaginary parts of their 

refractive index) can be found over the entire optical range (e.g. Sb2S3 and Sb2Se3 for the visible range, 
GeSbSeTe compositions for the near IR range), active EOT devices of the type described above can also be 
realized over this entire spectral range. In this paper, we also therefore present suitable designs for operation in 
such ranges, and find that in the THz regime the relatively large (cf. other spectral wavelengths) k value of the 
crystal phase of common PCMs, such as Ge2Sb2Te5, leads to almost complete suppression of the EOT 
transmission peak upon crystallization of the PCM layer, so opening up the possibility of novel THz modulators 
based on the EOT effect. 

 
Acknowledgements: Thanks are due to Exeter University colleagues for helpful discussions and other inputs to 

this work, including Prof Geoff Nash, Drs. Liam Trimby, Santiago Garcia-Cuevas Carrillo, Carlota Ruiz de Galaretta 
Fanjul, Prarthana Dakappa and Joe Shields, Joe Pady, and Hannah Barnard. The EPSRC and QinetiQ PLC are also 
thanked for funding via the TEAM-A project (https://emps.exeter.ac.uk/team-a/). 
 
References 
1. Ebbesen, T. W. “Extraordinary transmission through sub-wavelength hole arrays,” Letters to Nature, Vol. 391, 667-669, 

1998. 
2. Trimby, L. et al., “Phase-change band-pass filters for multispectral imaging,” SPIE Proceedings, Vol. 10541,  

105412B-1-105412B-8, 2018 
3. Rudé, M. et al., “Ultrafast and Broadband Tuning of Resonant Optical Nanostructures Using Phase-Change Materials,” 

Advanced Optical Materials, Vol. 4, No. 7, 1060–1066, 2016. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Generation and Manipulation of Optical Ring Vortex Beams 
 

Y. Intaravanne1,*, J. Han2, and X. Chen1 
1School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, UK 

2College of Material Science and Engineering, KunmingUniversity of Science and Technology, Kunming, China 
*Corresponding author: yi9@hw.ac.uk 

 
Abstract: A facile metasurface approach is demonstrated to generate and manipulate ring vortex beams. 
The generation of ring vortex beams is realized by combining the functionalities of an axicon, a vortex 
beam generator, and a beam deflector onto a single reflective metasurface. The superposition of 
multiple ring vortex beams is used to detect the polarization state of incident light. The unique property 
of the developed device renders this technology very attractive for polarization detection and quantum 
science-related applications. 

 
It is well known that light can carry two different types of angular momenta, namely, spin angular 

momentum (SAM) and orbital angular momentum (OAM). SAM can be revealed through handedness or the 
polarization of light. Light possessing OAM has a helical wavefront described by exp(iℓθ), where ℓ is the 
topological charge (TC) of an optical vortex (corresponding to an OAM of ℓℏ per photon) and θ is the azimuthal 
angle. Recently, the OAM of light has attracted considerable attention as a new degree of freedom in a series of 
promising applications, such as optical tweezers, multiplexers, and demultiplexers. Optical metasurfaces are a 
planar analogy of metamaterials with exotic optical properties, which provides a much compact platform to 
generate and manipulate OAM beams [1, 2] as well as polarization detection and manipulation [3]. Here, we 
have experimentally demonstrated the generation and manipulation of optical ring vortex beams by combining 
the functionalities of a vortex beam generator, an axicon, and a beam deflector into a single metasurface. 
Furthermore, we have also simultaneously measured the major axis, ellipticity, and handedness of incident light 
with multiple superpositions of ring OAM beams [4]. 

The polarization detection is based on two split ring patterns. The inner ring and outer ring are used to detect 
the major axis and the ellipticity of the incident polarization, respectively. By comparing the intensities on the 
outer ring on both sides of the screen, one can determine the handedness of the incident polarization. Figure 
1a-1f show the simulation and the experimental results for the measurement of ellipticity and handedness of the 
incident polarization state. Here, we focus on the detailed change on the outer ring. Although a pair of points on 
the two rings can work, two symmetrically distributed points can facilitate analysis. To minimize the 
measurement error, six symmetrically distributed points marked by A and A’, B and B’, C and C’ on the outer 
rings (shown in Figure 1a) are used to calculate the ellipticity of polarized light. The ellipticity and handedness 
are determined by the rise and fall of intensities on the outer ring on both sides of the screen. The intensities of 
the outer rings are the same for the incident LP light beam since an LP beam contains the same components of 
RCP and LCP beams. Finally, the ellipticities versus the incident polarization (a function of β) are obtained, 
where β is the angle between the transmission axis of the linear polarizer with respect to the horizontal direction. 
Good agreement is found between the simulation results (black solid curve) and the experimental measurements 
(triangles). Figure 1g shows the measurement of the major axis of the polarization state. For the inner ring, no 
gap is obtained without the analyzer due to the uniform intensity distribution. For the outer ring, a dark gap 



exists even without the aid of the analyzer. 

 
Figure 1. The experimental and simulation results for the superposition of ring OAM beams upon the illumination of 
incident light with (a) right-circularly polarized (RCP), (b) right-elliptically polarized (REP), (c) linearly polarized (LP), (d) 
left-elliptically polarized (LEP), and (e) left-circularly polarized (LCP) states, which are generated by controlling the angle 
between the transmission axis of the linear polarizer with respect to the horizontal direction. (f) Experimentally measured 
ellipticities η versus β. (g) The measurement of the major axis of a polarization state 

We experimentally demonstrate the compact metasurface devices to generate ring OAM beams and 
continuously control their superpositions. Each multifunctional device combines the functionalities of an axicon, 
a vortex beam generator, and a deflector onto a single device. By controlling the major axis, ellipticity, and 
handedness of the polarization state of the incident light, various superpositions of ring OAM beams are realized. 
Good agreement between experimental and simulation results is found in polarization measurement. The 
compactness, multifunctionality, and robustness render this technology very attractive for polarization detection, 
optical tweezers, and quantum science-related applications. 
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Abstract: We demonstrate all-dielectric, strongly deflecting cylindrical metalenses for near-infrared spectroscopy 
applications. We followed two design workflows: phase mapping using finite element method-simulated 
metaatoms and the diffracted energy redistribution approach. Optimized metasurfaces were fabricated directly in 
GaAs substrates. These high-NA planar optical components will be useful for monolithic integration with compact 
semiconductor light sources for beam shaping and spectroscopy. 

 
Miniaturized optical components in the form of metasurfaces are promising from the point of view of compact 

light source device augmentation with abilities to manipulate beams, such as focusing, deflecting, polarization 
control, etc.1 Traditional components with these functionalities are bulky, whereas planar optics allow imparting 
the required phase on the wavefront by structuring a subwavelength thickness of an interface. However, high-NA 
metasurfaces are still challenging to produce due to phase gradients becoming too fast to sample effectively, given 
the limitation of the lattice constant and fabrication difficulties. 

Here, we apply two design workflows to tackle these problems. One is the phase mapping method, where 
simulated scatterer (e.g., cylinder) phase maps are matched to an analytically calculated spatial phase distribution 
of a given optical component, such as a cylindrical lens superimposed with a blazed grating. The individual 
cylinders are optimized using the finite element method with periodic boundary conditions by varying their radius 
and height to cover 2π phase delays required by the optical component design. We selected a lattice constant as 
large as possible that would still not introduce higher diffraction orders with the aim of limiting fabrication errors 
induced by the aspect ratio-dependent etching, which is unavoidable in single-layer etching processes. A 
micrograph of a cylinder-based metasurface is shown in Fig. 1a. 

 
a 

 

b 

 
Figure 1. a) SEM micrograph of a metasurface comprised of cylindrical metaatoms; b) SEM micrograph of a metasurface 

comprised of ridge-based antenna scatterers 
 
Another workflow is the diffracted energy redistribution.3 Here, a metaatom consists of three ridges (Figure 

2a). They are optimized to scatter light effectively in a direction that matches the diffraction order angle given by 



 

the spacing between the metaatoms. The gaps between individual ridges are constant, and their widths and heights 
were optimized to produce maximum diffraction efficiency in the +1 order, while 0 and -1 orders are suppressed. 
The magnetic field, when a plane wave irradiates the metasurface, is shown in Figure 2b. Diffraction efficiency 
T+1 of more than 80% has been reached. In the metalens design, the distance between the metaatoms is gradually 
changed, resulting in a focusing effect due to different diffraction order angles.3 A micrograph of a ridge-based 
metasurface is shown in Fig. 1b. 

 
Figure 2. a) Schematics of the metaatom optimized in the diffracted energy redistribution approach; b) Magnetic field under 

the plane wave illumination of the metasurface 
 
Finally, both designs were fabricated on a GaAs substrate, which is a prerequisite for seamless integration 

with miniature light sources, e.g., vertical-cavity surface-emitting lasers.2 We employed regular nanolithography 
processes, such as electron beam lithography and reactive ion etching, to produce 200 µm diameter metasurfaces. 
These samples were further evaluated using an optical microscopy setup featuring an external laser and showed 
good performance. Both designs finally resulted in the intended effect, such as forming a line focus at a strong 
angle (>60° off-axis) indicated by recorded z-stacks of the field intensity. We expect to integrate such planar 
optical components with miniature light sources for ultra-compact spectroscopy applications. 
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Abstract: We propose a new ITO device for an active metasurface in a visible wavelength. New ITO 
device is consisted of Al/Al2O3/hyperbolic meta material (HMM)/Al2O3/Al antenna and can modulate the 
reflectivity’ phase of 360o and the reflectivity’s amplitude up to 10%.   
 
Small, thin, light are the necessary requirements for the next generation devices. Metasurface is 
naturally thin and small because it uses surface characteristics of material. Many researchers have 
successfully developed new designs of metasurface to control the property of light such as focusing 
mirrors, focusing lenses, multiplex holograms, and vector holograms. However, most of them are in the 
area of passive devices where controllability of the light is fixed after fabrication.  
In the area of the active metasurface device, there were some important progresses recently. In the 
infrared wavelength range, carrier density modulation in indium tin oxide (ITO) was very enough to 
control the amplitude and the phase of light through 360o [1]. They designed two control parameters 
such as the top and bottom ITO’s carrier density to fully cover two-dimensional space of the complex 
reflectivity. And, they let the device work in the epsilon near zero (ENZ) wavelength, 1.5μm, to amplify 
the interaction between light and a material. In this paper, we report a new active metasurface in visible 
wavelength using ITO device. 
In the new design, we narrow down the roles of the ITO device to the control of the amplitude and the 
phase of the light. The role of amplifying the interaction between the device and light was imparted to 
the hyperbolic metamaterial (HMM) structure by repeatedly stacking the ITO film and silver film. HMM 
is well known to be able to tune the ENZ wavelength [2]. Figure 1 is the simulation result of transfer 
matrix method (TMM) of HMM structure by changing the thickness of ITO film. As the ITO film’s 
thickness is increased, the ENZ wavelength is also well controlled in the visible wavelength range. 
Figure 2 is the proposed new design of the ITO device which is consisted with the reflected Al 
substrate/ Al2O3 dielectric / HMM structure using ITO and silver film / Al2O3 dielectric / Al antenna. 
Figure 3 shows the reflectivity change as a function of the change of the top and bottom ITO charge 
density at the 660nm wavelength. At 170nm pitch and 90 nm Al antenna width, we obtained the ITO 
device which can modulate the reflectivity’s phase through 360o and the amplitude of 10%. Figure 4 
shows the electric and magnetic field distribution when the charge density is 2.5e20/cm3 and 
10e20/cm3.  
This work was supported by the National Research Foundation of Korea (NRF-2021M3H4A1A04086553). 
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Figure 1 TMM simulation of the HMM structure consisted with alternating ITO film and silver film 

Figure 2 Schematics of the proposed ITO device. 

Figure 4 reflectivity of the proposed ITO device as 
a function of the charge density variation 

Figure 3 Electric and magnetic field distribution 
when the ITO's charge density. 
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Abstract: Active metasurfaces are an attractive means of achieving high-resolution spatiotemporal control of 
optical wavefronts, having applications such as LIDAR and dynamic holography. However, achieving full, 
dynamic phase control has been elusive in metasurfaces. Here, we unveil a metasurface design strategy that 
operates near the avoided crossing of two resonances. A proof-of-concept metasurface using quasi-bound states 
in the continuum and graphene plasmon resonances is verified numerically, with results showing a 3π phase 
modulation capacity with a uniform reflection amplitude of ~0.65. 

 
 

The realization of the full 2π phase active modulation of light has evaded mankind for the past few decades. 
Being the indispensable necessity for a variety of applications [1-3], many have proposed and designed 
metasurfaces that bestows spatiotemporal control of the phase. Active metasurfaces take advantage of photonic 
resonances that impart a certain phase delay to the incoming light, the exact value of which could be tuned by 
dynamically shifting the resonance wavelength using various tuning methodologies. However, the complete 
tunable coverage of the full 0-2π phase range while maintaining significant, uniform light amplitude has so far 
remained elusive. 

 
 
 

Figure. 1. Problems in dynamic phase modulation and 
the usage of avoided crossing as a solution. a. The 
trajectories of the complex reflection coefficient for 
under-coupled and over-coupled resonances at the 
operating frequency ω0 as the single control parameter α is 
varied. b. The reflectance (top) and the phase (bottom) 
distributions of a single resonance as the control parameter 
is varied from α1 through αres to α2. c. The trajectory of the 
complex reflection coefficient when an avoided crossing is 
used. d. The mode dynamics of the avoided crossing.  

 
 
 

The main reasons that hinder the complete control of phase-only modulation are two-fold. First, the 
dissipative rate of resonances can easily exceed the radiative coupling to the incident light (aka. under-coupled), 
meaning most of the light with the delayed phase would be absorbed before being radiated near resonance, 



leading to non-uniform amplitude as the phase is varied (see Fig. 1a). Second, the dissipative losses incurred 
from active tuning methodologies result in resonance linewidths becoming too great for the experimentally 
realizable ‘tuning sweep’ to contain, manifesting in a form of a trade-off and resulting in a sub 2π phase range 
(see Fig. 1b). In this paper, we address the above issues and unveil a widely applicable solution for a variety of 
experimental setups, and demonstrate a proof-of-concept metasurface with a 3π phase control with uniform 
amplitude in the mid-infrared regime. 

To circumvent the trade-off issue described above and maintain uniform amplitude as shown in Fig. 1c, we 
utilize an avoided crossing between two resonances: an over-coupled, spectrally narrow resonance and a 
resonance with a high resonance frequency tunability. The two resonances must have overlapping field profiles, 
resulting in a non-zero coupling and therefore exhibiting finite avoided crossing as exemplified in Fig. 1d. When 
coupled, the avoided crossing will then serve to hybridize the resonances, resulting in two modes with the 
combined features of being over-coupled and spectrally narrow, and having a large resonance shift. This grants 
three effects. First, the modes momentarily gain a superior ∆ω/FWHM as the avoidance between two modes 
provides an extra frequency shift, which is unavailable to conventional modes susceptible to the tradeoff. Second, 
if the original spectrally narrow resonances were highly over-coupled, the hybrid modes would still be highly 
over-coupled near the anti-crossing point and the phase modulation will possess nearly uniform amplitude as 
shown in Fig. 1c. Finally, because these modes sweep across the operating frequency subsequently one after the 
other, the first 0-2π phase loop is closed as the second mode initiates the secondary phase loop. This renders an 
upper bound of 4π in phase modulation. 

To validate the efficacy of the avoided crossing in dynamic phase tuning, we designed a proof-of-concept 
reflective metasurface that supports quasi-bound states in the continuum (qBICs) and graphene plasmons. The 
radiative coupling of qBICS are controllable through a geometric parameter, and are therefore an ideal candidate 
for the first, narrow resonance described above, as the controllable radiative loss allows for a substantial 
over-coupling. Graphene plasmons, on the other hand, are well known for their immense electric field 
concentration capabilities, and their substantial tunability, rendering them good candidates for the second 
resonance with the high frequency tunability. The dynamic phase tuning performance of the metasurface is 
shown in Fig. 2 below. 

 
 
Figure. 2. Metasurface Performance  
a. The complex reflection amplitude of the metasurface 
as the Fermi level of the graphene is tuned from 0-1 eV, 
where white dots indicate 0.1eV increments. b. The 
phase color map with respect to frequency and the 
graphene Fermi level. 
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Abstract: We present a method of robust and effective simulation of large area metalenses. This method relies 
on splitting the metalens into smaller sectors that can be approximated by linear phase patches. Our method 
shows good agreement with experimental data for a metalens operating at 632 nm. We envisage to use the 
method to characterize metalenses operating at VUV to assess their light collection enhancement in neutrino 
detection experiments. 
 

Light collection is central to most particle physics detectors. In noble element detectors, particle interactions 
produce ionization electrons and VUV scintillation light, the latter being the essential ingredient for detection 
and measurement of low-energy events. Increase of the amount of scintillation light collected in future 
large-scale noble element detectors would significantly enhance the physics reach of these experiments. Recent 
developments with metalenses has opened the door to practical and cost-effective devices to increase the amount 
of light collected by compact Silicon PhotoMultipliers (SiPMs) by at least one order of magnitude [1]. 
Metalenses are made of subwavelength nanostructures that can locally modify the phase profile of an incoming 
beam to focus light. These cutting-edge devices have been designed for a wide range of wavelengths (from 266 
nm to 3600 nm) and are now developed for industrial applications [2].  

In this contribution, we present a new method to simulate large area metalenses with an arbitrary input field 
distribution. The method is allowing the simulation to be carried out with relatively limited computing resources, 
yet it yields the results with satisfactory degree of precision. Common numerical methods such as FDTD and 
FEM are not suitable for the simulation of large area metalenses because they require enormous computational 
resources. In our approach, we approximate the metalens phase profile by a piece-wise linear phase profile on 
the radial axis creating M sectors along the radial direction and we split each sector into Ni regions (see Figures 
1a and 1b). We then obtain a transfer function for each sector using a dedicated rigorous coupled wave analysis 
(RCWA) code under plane wave incidence for different angles of incidence and incident polarizations (see 
Figure 1c). This transfer function is used to calculate the transmitted near field light distribution by convoluting 
it with the patch transfer function, which can be done with the aid of the FFT algorithm making the process very 
fast. Propagation in free space can be done using the angular spectrum formalism, which relates the fields 
between two planes by a Fourier transform. More details on the method approach will be given in the 
presentation. 

We validated our method by simulating a 300 μm gaussian beam impinging at different radial positions of 



the metalens and comparing with experimental data. The SiO2 based metalens focal length is 5 cm with NA = 0.1 
(diameter D = 1 cm ) and it operates at 632 nm. For this simulation, the posts diameters were adjusted according 
to SEM measurements of the actual metalens, shown in Figure 1e. More details on the metalens design can be 
found at [3]. Analysis of the initial measurements indicates  good agreement has between the measured and 
simulated data as shown in Figure 1d. The observed differences might be due to systematic errors on the 
measurement of the posts diameters. Note that, the simulation area is 600 μm × 600 μm, to accommodate the 
gaussian beam properly. The simulation process is very efficient, each simulation requiring less than 10 min on a 
personal computer.   

 
Figure 1 – (a) a hyperbolic phase profile (black solid line) that is approximated by line in N positions. Each region can be simulated 

with a supercell obtained after wrapping the phase as shown in the inset of (a). (b) the supercell and the transfer tensor function. (c) the 

metalens patching along the azimuthal direction. Only one transfer function is calculated per radial sector and it can be used on different 

parts by change of coordinates. (d) diffraction efficiencies of a f = 5cm  metalens operating at 632 nm as function of the radial beam 

position of a 300 μm gaussian beam. The first (red) and zeroth (black) orders were obtained experimentally (solid) and using our method 

(dashed). Within the gray area, the peaks of different orders overlap in our experiment. (e) SEM photograph of the measured metalens  
[3]. 

This method was used to simulate meatlenses operating at VUV wavelengths to estimate how a possible 
increase the light collection. The metalens posts design was optimized to operate at this wavelength. Different 
phase profiles were computed under different illumination conditions and the obtained results will be presented 
during the conference. They are expected to help with the development of metalenses for large-scale particle 
physics experiments.  

This research, as well as R. Guenette, A. Martins and C. Stanford, are partly supported by the Alfred P. 
Sloan Foundation. 
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Abstract: The design of achromatic metalens with large numerical aperture (NA) and wide band is a big 
challenge in metalens research. Here, two-photon polymerization lithography is used to fabricate multilayers 
high-resolution, high NA, and broadband visible achromatic metalens. The optimization of multilayer 
parameters is achieved by combining topology optimization with adjoint method. The effects of interlayer 
spacing, number of layers and polarization are discussed, and finally a metalens with NA=0.5, 300-700 nm wide 
and average efficiency of 30% is achieved.  
 
 

Achromatic metalens provides great potential in ultracompact microscopy, imaging and on-chip system. 
How to design an achromatic metalens of high NA with wide band performance and proper size becomes 
important due to the intrinsic constraints between the parameters of the metalens. To tackle these issues, some 
emerging works were proposed based on bilayer metasurfaces, multilayer diffractive lens and hybrid metalens.  
However, due to the limitation of the efficiency, they are not able to achieve a large improvement in NA, which 
is usually lower than 0.3. Taking advantage of two-photon polymerization lithography based 3D printing 
technology, we fabricate a 3D complex structure with the performance of metalens greatly improved.  

We employed the inverse design method with topology optimization to optimize the parameters of 
multilayer metalens. Topology optimization takes different layers’ parameters as a unity to optimize with the 
help of adjoint method to calculate the gradient. The surface topology of each layer was constrained to make it 
manufacturable so that no abrupt disconnection appears in the vertical direction. The goal was to maximize the 
focal intensity of the wavelength with minimum efficiency during each iteration. In a single round of iteration, 
we used heaviside function to transfer the computational model into a physical model to detect the real 
efficiency to set as objective function value. After around 100 iterations, we found the optimum value. 

We inverse designed metalens with 2 to 5 layers and the interlayer spacing ranging from 0.5 to 2 µm at 
NA=0.5 respectively, in order to find the optimal structure parameters. The best performance was obtained at 3 
layers with spacing 1.5 µm, of which the average efficiency was 30%. The Full width at half maximum across 
300-700 nm wavelength is around 5 µm. Hence, a multilayer metalens is achieved with high efficiency, high 
resolution and wide bandwidth. 



 

Figure 1. 3D printed multilayer metalens. (a) The overall structure in our design, where d is the radius, f is the focal length, 
hm is the height of the lens, hs is the thickness of the substrate for each layer, hi is the interlayer spacing, and Ωm is the design 
region; (b) Normalized electric field of the simulated metalens with NA=0.5, layer =3 and lambda=700 nm (left), and the 
amplitude of electric field at the focal plane of z= 30 µm (right); (c) Transmission efficiency from 300-700nm; (d) SEM 
image of the 4-layers metalens and the quarter part of the structure. 
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Abstract: In this paper, a flat lens antenna using Gap Waveguide (GW) technology working in the millimeter 
waves band is designed. The metamaterial lens is fed using a Groove Gap Waveguide (GGW) horn antenna in 
order to achieve a planar wavefront at broadside. Both devices, metalens and GGW antenna achieve excellent 
radiation results when combined together. Due to the fully metallic composition, the structure presents more 
robustness, low loss, and adaptability to a flat surface, apt for millimeter wave application. 

 
With the rapid development of modern wireless communication technology, the fifth generation (5G) mobile 

standard and Internet of Things (IoT), the 60 GHz frequency band has received special attention due to its 
potential functional benefits. It is evident that designing a high gain and broadband antenna using this 
technology opens new avenues for high frequency communications. Hence, there is an increasing interest in 
metasurface (MTS) antennas due to their ability to provide high gains, while at the same time maintaining a light 
weight and a low profile, making them excellent candidates for lens antenna applications such as the Luneburg 
Graded Index (GRIN) lens [1]. In order to improve the antenna characteristics, an appealing idea is to use classic 
antennas in Gap Waveguide (GW) [2] technology and combine them with metalenses. Therefore, the main 
objective of this investigation is to combine these technologies to have antennas with good radiation 
characteristics and compatible with the implementation of 5G mobile communications. In this work, a 
metal-only metasurface antenna is implemented in order to overcome the losses associated with dielectric lens 
antennas in the microwave band, as well as to provide structural integrity to the antenna in harsh environmental 
conditions [3], [4]. 

The Luneburg lens (LL) was proposed in [1] and features a spatially varying refractive index distribution 
which is characterized by rotational symmetry, see Fig. 1(a) and (b). The focusing properties of a LL are only 
defined by the refractive index distribution n(r), which means that the lens is capable of generating directive 
beams independently of the frequency. Starting from this concept, a planar LL is considered in the V-band as it 
offers a full azimuthal scanning in the form of fan beams. The refractive index of a LL follows the next equation: 

 

(1) 

where r is the radial component and R is the outer lens radius. 
 



 
Figure. 1. (a) Cross-section of the standard Luneburg lens. (b) Equivalent refractive index of a 2D Luneburg lens as a 
function of the normalized radius r/R, where R is the outer lens radius. (c) Equivalent refractive index as a function of the 
unit-cell's pin height hpin at f0 = 60 GHz. (d) Luneburg lens plus GGW horn antenna (top view). Inset, GGW Horn Antenna 
with the pin structure and the integrated lens (profile view). (d) Normalized electric field magnitude |Re{Ez}| at 58 GHz in 
decibel scale. (f) Simulated reflection coefficient in dB and maximum realized gain vs frequency. 

 
The design parameters are the periodicity of the unit-cell (puc), the width of the metallic post (auc) and its 

height (hpin). By varying hpin, it is possible to derive an effective refractive index at a single frequency, as 
depicted in Fig. 1(c). Matching the posts height to the profile of the LL, we can construct the final geometry of 
the metasurface lens by mapping the corresponding height of each unit cell with respect to the bottom metallic 
plane, Fig. 1(d). We performed a design and numerical analysis using the commercial simulator CST Microwave 
Studio®. Fig. 1(e) shows the normalized vertical component of the electric field from a top view. Finally, we 
note that the antenna is matched in the entire operation band (from 55 to 65 GHz), with the criterion of having a 
reflection coefficient magnitude below −10 dB (see Fig. 1(f)). The prototype has a high gain with a maximum 
around 20 dB at 58 GHz, Fig. 1(f). Furthermore, the gain bandwidth is around 10.3 % close to 6 GHz, assuming 
a loss of −3 dB from peak gain. 
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Abstract: In this paper, three compact antennas using the ridge gap waveguide (RGW) technology working in 
the millimeter-wave band and generating circular polarization (CP) in either a wide or a narrow band are 
numerically and experimentally analyzed. The widest bandwidth achieved in CP is 14.48%, with respect to the 
central frequency and the highest gain is around 18.4 dB. These designs are a strong alternative for medium/high 
gain CP antennas in a planar layout.  
 

The implementation of fifth-generation (5G) mobile and Internet of Things (IoT) is currently a fact. The high 
demand for faster speed and the increased volume of information required by these applications are impossible 
to satisfy with traditional operation bands at microwaves that do not have enough bandwidth. Recently, the 60 
GHz frequency band has received increased interest and attention due to its potential functional benefits for 
many upcoming applications. A fundamental obstacle that must be circumvented to achieve a full development 
of high frequency technology is the problem of guiding waves with low loss. Traditional feeding systems like 
waveguides and microstrip lines suffer from increasing loss as the frequency grows. Using different feeding 
techniques can be a solution that, in combination with an appropriate fabrication method, could alleviate loss. In 
the last decade, Gap Waveguide (GW) technology (developed from the beginning by Prof. P.-S. Kildal) has 
gained a lot of interest since it is a reliable and competitive alternative for high-frequency communications. 
Three main variants have been developed: Groove Gap Waveguide (GGW) [1], Ridge Gap Waveguide (RGW) 
[2] and Microstrip Gap Waveguide (MGW) [3]. GW shows considerable improvements, such as low loss, it does 
not require electric contact and it is easily adaptable to flat surfaces. 

In this paper, we design, analyze and manufacture three antennas using Ridge Gap Waveguide (RGW) 
technology (an alternative to standard waveguides in high-frequency applications), all of them with Circular 
Polarization (CP). The Transient Solver of the commercial simulator CST Microwave Studio® was used to 
simulate all the antennas. In addition, the antennas were manufactured using Standard Computer Numerical 
Control (CNC) milling machine method. Photographs of the fabricated prototypes are shown in Fig. 1(a) and (d). 

The experimental characterization was done in an anechoic chamber. A PNA network analyzer E8361C 
(Agilent Technologies) was used to measure the antennas, with the frequency span discretized in steps of 50 
MHz. A single port calibration was performed to measure the reflection coefficient. Two different ranges of 
frequencies were used: first diamond and diamond-horn-groove antennas [Fig. 1(a)] were studied in the 
frequency range from 59 to 70 GHz (since these antennas are expected to be broadband); then, the Bull’s-Eye 
antenna [Fig. 1(d)] was measured in the frequency range from 55 to 63 GHz (it is a smaller range as Bull’s-Eye 
antennas are typically narrowband). 

The first designs [4] (diamond and diamond-horn-groove antennas) Fig. 1(a) achieve a relatively large 
bandwidth with a medium gain, Figs. 1(b) and (c). Finally, the Bull’s Eye antenna [5] Fig. 1(d) with a narrow 
bandwidth but higher gain (Fig. 1(d)) culminates the objective of this investigation devoted to the development 
of compact millimeter wave CP antennas in RGW technology. Fig. 1(c) and (f) show the main lobe beamwidth 



difference among these designs. 

 
Figure. 1 (a) Photographs of D and DHG antennas whit the feeding system (b) Main characteristics of D and DHG 
antennas measured. (c) Radiation patterns of DHG antenna. (d) Photographs of BE antenna whit the feeding system. (e) 
Main characteristics of BE antenna. (f) Radiation patterns of BE antenna. 

 
We presented three variants of RGW antennas operating in the millimeter-wave band: D and DHG antenna 

have a large CP BW (10.74 % and 14.48 % respectively) with moderate gain. Finally, the BE antenna has a 
narrow band in comparison with the previous designs (6.8 %), but its gain is considerably superior, 18.4 dB, 
making it in a strong candidate to be used at 60 GHz. All designs are fully metallic, easily integrated in planar 
surfaces and compact. 

 
References 
[1] M. Ferrando-Rocher, A. Valero-Nogueira, J. I. Herranz-Herruzo, and J. Teniente, “60 GHz Single-Layer Slot-Array 

Antenna Fed by Groove Gap Waveguide,” IEEE Antennas Wirel. Propag. Lett., vol. 18, no. 5, pp. 846–850, May 
2019, doi: 10.1109/LAWP.2019.2903475. 

[2] A. U. Zaman and P. Kildal, “Wide-Band Slot Antenna Arrays With Single-Layer Corporate-Feed Network in Ridge 
Gap Waveguide Technology,” IEEE Trans. Antennas Propag., vol. 62, no. 6, pp. 2992–3001, 2014. 

[3] A. A. Brazalez, E. Rajo-Iglesias, J. L. Vazquez-Roy, A. Vosoogh, and P.-S. Kildal, “Design and Validation of 
Microstrip Gap Waveguides and Their Transitions to Rectangular Waveguide, for Millimeter-Wave Applications,” 
IEEE Trans. Microw. Theory Tech., vol. 63, no. 12, pp. 4035–4050, Dec. 2015, doi: 10.1109/TMTT.2015.2495141. 

[4] D. Perez-Quintana, A. Torres-Garcia, I. Ederra, and M. Beruete, “Compact Groove Diamond Antenna in Gap 
Waveguide Technology with Broadband Circular Polarization at Millimeter Waves,” IEEE Trans. Antennas Propag., 
pp. 1–1, 2020, doi: 10.1109/TAP.2020.2996364. 

[5] D. Perez-Quintana, I. Ederra, and M. Beruete, “Bull’s-Eye Antenna with Circular Polarization at Millimeter Waves 
based on Ridge Gap Waveguide Technology,” IEEE Trans. Antennas Propag., no. c, pp. 1–1, 2020, doi: 
10.1109/TAP.2020.3019565. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Highly Efficient Metaphotonic Color-Routing Structure  
in the Sub-micron CMOS Image Sensor 

 
S. Roh, S. Yun, S. Lee, H. Park, M. Lim, S. Ahn and H. Choo* 

Samsung Advanced Institute of Technology, Suwon, Gyeonggi-do, Korea 
email: sy81.roh@samsung.com 

 
Abstract: We report a novel metaphotonic color-routing (MPCR) structure that can significantly increase the 
quantum efficiency of sub-micron CMOS image sensors. Fabricated on the Samsung’s commercial 0.8μm-pixel 
sensor, MPCR structures separate the incident light energy into appropriate color pixels at high efficiency, 
resulting in higher quantum efficiency up to +20% than the conventional sensor. Our experimental 
demonstration confirms a luminance SNR improvement of +1.22dB under low light condition below 20 lux, 
accompanied with a comparably low color reproduction error. 

 
 

Pixel miniaturization has been a major direction of technological innovation in CMOS image sensors (CIS) 
for many years, and pixel sizes are now approaching the sub-wavelength diffraction limit. While reducing pixel 
size provides higher pixel counts in a small form factor, the reduced light receiving area lowers the signal to 
noise ratio, degrading low-light image quality [1]. Although color filter materials also have gradually been 
developed to exhibit better spectral performance with higher transmission in passbands [2], almost two third of 
incoming light energy is wasted in stopbands, remaining as a fundamental limitation of light utilization 
efficiency in CIS.  

To overcome such a physical constraint, an optical path can be taken to efficiently redistribute incident light 
energy by incorporating properly designed sub-wavelength-scale metaphotonic structures. When incident light is 
routed according to the wavelength and directed to the corresponding color pixel, high light efficiency can be 
obtained by reducing absorption. 

Here, we propose a novel metaphotonic color-routing structure that can benefit from wavelength-dependent 
focusing effects without microlens and color filters. We show that the RGB channel transmission spectra of 
MPCR can be tuned significantly through the precise design of TiO2 nano-posts embedded in SiO2 and can 
operate even in pixel sizes down to 0.5μm. Both white balance and color fidelity are improved with the 
simultaneous use of color filters and optimized MPCR. 

To demonstrate, the proposed MPCR structure is integrated onto a commercially available 0.8μm-pixel 
Bayer image sensor. Fig. 1 shows the fabricated MPCR structure on the image sensor pixels. Still life images 
captured by the reference and MPCR sensors are shown in Fig. 2. The total amount of light received per pixel in 
the MPCR sensor is improved by +20% compared to the reference sensor, which corresponds to a +1.22dB 
increase in luminance SNR under the 5-lux illumination condition of a D65 light source.  

To the best of our knowledge, the proposed double-layered MPCR structure is the World’s first 
demonstration of light separation and focusing phenomena in the sub-micron regime. We expect that the MPCR 
structure will open the door to highly efficient and practical CIS implementation with sub-wavelength pixels.  

 



 
Fig.1 MPCR fabricated on a commercially available 0.8um-pixel image sensor 

 

Fig.2 Measured relative quantum efficiencies and still life captured images by the MPCR (top) and reference (bottom) 
image sensors 
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Abstract: This paper presents the theoretical and simulation results of a system formed by a thin metalens and a 
horn antenna with right-handed circular polarization (RHCP), working in the millimeter-wave band at 87 GHz. 
The metalens unit cells are composed of two H-shaped aluminum elements printed on both faces of a thin 
polypropylene slab, and combined thereafter with a horn antenna to test its properties. The structure presents an 
excellent behavior at the working frequency. 
 

Metasurfaces are the two-dimensional equivalent of metamaterials whose dimensions are smaller than the 
operation wavelength, providing advantages such as ultra-thin and lightweight structures, easy fabrication, and the 
ability to control wave propagation. Among the developed devices, designs based on Quarter Wave Plate and Half-
Wave Plate (HWP) devices for the manipulation of the polarization, meta-holograms [1], and optical vortex 
converters [2] can be found. In [3], an overview of different applications for metasurfaces is presented. According 
to the Pancharatnam-Berry (PB) principle, when an incident circularly polarized wave goes through an HWP unit 
cell with a rotation angle 𝜃, it acquires an output phase of 2𝜃. Pancharatman-Berry metasurfaces are based on 
this concept to implement a specific phase profile varying the rotation angle of each unit cell that composes the 
structure. In this way, it is possible to achieve any lens phase profile.  

 
In this work, we focus on the concept of HWP and the PB principle to implement a metalens with a polarization 

conversion, from right-hand circular polarized (RHCP) to left-hand circular polarized (LHCP) wave. The 
metasurface unit cell has a size of 1.4×1.4 mm and consists of two H-shaped aluminum elements with a thickness 
of 0.4 μm patterned on both faces of a thin polypropylene slab with a thickness of 0.254 mm. The rest of the unit 
cell parameters for the metalens design are presented in [4]. Figure 1(a) shows the magnitude of the transmission 
and reflection coefficients when the illumination is an RHCP plane wave. As shown there, the cross-polar 
transmitted component has a peak at the working frequency of 87 GHz. The ideal phase at the output for this 
component should be 𝜑 = 2𝜃 but in Fig. 1 (a), it can be seen that there is a slight difference between the ideal 
and the simulated phase. This difference has been considered and corrected by adding a phase correction in the 
final design of the metalens. The phase profile introduced by a lens is: 

𝜑(𝑥, 𝑦) = −
2𝜋𝑓

𝑐
(√𝑥2 + 𝑦2 + 𝐹𝐿2 − 𝐹𝐿) (1) 

where 𝑓 is the working frequency, 𝑐 the speed of light in the background medium (free space in our case), and 
FL the focal length. Using (1), the required phase, 𝜑, can be obtained at each unit cell position as shown in Fig. 
1(b). 

The designed metalens can be combined with an antenna to study the performance of a realistic system. The 
antenna used in this work can be found in Anteral S.L. webpage [5], and consists of a septum polarizer fed 



 

Figure 1. Unit cell magnitude simulation parameters. Copolar transmission (TRR) and reflection (RRR) coefficients and 
crosspolar transmission (TLR) and reflection (RLR) coefficients under RHCP excitation (bottom-left axes). Difference between 
ideal and simulated phase for a rotation angle θ from -180° to 0° (top-right axes). (b) Implemented phase profile of the 
metalens using (1). (c) Far field directivity at the cutting plane of the horn antenna alone and the antenna-metalens system.  
 
transmitting corrugated horn antenna with a low axial ratio at the frequencies of interest. In order to match the 
metasurface to the illumination horn antenna, the diameter 𝑑 of the metalens has been calculated as 𝑑 = tan (𝛼/2) ∙
2𝐹𝐿, where 𝛼 = 60° and corresponds to the lens angle for a taper of 15 dB. A focal length of 50 mm has been 
chosen because we aim to place the metalens within the antenna’s Fresnel zone, which varies between 24.4 mm 
and 177 mm. After making the necessary adjustments a metalens of 43×43 unit cells is designed. 

 
For the simulation of the system consisting of a horn antenna and the designed metalens, first, the antenna’s 

phase center has been calculated to align it with the metalens FL. In Fig. 1(c), the comparison between the 
simulated far field of the horn antenna and the metalens-antenna system is shown. We can appreciate an 
improvement of the directivity of more than 12 dB for the antenna and metalens system. 

 
To conclude, we have presented a metalens made of 2 layers of H-shaped unit cells separated by a thin 

polypropylene slab with a circular polarization conversion is presented. The metalens is tested with a horn antenna 
at a focal distance of 50 mm, exhibiting an improvement in the directivity of 12 dB. At the conference, the 
measurements of the system antenna-metalens will be presented. 
 
References 
1. C. Guan et al., “Dual-polarized multiplexed meta-holograms utilizing coding metasurface,” Nanophotonics, vol. 9, no. 

11, pp. 3605–3613, Sep. 2020, doi: 10.1515/nanoph-2020-0237. 
2. S. Yu, L. Li, G. Shi, C. Zhu, and Y. Shi, “Generating multiple orbital angular momentum vortex beams using a 

metasurface in radio frequency domain,” Applied Physics Letters, vol. 108, no. 24, Jun. 2016, doi: 10.1063/1.4953786. 
3. H.-H. Hsiao, C. H. Chu, and D. P. Tsai, “Fundamentals and Applications of Metasurfaces,” Small Methods, vol. 1, no. 4, 

p. 1600064, Apr. 2017, doi: 10.1002/smtd.201600064. 
4. A. Moreno-Peñarrubia, J. Teniente, S. Kuznetsov, B. Orazbayev, and M. Beruete, “Ultrathin and high-efficiency 

Pancharatnam-Berry phase metalens for millimeter waves,” Applied Physics Letters, vol. 118, no. 22, May 2021, doi: 
10.1063/5.0048907. 

5. See www.anteral.com for antenna datasheet. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Ultra-wideband wide-angle deflection enabling multifunctionality for a simple 
unitary meta-grating at near-infrared 

 
A. E. Serebryannikov1*, M. Aalizadeh2,3, and E. Ozbay3 

1ISQI, Faculty of Physics, Adam Mickiewicz University, 61-614 Poznan, Poland 
2Department of Electrical and Computer Engineering, University of Michigan, Ann Arbor, MI 48109, USA 

3NANOTAM, Bilkent University, 06800 Ankara, Turkey 
*corresponding author: andser@amu.edu.pl 

 
Abstract: The objective of this work is theoretical justification, design, and experimental validation of reflective 
unitary meta-gratings with unusually ultra-wideband and simultaneously wide-angle deflection that serves as the 
main enabler of the high multifunctional capability at the near-infrared. The design is based on the silicon 
nanorods that are periodically placed at a large distance from each other and may show the functionality 
enabling Mie resonances, and a dielectric spacer between the nanorods and a metallic reflector.  
 

Multifunctional gradient metasurfaces have attracted a lot of attention in the last decade [1,2]. In contrast, we 
use unitary meta-gratings comprising dielectric nanorods to achieve multifunctionality [3,4]. The first goal here 
is obtaining deflection in wide ranges of variation in wavelength, O, and incidence angle, T. Then, we consider 
this deflection regime as enabler of multifunctional operation scenarios. The elementary functionalities, of which 
the multifunctional scenarios can be designed, are assumed to include spatial filtering and splitting. Efficient 
deflections are obtained due to the ultimate redistribution of the incident-wave energy in favor of the first 
negative diffraction order (m=-1), or higher orders (e.g., m=-2, m=-3). The schematics of the designed structure 
and photo of the fabricated sample are presented in Fig. 1. It is noteworthy that our design is distinguished from 
the geometrically similar design in [5] where an all-metal structure supporting surface plasmons was used.  

 

 
Figure 1: (a) 3D schematic of the structure, (b) 2D cross section of the structure and directions of the 

incident, 0th order reflected, and −1st order diffracted (deflected) beams, and (c) SEM image of the fabricated 
sample.  

Standard nanofabrication techniques were used. The silica layer was coated over the Al layer by using 
VAKSIS electron-beam evaporator. A 180 nm Si layer was coated over the sample by utilizing the e-beam 
evaporator machine. Finally, the sample was patterned to form Si nanorods by applying the lift-off process. The 
simulated and experimental results for deflection in the order m=-1 are presented in Fig. 2. The high efficiency 
of deflection and sharp boundaries of the -1st-order deflection region in (O,T)-plane assure wideband frequency 
filters at T=const and wide-angle spatial (angle-domain) filters at O=const. Notably, this region coincides well 
with the region where the order m=-1 is the only nonzero order that is allowed to propagate. Moreover, 
wide-angle spatial filtering can be obtained in both zero order (low-pass filtering) and -1st order (bandpass 



filtering) owing to the peculiar energy redistribution between the propagating orders. In the latter case, deflection 
and spatial filtering functionalities are merged. The obtained results indicate the possible role of zero-order 
resonance mode of nanorods (i.e., the mode having azimuthally independent field distribution) in ultra-wideband 
wide-angle deflection. At the same time, Mie resonances of other types may be responsible for other operation 
regimes that are connected with the capability of the proposed meta-gratings in deflection.  

 
Figure 2: Ultra-wideband wide-angle deflection in case of TE polarization. (a) Experimental and (b,c) 

simulated −1st order deflection efficiency, r−1, as a function of wavelength and incidence angle. 

Narrow band pass spatial filtering has been numerically demonstrated in the back-reflection regime due to 
either the order m=-2 (TE polarization) or the order m=-3 (TM polarization). An unusual splitting regime can be 
obtained due to the nearly equal energy distribution between the -1st and -2nd orders (TE polarization). It occurs 
in a wide T-range that extends over 20 degrees. In such a way, deflection and splitting functionalities are merged. 
Both mentioned cases can be obtained in the same structure as the ultra-wideband wide-angle deflection (see Fig. 
2), but in the other O-ranges.  

To summarize, we demonstrated the capability of the designed unitary dielectric meta-gratings that comprise 
high-H nanorods and are backed with a metallic reflector in multifunctional operation. It can be obtained by 
merging different functionalities in one step (i.e., at O=const) and/or using different frequency ranges for 
different elementary functionalities. The proposed approach has nothing to do with an accidental design and 
offers a rather universal route to the deflection-enabled multifunctionality in a wide frequency range that extends 
from microwave frequencies to the visible.  
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Abstract: Optical tweezers have opened numerous possibilities for contactless trapping and manipulation of microscopic 
particles for applications in life science and soft matter research and technology. In this work, we demonstrate the optical 
trapping and propulsion of microparticles in a compact setup facilitated by a dielectric metasurface. We envisage that this 
metasurface could be integrated with microfluidic chips to form miniaturized devices for sensing, driving and sorting 
various kinds of microscopic objects. 
 

Metasurfaces are artificially engineered structures, composed of subwavelength building blocks called metaatoms, 
which offer simultaneous control of different properties of light (e.g., amplitude, wavefront, and polarization) [1]. A single 
metasurface has been shown to perform different optical functions that can only be achieved traditionally with multiple 
conventional optical components. With their miniaturized overall size, metasurfaces are becoming an integral part in 
compact systems, circumventing the need for traditional bulky optics [2, 3]. In this work, we report a dielectric 
metasurface acting as a cylindrical lens with an additional linear phase gradient for the optical manipulation of 
microparticles. We demonstrate the optical trapping of the particles in one of the in-plane directions, while optically 
transporting (pushing) them in the other orthogonal in-plane direction. We also exploit beam diffraction to generate two 
streams of particles by optically trapping them in a defocused plane. The metasurface-based system reported herein 
comprises a first important demonstration that can be extended to a particle sorting system with a significantly reduced 
footprint.  

To generate the line focus, the metasurface was designed to have the following phase profile:  
 

𝜙(𝑥, 𝑦) = 2𝜋
𝜆
(𝑓 − √𝑓2 + 𝑥2) + 2𝜋

𝑎𝑑
𝑦                              (1) 

The first term is a cylindrical phase that focuses an incident plane wave in two dimensions (y-z), while the second term 
introduces a linear phase gradient along the line focus (x). Such a phase profile angularly displaces the beam transmitted 
through the metasurface, resulting in a laterally displaced line focus at the focal plane. Here, f is the focal length, λ is the 
working wavelength, a is the periodicity of the metaatoms comprising the metasurface, and d determines the magnitude 
of the beam’s angular displacement given by  α = sin-1(λ/naP) in a medium with refractive index n. The metasurface was 
rendered using the Pancharatnam-Berry (PB) phase approach. From finite-difference time domain (FDTD) computations, 
the geometry of the meta-atom that results in the highest conversion efficiency for a right circularly polarized (RCP) 
incident beam to a left circularly polarized (LCP) output was found to be L × W × H = 275 nm × 160 nm × 500 nm for a 
= 600 nm. The calculations were based on the experimental refractive index of amorphous silicon (a-Si) n = 3.79 for λ = 
1064 nm, obtained from ellipsometry measurements of bare a-Si layer. The full 0-2π phase range was then covered by 
rotating the same metaatom, where the spatially dependent phase shift ϕ acquired by the incident beam is twice the rotation 
angle θ: ϕ = 2θ.  Figure 1 shows the central area of the simulated (a) phase shift and (b) amplitude coefficients of a 
metasurface designed to have the following parameters: f = 85 µm, a = 375 nm, and d = 10 for an RCP input. The 
nonuniformity in the amplitude coefficients in Figure 1b is due to slight changes in the polarization conversion efficiency 
as the metaatom is rotated. Figure 1c and 1d are the x-z and y-z intensity scans of the transmitted beam, exhibiting an 
angular displacement of 7.70o, very close to what was originally designed, 7.66o with water as ambient medium.  

 
Figure 1. (a) Phase and (b) amplitude profiles in the central region of the rendered metasurface. Scale bar: 24 
µm. (c) x-z  and (d) y-z intensity scans of the beam transmitted through the metasurface. Optical trapping is 
implemented at a defocus plane, z = f + 10 µm (dashed line). 
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The metasurface was fabricated by a series of thin film deposition, e-beam lithography and anisotropic etch processes. 
Figure 2a shows a SEM image of the fabricated metasurface. Optical characterization of the transmitted beam in water 
revealed a focal line width of wf = 3.25 µm. Optical manipulation experiments were implemented using polystyrene 
spheres (Ø = 2 µm) dispersed in water inside a chamber constructed by adhering the metasurface substrate to a microscope 
cover slip. The overall thickness of the system is less than 1 mm, significantly smaller than traditional optical manipulation 
schemes. A double-sided adhesive tape was used as spacer, and the metasurface itself was immersed in water. By careful 
mechanical adjustment, a 95-µm distance between the metasurface and water-glass interface was achieved. This is 
approximately 10 µm beyond the measured focal plane of the metasurface (see dashed line in Figure 1d). Figure 2b shows 
the experimental transverse intensity profile of the diffracted beam at the trapping plane, which is in good agreement with 
Fourier optics-based simulations as shown in the intensity line scan plots in Figure 2c. We take advantage of the diffracted 
beam having substantial intensity at its edge, forming two lines where particles can be trapped. Particle tracking revealed 
that the microspheres first tend to move towards the center, before being trapped in one of the two lines, and finally being 
pushed in the direction of the focal line displacement. Particle movement towards the center can be associated with the 
unmodulated co-polarized component of the transmitted beam, which retains its Gaussian intensity profile. Meanwhile, 
manipulation of the particles within one of the two lines can be associated with optical forces arising from a combination 
of intensity and phase gradients in the cross-polarized transmitted beam that has been modulated by the metasurface. 
Particle confinement within one of the lines is due to the optical force associated with intensity gradients from the 2D 
focusing of the cross-polarized transmitted light. On the other hand, particle propulsion is due to the radiation pressure 
resulting from the transfer of in-plane momentum from the angularly deflected cross-polarized transmitted light onto the 
particles. Figure 2d-2e show snapshots of the particles being trapped in the two lines and moving to the right. For an 
incident laser intensity I of approximately 4 µW•µm-2, the average particle speed was calculated to be v = 2.46 µm/s. 
Expectedly, increasing the incident laser intensity resulted in a faster particle speed – for I = 4.78 µW•µm-2, v = 5.20 
µm/s. 
 

 
 

Figure 3. (a) SEM image of the meta-atoms comprising the metasurface. Scale bar: 200 nm. (b) 
Transverse intensity profile of the beam at z = 95 µm, where the particles are optically trapped. (c) 
Intensity line scans from (blue) experiments and (orange) simulation. (d-e) Optical manipulation of 2-
µm particles. 

 
In conclusion, we presented a metasurface-based optical manipulation system for the confinement and transport of 
microparticles. By implementing optical manipulation in a defocused plane, two streams of particles were generated. Our 
metasurface-based system has a significantly reduced size that can pave the way for compact optical manipulation setups, 
which can find applications in, for example, chip-scale particle sorting. 
 
We acknowledge the Knut and Alice Wallenberg Foundation for funding this work. 
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Abstract: 

Current spatial light modulator (SLM) technology offers off-the-shelf spatial phase control of light, but 
amplitude control is much more limited. The development of amplitude-only modulators would enable devices 
to perform full-wavefront control. Here we present an approach to the realization of such modulators, using a 
phase-change material based approach. Fabricated devices allow for the control of the amplitude, with near zero 
effect on the phase of the reflected wave, offering a potential route to ultra-fast, solid-state wavefront control.  
 
 The ability to fully manipulate the spatio-temporal nature of optical beams opens the route to dynamic 
wavefront control of light, providing a powerful tool for applications across a wide range of technological fields 
such as light lithography, optical computing, imaging though scattering media for biomedical diagnostics, or 
reconfigurable holography. Current SLM technology provides good spatial phase control, but is not generally 
suitable for directly controlling the spatial amplitude of light. Digital micromirror devices do allow for amplitude 
control, but usually only in a binary manner. Moreover, conventional SLMs and micromirror devices are 
relatively slow (millisecond, or at best hundreds of microseconds, range typically), relatively bulky, and of 
course volatile (switching off the power loses any control). The missing tool required to enable efficient full 
wavefront control is a device that is capable of fast, reliable, amplitude-only modulation, which could then be 
coupled to a phase-only modulator to provide full-wavefront control. 

 
Figure 1. (a) Schematic of device and example of spatial crystalline patterning. (b) Measured reflection 

intensity and (c) phase distribution across the sample. (d) Averaged phase distribution across 
crystalline/amorphous boundary, showing less than π/50 phase difference between crystalline and amorphous 
sections.  



In this work we design, fabricate and characterize an active meta-film spatial light modulator using phase-change 
materials (PCMs) which, when switched from amorphous to crystalline gives a large modulation in the 
amplitude and a near-zero modulation of the phase of the reflected light (Figure 1(a)). For this purpose, we 
exploit the high amorphous-to-crystalline electro-optical contrast of GeTe at visible wavelengths upon 
crystallization [1], allowing for the optical response of the device to be controlled in reflection. The device 
design is that of a simple 3 layer film: Ti (70 nm), GeTe (30 nm), ITO (5 nm), deposited using magnetron 
sputtering, with an example spatially varying crystalline pattern being laser-written into the GeTe phase-change 
layer. 
 

In order to fully characterise the devices the spatial phase variation of the reflected light was measured from 
amorphous and crystalline sections simultaneously. To do this, an off-axis digital holography interferometer [2] 
was designed and built. Typical results can be seen in figure 1 (b), (c) and (d), which reveals the amplitude and 
phase response from the same area of the devices with amorphous and crystalline sections written. The relative 
amplitude modulation between the amorphous and crystalline sections is high (ΔR(%) =  220%) at the 
operation wavelength of 632.8 nm, whereas the phase modulation remains nearly stationary, with spatial phase 
variations taking values of less than Δϕ < π/50 radians.  

 
These results offer a novel and viable route to amplitude-only spatial light modulation. In-situ switching of the 
PCM layer is also potentially possible through the use of electrically activated embedded microheaters (as for 
example in [3]). In addition, due to the non-volatile and inherently fast structural phase transition of PCMs, as 
well as the high number of switching cycles until their degradation, our devices are expected to have additional 
properties such as high modulation speeds (sub microsecond), large endurance, and low power consumption, 
paving the way for the development of ultra-fast, low power and compact solid-state spatial light modulation. 
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Abstract: We study the optical properties of Bi2Te3 and Bi2Se3 topological insulators (TI) nanostructures of 
various morphologies and geometries, by examining both Far-field and Near-field responses. We find that both the 
bulk and surface states contribute to the extremely large optical constants of this family. We demonstrate deep 
subwavelength resonant structures for Bi2Se3 nanobeams and Bi2Te3 metasurfaces. 

 
In nanophotonic, small mode volume and high-quality factor (Q-factor) resonances fundamentally scales with 

high refractive index values. Chalcogenides are excellent candidates for implementing nanophotonic and 
metasurface devices as they can possess ultra-high permittivities [1] and support large modulation of optical 
constants through various mechanisms such as, phase-change, photon-darkening, and anomalous thermo-optic 
effects [2]. 

Topological insulators (TI) are a new class of materials possessing narrow bulk bandgap and a gapless Dirac 
surface state and usually exhibit high permittivity values. In this work, we study the optical properties of 
Chalcogenide Bi2Te3 and Bi2Se3 TI nanostructures, by examining both Far-field and Near-field characteristics. 
We synthesize Bi2Se3 nanobeams (NBs), using a CVD-like growth process [3]. Using polarized FTIR 
spectroscopy we experimentally demonstrate that the nanobeams exhibit Mie resonances at mid-infrared 
wavelengths where the total optical response is composed of TE and TM polarized resonant modes, thus 
providing an extra degree of freedom for design (Figure 1a). 

We use scattering-type scanning near optical microspcopy (s-SNOM) to perform nanospectroscopy and 
extract the amplitude and phase of z-polarized resonant modes (Figure 1b). We experimentally demonstrate that 
these modes exhibit 2pi phase shift across the resonance, for nanobeams placed on Au substrates.  

 
Moving on to Bi2Te3, we first extract the optical constants of bulk Bi2Te3 single crystals using FTIR 

spectroscopy for both in-plane (E c-axis) and out of plane (E c-axis) components. We find that both the bulk 

and surface states contribute to the extremely large optical constants, with the real part of the refractive index 
peaking at n=10 for mid-infrared wavelengths. Utilizing these high index values, we demonstrate that Bi2Te3 
disk metasurfaces fabricated with FIB milling, exhibit deep subwavelength IR resonant modes (Figure 1(c) and 
Figure 1(d)). Using FDTD simulations we show that the fundamental resonance is a magnetic dipole (MD) mode, 
which arises at λ=10.8µm due to the extremely high refractive index.  
 



 
Figure 1: (a) Polarized Far-field reflection spectra of a Bi2Se3 Nanobeam with height=360nm side=880nm. Unpolarized 
spectra (black) shows two distinct resonance modes belonging to orthogonal TE (light blue) and TM (pink) polarized 
resonant modes. Inset shows an AFM scan of the nanobeam.  (b) Near-field amplitude (i) and phase (ii) scans of nanobeam 
resonance exhibiting a 2pi phase shift (c) Exp and FDTD spectra of Bi2Te3 disk metasurface with h=600nm D=800nm 
exhibiting deep subwavelength IR resonances. (d) (i) & (ii) Magnetic and electric field profiles at the magnetic dipole 
resonance (λ=10.8µm) along XY plane, showing the top view of four-unit cells. (iii) & (iv) Magnetic and electric field 
profiles along XZ planes showing cross-sections of two-unit cells   
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Abstract: Spin-decoupled metasurfaces can only spatially split and deflect beams in coplanar directions not in 
non-coplanar, limiting further applications. Here, a single metasurface is proposed to experimentally and 
numerically demonstrate the spin-decoupled omnidirectional anomalous refraction. The results indicate that the 
three-dimensionally omnidirectional dual-beam refractions are attributed to arbitrary engineering of 
spin-independent phase gradients along any in-plane orientations of the single metasurface. It is believed that the 
proposed spin-decoupled omnidirectional metasurfaces are promising candidates for multifunctional applications 
in compact spin-based nanophotonic systems. 

 
 

Recently, spin-dependent metasurfaces with broadband responses, designed by adopting Pancharatnam-Berry 
(PB) phase, have attracted much attention. However, since the PB phases for left circularly polarized (LCP) and 
right circularly polarized (RCP) lights have the same absolute but opposite signs [1, 2]. Therefore, full phase (i.e., 
both dynamic and PB phases) customization was proposed to realize effects without the above limitations [3, 4]. 
In this work, in contrast to anomalous refractions that only deflected beams in coplanar directions [5, 6] we 
experimentally demonstrate an omnidirectional, spin-decoupled, anomalous refraction effect with a single 
metasurface dictated by two-dimensional phase gradients. Figure 1 shows the schematic of single metasurface 
acting as spin-decoupled omnidirectional beam deflector, which can not only realize CP conversion, but also 
achieve deflection direction in the XZ and YZ planes (or any two planes with arbitrary azimuthal angles) for LCP 
and RCP incidences, respectively. 

 
Figure 1. Schematic of the spin-decoupled metasurface 

 
We fabricated the metasurface with supercell composed of 16 elements which have phase gradient of 2π/4*p 

along both x and y directions for LCP and RCP incidences respectively, as shown in Figure 2(a). As illustrated 
in Figures 2(b) and 2(c), the simulated co-polarized lights exit from metasurface in 0-order direction (i.e., 
without deflection), while cross-polarized lights are deflected in different incident planes. In experiments, the 
cross-polarized deflection beam is clearly revealed in Figures 2(d) and 2(e), indicating the spin-decoupled 
anomalous refraction functionality. The experimental results are in good agreement with our simulations. 



 

Figure 2. (a) SEM images of spin-decoupled metasurface. (b) and (c) show the simulated far-field deflection 
directions of total transmission for LCP and RCP incidences, respectively. (d) and (e) is the measured 

cross-polarized transmissions, respectively. 
 
Spin-decoupled multifunctional metasurfaces are emerging for independent manipulations on optical beams 

with orthogonal spin states, which will promote the diverse development of nanophotonic devices. In this paper, 
by adopting full phase (i.e., both dynamic and PB phase) customization method to design subwavelength 
meta-atoms with ingenious engineering on spin-decoupled phase gradients, as well as reasonable transmission 
amplitude, we experimentally demonstrate the spin-decoupled omnidirectional metasurface deflector with 
three-dimensionally arbitrary directed beams (called anomalous refraction). It is believed that this work is 
stimulating to explore more sophisticated spin-decoupled functionalities for potential applications of metasurface, 
such as beam splitting and steering, nano-antenna, and polarimeter. 
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Abstract: An extension of the generalized sheet transition conditions (GSTCs) to include multipolar moments 
has recently been shown, along with extensions of the Lorentz reciprocity and Poynting theorems to provide 
insights into the higher-order susceptibility terms involved. The additional susceptibility components provide 
new degrees of freedom for applications such as manipulation of the Brewster angle at a dielectric interface, and 
generalized refraction. In our presentation, we will show our latest developments in the modelling and 
applications of multipolar metasurfaces. 
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Abstract: We demonstrate flexible, sharply-resonant metasurfaces for the technologically-important low 
millimeter wave (25GHz) frequencies. Initially non-radiative meta-atoms are made to couple with free space via 
a small degree of geometric asymmetry, leading to controllably-sharp spectral response. The proposed metasurface 
is fabricated on an ultrathin polyimide substrate, resulting in a low-loss and flexible structure that can conformally 
coat objects or textiles. Theoretical results are verified by measurements and quality factors of several hundreds 
are experimentally obtained.  
 

Metasurfaces with sharply resonant response can be exploited in diverse applications, including spectral 
filtering, sensing, switching and nonlinear applications. They can be also included as building blocks in multi-
resonant metasurfaces to delay broadband pulses [1]. A straightforward route towards controllably-sharp response 
is broken symmetry. A small degree of geometrical asymmetry allows an initially non-radiative resonance to 
couple with free-space; at the onset of this coupling, the associated radiation quality factor (Qrad) [2] diverges to 
infinity. However, in order to retain the total quality factor Qtot at similarly high levels, the resistive quality factor 
Qtot should be as low as possible. 
 Here, we adopt an ultrathin (ℎ = 25	μm) low-cost polyimide substrate, much thinner than typical printed 
circuit board substrates, resulting in reduced Ohmic losses and the ability to support higher resistive quality factors. 
In addition, the resulting structure is very flexible [Figure 1(b-d)] and can conformally coat objects or textiles. We 
rely on a meta-atom geometry composed of two annular metallic rings [3], Figure 1(a). The two sectors are in 
general asymmetric ( ≠ ) and this asymmetry controls how sharp the quasi-dark resonance is. 

 

Figure 1 (a) Schematic of proposed ultrathin metasurface with annular metal sectors; metallization (9 μm) and substrate 
(25 μm) thicknesses are shown in scale. The unit cell with annotated geometrical parameters is included as an inset. 
(b,c,d) Fabricated metasurface (19 x 19 unit cells) demonstrating significant flexibility due to the ultrathin substrate. 



The geometrical properties with reference to the inset in Figure 1(a) are = = 5.2	mm , =
2.25	mm , = 1.95	mm , = − = 0.3	mm , ℎ = 25	μm , ℎ = 9	μm , = 160	deg , 
and  is kept as a free parameter determining the level of structural asymmetry. The material parameters are 

= 3.2(1 − 0.006) and = 5.8 × 10 	S/m. In Figure 2 we demonstrate both theoretically (plane-wave 
scattering simulations) and experimentally (measurements inside anechoic chamber) the dependence of the 
resonance linewidth on the structural asymmetry. The sharpest feature is obtained for = 157	deg [Figure 
2(d)] and corresponds to a quality factor of ~300 [4]. The Fano lineshape is due to interference between the 
resonance under study, a low-Q mode and non-resonant contributions. The study has been extended to the 
complementary (Babinet) structure to access the same response in reflection, besides transmission [4]. 

 
Figure 2 Comparison of measured and simulated transmission coefficient (| |) for the metasurface with different upper-
sector angles: (a) = 140	 , (b) = 150	 , (c) = 155	 , (d) = 157	  ( = 160	  
throughout). Excellent agreement is observed; the ultrathin low-loss substrate has allowed for obtaining sharp spectral features 
associated with high total quality factors. (e) Measurement setup with transmitting (Tx) and receiving (Rx) antenna inside an 
anechoic chamber. Inset: Sample mounted on a 3D-printed frame. 
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Abstract Silicon cross-shaped metaatoms with the ability of controlling both x- and y-polarizations are 
used to make a bifocal metalens with focusing the x- and y-polarizations in laterally-spaced focal spots. 
In case of coincidence of the two focal spots an intensity has increased by 30-50%. 

Introduction 
Metasurfaces, the two-dimensional form of the metamaterials, are widely used in designing the 
miniaturized photonic devices [1]. Most of the metasurfaces that have been reported up to now are for 
a specific incoming light polarization and in this way the other orthogonal polarization will be filtered 
out and its energy will be faded out [2]. Some of the works report insensitivity of their metasurfaces to 
the incident light polarization which leads to the same functionality of them for the two orthogonal 
polarization components of the incoming light [3, 4]. In this work, we define different functionalities 
for the two orthogonal components of the linearly polarized incident light. We set the y- and x-
polarizations to be focused at well separated lateral distances and showed that moving the two laterally 
spaced focal spots together at the central axis of the lens increases the focused energy significantly. 
 
Bifocal metalens structure 
Cross-shaped metaatoms shown in Fig. 1 are used in this study to design a metalens at the wavelength 
of 700 nm (429 THz  ). Silicon (Si) metaatoms with a high relative permittivity of 13.5 is placed on the 
silica (SiO2) substrate with the permittivity of 2.1. The square lattice constant and height of the cross-
shaped metaatoms are fixed to be 360x yP P nm= =  and 

200h nm= , respectively and their width and length along x,  
y-direction ( , ,x yw L L ) are variable. These geometrical 
parameters are swept as 90 𝑛𝑚 < 𝐿𝑥 < 350 𝑛𝑚, 100 𝑛𝑚 <
𝐿𝑦 < 350 𝑛𝑚 by step size 3 nm and three different values of 
𝑤 = 90, 180 and 270 𝑛𝑚 are considered. By selecting the 
metaatoms from the mentioned size ranges, they can cover the 
incident light phase from 0 to 2π at the wavelength of λ=700 
nm. Also, resonant electric and magnetic dipoles are excited 
in the metaatoms by illumination of both x and y-polarized 
ligth. It provides the necessary condition for fully controlling 
the transmitted light phase and amplitude. Silicon cross-
shaped metaatoms of Fig. 1 are arranged along the x-direction 
on the silica layer according to the the hyperboloid phase 
profile of a converging lens. The metalens consists of 40 
cross-shaped metaatoms with total length 14.4 m . The incident light is a 45o-polarized electric field 
and is transmitted through metaatom toward the air. The metalens evanesces along the x and z directions 
and replicates itself along the y diretion by periodic boundarie condition (PBC). In this study we design 
a bifocal metalens with two focal points that are well separateed parallel to the lens along the x direction 
by ccontrolling the two orthogonal polarizations of the incident light. Therefore, each of the x and y-
components of the incident radiation must satisfy the necessary phase condition. Required phase 
distribution to focus the incident light at two laterally seperetaed focal points by distance d is: 

Fig. 1: Schematic design of the silicon cross-
shaped metaatoms on the silica layer under the 
45o polarized incident light with inclusion of 
the surrounding boundary conditions.  
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where
Xf  and 

Yf  are the longitudinal focal lengths of the metalens for incoming x- and y- polarizations, 

respectively and we set to be 10X Yf f = = . The incident light wavelength   is 700 nm and x denotes 
the spatial coordinate of metaatoms. The selected metaatoms satisfy the spatial phase conditions of Eqs. 
1 for both x- and y- components simultaneously to focus both 
x- and y-polarized incident ligth at transverse aligniment. The 
required theoretical phases according to Eq. 1 with 5d =  are 
shown in Fig. 2a by dashed and solid lines for x- and y-
polarizations. The central curvature of each graph that shows 
the transvers location of focal points are seperated from each 
other by distanse 10 xd P . The phase of selected metaatoms 
illuminated by x and y-polarized ligth are shown by circle and 
plus marks, respectively. The well matching between 
theoretical phase and selected metaatoms phase is observed in 
Fig. 2a. Both x and y-components of the electric field are 
focused at two laterally spaced focal points with metalens 
designed by the selected cross-shaped metaatoms under the 
illumination of 45o-polarized ligth. Therefore, the initial 
energy is not wasted by filtering out one of the components 
and we obtain a bifocal metalens. Figs. 2b and 2c illustrate the 
distribution of the y and x-components of the transmitted 
electric field. Enhanced focusing efficiency can be reached by 
deleting the lateral space d between two focal spots. The 
normalized intensity distribution of the focused light is shown 
in Fig. 3. The left and rigth intensity peaks illustrate the two 
focal spots (by lateral distance 5d = ) of y and x-components 
from 45o-polarized incident light. Intensity has increased by 
30% and 50% when 0d = and two focal points are at the same 
ponit in comparision with the two lateral spaced focal spots of 
x and y-polarizations.   
 
Conclusion  
Controlling the two orthogonal polarizations of the incident 
light enables our optical device to save the incoming energy in 
an efficient way. We design a bifocal metalens with laterally 
spaced focal spots. By setting the focal spot of both x- and y-
polarizations at the same point, 30% and 50% rise in the focal 
spot intensity compared to the separate x- and y-polarizations 
focusing is observed. 
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Fig. 3: Trransverse intensity distribution 
for focusing the the 45°-polarized 
incident light at two laterally-spaced 
focal spots (solid line) and the same 
focal points (dotted line). 
 

Fig. 2 a) Required theoretical phase profile of 
x- and y-polarized electric field (solid and 
dashed lines respectively) and phase of 
selected metaatoms for x and y-polarizations 
(circle and plus marks, respectively). b) y-
component and c) x- component of electric 
field distribution of the focused 45°-
polarized incident light at longitudinal 
distance 10𝜆. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Plasmon resonances in biocompatible nanoparticles 
 

M. Horák1*, F. Ligmajer1,2, V. Čalkovský1,2, A. Daňhel3, P. Kepič1, J. Mach1,2, and T. Šikola1,2 
1CEITEC, Brno University of Technology, Brno, Czech Republic 

2Institute of Physical Engineering, Brno University of Technology, Brno, Czech Republic 
3Institute of Biophysics of the Czech Academy of Sciences, Brno, Czech Republic 

*corresponding author: michal.horak2@ceitec.vutbr.cz 
 
Abstract: We present a study of biocompatible nanoparticles made of silver amalgam and gallium using 
STEM-EELS on a single particle level. Silver amalgam nanoparticles exhibit strong plasmon resonances in 
ultraviolet to infrared spectral region depending on the particle size which establishes them as promising candidates 
for applications within photochemistry and spectroelectrochemistry. Gallium nanoparticles then support plasmon 
resonances in ultraviolet to visible spectral region. Finally, we introduce biocompatible and phase-changing 
nanoparticles of vanadium dioxide supporting plasmon resonances in near-infrared spectral region. 

 
Localized surface plasmons (LSP) are self-sustained collective oscillations of free electrons in metal nano- 

and microstructures coupled to the local electromagnetic field. Moving apart from standard plasmonic materials, 
like gold, silver, and aluminum, opens a way to utilize plasmonic nanoparticles with special properties which are 
represented, for example, by a wide spectral range of LSP resonances from ultraviolet to infrared, 
biocompatibility, good electrochemical properties, or phase-change opening a possibility to design a 
temperature-switching plasmonic sensor. We have explored three biocompatible materials: silver amalgam, 
gallium, and vanadium dioxide. The latter two are well known for their phase-change, too. 

Mapping of LSP resonances with high spatial and energy resolution is necessary to understand their origin 
and properties. Scanning transmission electron microscopy (STEM) combined with electron energy loss 
spectroscopy (EELS) has become a standard technique to map LSP resonances in individual nanoparticles with a 
nanometer spatial and good energy (in our case 0.1 eV) resolution. 

Silver amalgam is one of the most suitable solid electrode materials in electroanalysis of various reducible 
organic and inorganic compounds. The main advantage of silver amalgam within this context is its wide cathodic 
potential window, high mechanical stability, adequate sensitivity, and advantageous strong interaction with 
biopolymers. Nanostructuring the amalgam promises improved electrochemical performance and brings along 
the prospect of plasmonic activity. Our results show that silver amalgam, apart from its proven usefulness in 
electroanalytic chemistry [1], can be also regarded as a novel plasmonic material with promising optical 
properties. Silver amalgam nano- and micro-particles exhibit strong plasmon resonances in ultraviolet to 
mid-infrared regions depending on the particle size, see Figure 1 (a). These findings establish silver amalgam 
nanoparticles as promising candidates for applications within photochemistry and spectroelectrochemistry, 
where the synergy between their plasmonic and electrochemical qualities can be fully utilized [2]. 

Gallium is commonly known as a metal with a melting temperature of 29.7 °C. It has several solid-state 
phases which enables a variety of phase-changing systems which are under investigation. Bulk plasmon energy 
of gallium is 13.7 eV and it has no strong interband transitions in a wide region from ultraviolet to infrared, 
which makes it an ideal plasmonic candidate [3]. We have explored the plasmonic nature of its nanoparticles and 
shown that plasmon resonances can be tuned from ultraviolet to visible spectral region by changing the size of 
the nanoparticle, see Figure 1 (b). 



 

Figure 1: (a) STEM high-angle annular dark-field image of gallium nanoparticles on silicon nitride membrane, 
(b) membrane subtracted EEL spectra showing the dipole plasmon resonance in individual gallium nanoparticles 
integrated over marked areas in (a). Note that the first peak in the EEL spectra, corresponding to the dipole mode, 
is shifting with increasing the diameter of the nanoparticle. (c) Dispersion relation of gallium and silver amalgam 
nanoparticles proving the wide range tunability of the dipole LSP mode from ultraviolet to near-infrared spectral 
range. 
 

Vanadium dioxide is a phase-changing material with a low transition temperature (around 67 °C) with a 
dielectric low-temperature and metallic high-temperature phase. It was shown that VO2 is biocompatible [4] and 
that its metallic phase supports near-infrared plasmonic resonances [5]. These findings open a way to design a 
temperature-driven plasmonic biosensor. 

To summarize, we have explored a widely tunable plasmonic resonances in silver amalgam nano- and micro 
particles and gallium nanoparticles. These structures together with vanadium dioxide paves the way to open new 
plasmonic applications in biology and biochemistry. 
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Abstract 
The design of a compact and electronically novel tunable 
microstrip filter using WLAN application as per IEEE 
802.11 standards. The tunable frequency range is from 2.1 to 
3.5 GHz. The novel shape of the hexagonal metamaterial 
unit cell coupled with microstrip line creates a band stop at 
desired frequency. The two varactor diodes are embedded 
along the meta unit cell of the filter and a DC bias is applied 
to change the tuning frequency. The measured return lose is 
more than -23 dB and insertion lose is less than -0.8 dB, the 
impedance bandwidth is very narrow between 22 and 47 
MHz with a fraction bandwidth of 1.39%. The given tunable 
filter is designed using both CST microwave studio (MWS) 
and CST design studio (DS). The proposed tunable 
microstrip filter is made of Rogers RT duroid 5880 materials 
with a relative dielectric constant of 2.2 and a height of 1.57 
mm substrate. The filter measures 11 x 20 x 1.57 mm3. 
There is great agreement between simulation and measured 
results. 
 

1. Introduction 
RF design optimization in terms of complexity, cost, and 
power consumption has received a lot of attention in the 
recent two decades because to microstrip planar filter 
technology. This planar filter technique is currently 
undergoing extensive research for a variety of wireless 
communication systems and applications, including LTE, 
ISM, GSM, Wi-Fi, WLAN, and WiMAX [1-5]. 
A lot of work has gone into developing and improving a 
narrowband reconfigurable filter with a specified notched 
band characteristic to avoid electromagnetic interferences. 
They used the Metamaterial (MTM) filter design approach 
to reduce the size and performance of wideband and 
narrowband filters at the same time. They may also make 
them smaller and more efficient this way. In the future, a 
novel compact defective ground structure (DGS) was 
employed in a microstrip line [6] to create tiny, easy-to-use 
filters for a variety of applications. Electromagnetic Band 
Gap (EBG) was utilised in [7] to protect the microstrip 
filters from interfering with one other. For filter design on a 
flat surface, split ring resonators (SRR) [1,8,9, ,21,23,26,,37] 

and complementary split ring resonators (CSRR) [26,37] 
have lately become increasingly popular. They have been 
used to increase the filter's rejection level and other 
properties, as mentioned in [13–16]. 
As the need for smart filters develops, tuning the bands stop 
filter frequencies has become a viable choice. In fact, many 
wireless applications benefit from a frequency structure that 
may be changed. Frequency flexibility is achieved using a 
variety of switching methods, including PIN diodes and 
varactor diodes [11-25]. 
Reconfiurable/tunable RF components have sparked the 
curiosity of many academics and design engineers in recent 
years [6-10]. Numerous research on reconfigurable 
structures have been done, and various microstrip tunable 
BPFs have been produced in recent years to reduce the size 
of the entire wireless application system and to meet the 
performance issues associated with small RF front-ends [31-
34].  
A planar metamaterial based tunable stop-bands has been 
designed successfully in this paper. The suggested 
structure's key advantages are its excellent selectivity and 
large rejection level of notched bands. The initial half of this 
work is devoted towards explaining the design and 
simulation of novel hexagonal unit cell.   The simulations 
and measurement results are presented in the second section. 
The rejected bands with tunable frequency in S-band (2.1-
3.6 GHz) are obtained by adding a C shape resonator to the 
planar filter.  The reconfigurability of the notched bands is 
then accomplished by combining one varactor diode on each 
ring of the resonator to reduce the bias network's 
complexity. 
 

2. Tunable Metamaterial Band stop filter 

2.1. Planar Novel Hexagonal Metamaterial Cell 

The design procedure is divided into various parts in this 
work. The planar reconfigurable filter design has been 
printed on a Rogers Rt duroid 5880 substrate that is 1.57 
mm thick. Figure 1 shows the basic design of the proposed 
microstrip planar BSF. A pair of Metamaterial resonators 
loaded with 50-ohm transmission line create notches at the 
required frequency for filter. The resonance frequency of 2.4 



2 
 

GHz was selected for the filter design because it is 
acceptable for IEEE 802.11 wireless LAN applications. The 
Hexagon meta unit cell was used to construct the 
Metamaterial resonator. The filter is based on a metamaterial 
unit structure that represents the subwavelength resonator of 
HMC at its resonant frequency of 2.4 GHz. Figure 1 shows 
the geometry of a BSF based on Metamaterials. 

    
                 (a)                                              (b) 
Figure 1. (a)Unit Cell Of Novel Hexagonal Meta cell   (b) 
Modified Unit Cell Of Novel Hexagonal  Meta cell   
 
Metamaterial cells are modelled using effective permeability 
and tangent magnetic loss. This loss is determined using the 
imaginary component of the permeability characteristics. 
Design and simulation are done with CST microwave 
studio's full-wave electromagnetic simulators. Figure 2 
shows that metamaterial effects are due to the NHMC 
(Novel Hexagonal Metamaterial cell) structure, which has a 
negative real component of permeability for frequency 
2.6GHz.  
 

 
Figure 2. Frequency vs Permeability graph 
 
In figure 3 shows the pair of NHMC loaded across 50-ohm 
microstrip line. The NHMC cell dimension are width 20 mm 
and length is 11 mm. the width of feedline is 1.2 mm, outer 
ring diameter is 5 mm, inner ring diameter 4.20 mm, 
thickness of ring is 0.8mm. In figure 3 shows the current 
distribution across the ring.  

   
Figure 3. The geometry of the presented Band stop filter 
with loaded Novel Hexagonal Metamaterial cell with its 
electric field distribution.  

The simulated result for the passive BSF is shown in figure 
4 with proper S11 and S21 graph. The S21 parameter 
indicates the rejection S21 and The parameter indicate 
insertion loss of the filter design. 
 
2. Design of Tunable Band Stop Filter using Varactor 
diode 
There are two varactor diode places across the NHMC and 
the C shape resonator it will be tune the frequency from 2.1 
GHz to 3.8 GHz. The varactor diode changes with respect to 
the reverse bias configuration if we change the reverse bias 
across the varactor diode its changes capacitance value and 
it will be tune the frequency in S band from 2.1 to 3.8 GHz. 
The desired frequency band is mostly used for the wireless 
application ,4G and 5G application. 
In the 
 

  
 
Figure 4. Simulated and Schematic Simulation diagram of 
Tunable Band stop filter using Varactor diode 
 
In figure 4 shows the varactor diode simulation using CST 
design studio and takes into consideration the tuning 
characteristics of the diode switches with DC biassing 
circuit components. Due to the packaging effect, the 
parasitic inductance manufacturer ’s recommended for each 
diode is also represented by an inductor of 0.7 nH. The two 
inductors’ values of 2.2 mH are used as radio frequency 
(RF) chokes to reduce RF leakage into the biassing circuit. 
The CST simulator utilized to design and improve the 
suggested reconfigurable model in order to attain a very 
small size and excellent s-parameter performance over the 
whole tuning range. Varactor diodes can simultaneously 
adjust the center frequency and impedance bandwidth. This 
filter utilizes the SMV1236 varactor model[31] with a 
packing size of 1.5x 0.7 mm2 from Skyworks Inc because it 
offers the requisite range for the proposed filter's reverse 
biassing capacitor. As shown in Figure 9, an increase in the 
reverse biassing voltage (VR) will enlarge the diode's 
depletion zone, causing the capacitance value to drop.  By 
adjusting the biassing voltage across the practical varactor 
diodes, the resistor values of the analogous circuit will also 
be modified. Consequently, it can participate in the entire 
resonator circuit, thereby modifying the resonating 
frequency. [27,31] 
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Table 1: The simulated result for the different biasing 
voltage [27,31] 
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The simulated and measured return/insertion losses for 
the reconfigurable BPF are studied and discussed in this 
section. The simulated return loss performance (shown in 
Figure 11) demonstrates that raising the reverse bias 
voltages across the varactor diode from 1 to 15 V increases 
the capacitance from 12.29 to 3.80 pF, changing the 
resonance frequency from 2.1 to 3.6 GHz with insertion 
losses ranging from -1.29 to to -0.78 dB.   The simulated 
insertion loss for the values matching to those in Figure 11 is 
shown in Figure 12. Throughout the whole reconfigurable 
frequency, there is extremely little insertion loss, which is 
less than 0.8 dB at the passband. Despite this, the introduced 
BSF is adjustable with the center frequency. 

 
  Figure.5 Return loss for different value capacitance 
varactor diode  

        
    Figure .6 Insertion loss for different value capacitance 
varactor diode  
In figure 5 and 6 show the simulated result for the different 
tunable frequency according to changing the reverse bias 
voltages the capacitance value changing. I n figure 5 shows 
the S21 parameter for the rejection level for the different 
reverse bias voltages. The frequency is varied from 2 to 3.5 
GHz with good rejection level greater than 20 dB. In figure 
6 shows the different insertion loss. 

 
 
figure 7 The fabricated prototype of Tunable Metamaterial 
based Microwave BSF.  
 
 
In figure 7 show the fabricated prototype of Tunable 
Metamaterial based Microwave BSF. The overall size of the 
filter is 11 x 20 x 1.57 mm3.In figure 8 shows the 
measurement result of Band stop filter using vector Network 
Analyzer (VNA Agilent 8722ES 50MHz-40GHz). There is 
good agreement between simulated and measured result. 
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Figure 8 .(a) Measured result of   Metamaterial based 
Tunable Band Stop Filter  (VNA Agilent 8722ES 50MHz-
40GHz). 

 
Fig 9. Measurement setup for the Metamaterial based BSF  
 
In figure 9 shows the mesurement setup for the DC biasing 
setup with Fabricated design. The 1 to 10 volt DC supply 
apply to the design with series connection of 2.2 mH and 
1kohm resistance across the DC battery for prevention the 
biasing.Figure 10 shows the measured result of the 
Metmaterial based tunable BSF with changing the the 
reverse bias voltage across the diode and the frequency 
shifted from 2.44 to 3.8 GHz. There is some variaton in 
simulated and measurement resonance frequency shifted 
from 2.1 to 2.4  and 3.6 to 3.8 GHz. The measured result 
varyis the resonance frequency from 2.44 to 3.8 GHz . ehich 
is vey useful in wireless application anf 4G/5G  Tunable 
frequency. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure.10 (a) Measured result of   Metamaterial based 
Tunable Band Stop Filter (VNA Agilent 8722ES 50MHz-
40GHz) 

 
 
 
Table 2. Comparision table of Present work with previous 
years aLiterature. 
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le 
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In Table 2 shows the comparision table of present work with 
last few years papmeters inculding parameters like which 
type of diode used for make it Tunable. The  other 
paprametrs  size, Insertion loss and rejection level. 
 
Conclusion: 
This work presents in this paper with a novel and highly 
compact tunable Metamaterial-based microwave Band Stop 
Filter.  The RF and DC circuits designed and built using an 
integrated model from CST MWS and CST DS.   Using only 
two varactor diode switches and a simple biassing circuit, 
the proposed BSF can be tuned in the frequency range of 2.1 
to 3.6 GHz. The proposed reconfigurable microstrip BSF 
offers a number of attractive features, including a small and 
simple design, a large tuning range, good stopband rejection, 
and low insertion loss. The Overall size 11X 20x 1.57 
mm3.   The good agreement between simulated and 
measured result.  The proposed reconfigurable band 
stop filter for Wireless communication, 4G /5G application. 
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Abstract: Design of a metamaterial absorber operating at THz frequency to be used as a sensor for biomedical 
applications is given. The absorber has multilayers including Glass substrate, InSb semiconductor layer, MgF2 
buffer layer, InSb Resonator ring, buffer layer, and a mask. The sample is modeled using Drude and Debey 
models to include the frequency dependency of the permittivity for accuracy. The proposed absorber is designed 
to operate at 0.3THz and simulated using 3D EM simulator. The performance of the absorber is investigated for 
various conditions including absorption, transmission and reflection versus frequency, and wavelength. It has 
been confirmed that the absorber provides expected results for absorption at the desired operational frequency, 
0.3THz. 

Metamaterials are artificially engineered materials with unique properties which make them attractive for 
several applications including medicine and sensing. THz radiation is non-invasive and can be used to excite 
low-frequency molecular vibrations or other non-bonded interactions which make it excellent for biomedical 
applications. Semiconductor multilayer metamaterial structure increases design flexibility and enhances 
performance of the structure against temperature, light intensity, applied voltage and external magnetic fields 
[1-3]. In this paper, design of a multilayer semiconductor metamaterial absorber operating at THz frequency 
range for biomedical applications is given. The simulated results showing the performance of the absorber in Fig. 
1 against frequency are illustrated in Fig. 2. The results in Fig. 2 show that the proposed absorber provides 
absorbance of 0.98 and refection of 0.018 at 0.3THz as expected.  

  
Fig. 1 – Proposed Metamaterial Absorber        Fig. 2 – Simulated Perormance of the Absrobe 
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Abstract: We propose optical RI sensor with sensitivity of 350 nm/RIU for the micrometer footprint. The 
advantage of this sensor is the ability to sustain air-confined high-Q modes which probe the analyte material with 
entire energy distribution of the mode. The device is based on artificial material which can emulate non-dispersive 
ultra-high refractive index (n≈100) capable of strong localization of incoming radiation. This is achieved by 
suitable deformation of a reflective substrate by applying inverse design to transformation optics approach. 

 
 
Optical RI sensing is one of many applications in fields of plasmonics and nanophotonics in which the device 

performance relies heavily on a strongly confined electromagnetic radiation. Metallic structures provide high 
concentration of light at the sub-wavelength scale via plasmonic resonance while suffering from strong absorption. 
Conversely, all-dielectric photonic configurations exhibit low-loss light-matter interaction and high-Q resonant 
states, although it requires large contrast of refractive index and the light confinement is diffraction-limited 
compared to plasmonic materials. 

In this work, we present a design framework that allows to overcome both the issue of ohmic losses of 
plasmonics and the issue of the diffraction limit of all-dielectric nanophotonics by engineering an artificial material 
which can emulate non-dispersive refractive index with desired spatial profile by geometrical deformation of a 
reflective substrate. The details on the realization of such materials can be addressed in [1]. Within the framework, 
we operate with 2 spaces connected via conformal deformation of coordinates ! = Ω(!'): design space	 !	 with 
user-defined inhomogeneous, nondispersive, and anisotropic refractive index '(!), and accessible (or physical) 
space !�of deformed reflective substrate. In both domains, Maxwell equations remain identically the same with 
permittivity and permeability related by transformation optics formulas via Jacobian matrix ∇Ω [2].  

We prove that the deformation is found by solving equation (1) in the scalar limit with % and & described 
by a single arbitrary scalar component for a desired refractive index distribution. Conformal mapping Ω(() is 
defined in complex coordinates ( = + + -..	

/!(0) = 12Ω(()2( 1
!
 

We solve this equation for user-defined profiles of refractive index n(r) by statistical learning via nonlinear 
regression. Particularly, we design a material with ultra-high RI (n≈100) and profile following Gaussian 
distribution. We show that such distribution of refractive index in virtual space (fig.1c) corresponds to a 
nanoresonator in the physical space (fig.1b). 

We demonstrate that singular energy localizations inside the designed resonator appear as Bound State in the 
Continuum. In the user-defined space !�, TE-polarized BIC states are localized inside the ultra-high refractive 
index region in proximity to the reflective surface. In the accessible space 5, these states manifest themselves as 
energy localization inside the resonant cavity. We utilize these air-confined states for the sensing application. 

(1) 



 
Fig.1. a) concept of conformal mapping of user-defined space r to physical space r’; b) nanoresonator which emulates refractive index distribution 
from c); c) user-defined distribution of refractive index with Gaussian profile reaching n=100; d) sensor configuration in user-defined space with 

blue slab representing analyte and red gradient representing RI distribution; e) sensitivity dependence on a BIC peak shift for the sensor 
 

Currently, for the RI optical sensors it is a challenging task to combine the compact size with the strong 
sensitivity without compromising performance. Here, we improve RI optical sensor design by probing the analyte 
material with the entire air-confined BIC mode distribution of the inversely designed ultra-high RI resonator. We 
choose to build sensor with inversely designed material exhibiting RI profile of a Gaussian distribution reaching 
n≈100 described above. We compute Density of States (DOS) of the resonator, and then for identified sharp 
resonances we compute the corresponding Q-factors. As a result, we select a state with the highest achieved 
Q=5200 (inset of fig.1e) The width of the computational domain is set to 2 µm and the resonant wavelength is 
λ"#$=307 nm, although due to nondispersive nature of this system we can tune the operational window by scaling 
the size of the resonator. 

In the next step, we construct the sensor by depositing the analyte material layer on top of the given resonator. 
From the perspective of user-defined space (fig.1d), the analyte layer is distributed evenly on a flat substrate with 
locally increased air-confined refractive index, and BIC mode probes the change of its refractive index. With 
FDTD, we compute DOS spectra for changing refractive index of the analyte with a step Δ/ = 0.005 and observe 
how the identified BIC peak shifts with Δλ"#$ . For every RI point, we calculate differential sensitivity 9 =
Δλ"#$/Δ/ and plot its dependence on RI on figure. As depicted on fig.1e, differential sensitivity reaches 350 
nm/RIU and does not go below ~ 310 nm/RIU in the identified operational window.  

By exploiting the sensing ability of the entire energy distribution of high-Q mode confined outside the resonant 
material we can combine strong sensitivity and a compact size in one device. Compared to most conventional 
single resonator-based RI sensors, our structure exhibits twice as high sensitivity while maintaining the footprint 
in micrometer scale ~1 to 2 orders of magnitude smaller than counterparts. 
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Abstract: An analysis is shown for the optimization of metasurfaces of capacitively loaded rings to provide a local 
enhancement of the SNR of surface coils. As the mutual coupling between rings increases, the losses introduced 
by the rings in the coil reduce, and then the SNR increases. 

 
Metasurfaces (MS) are a desirable alternative to bulky metamaterial (MM) structures because they are thin 

and flexible structures that are easier to manufacture and can provide the same performance as bulky structures in 
certain applications. In the literature, MS have been proposed for application in magnetic resonance imaging (MRI) 
to provide local enhancement of the signal-to-noise ratio (SNR) of volume [1] and surface MR coils [2]. All these 
reported MS were based on arrays of conducting wires. In the present work, the ability to provide local 
enhancement of the SNR of surface coils is studied for MS based on capacitively loaded resonant rings (CLRs). 
¡Error! No se encuentra el origen de la referencia..a shows a picture of the structure under study, that is, a 
squared surface coil loaded with a two-dimensional array of CLRs. The SNR provided by this configuration is 
proportional to the ratio between the total field (per unit current in the coil) produced by the coil and the CLRs, 
and the square root of the resistance introduced in the coil by the CLRs and the sample or tissue. The SNR can be 
enhanced by increasing the total field and minimizing the input resistance (Rin) introduced by the CLRs in the coil. 
This work analyzes how to achieve these goals.  
                          (a)                                     (b) 

               
Figure 1: (a):Picture of a squared coil loaded with a 2D array of CLRs. (b):Input resistance in a 12 cm square coil loaded with a 2D 

array of 8x8 CLRs in vacuum for a periodicity of 15 mm (blue) and 12.5 mm (orange).    

For our analysis, it is useful to establish an analogy between the frequency dependence of the input impedance 
of a coil loaded with an array of CLRs and a coil loaded with a homogeneous thin slab of MM with negative 
permeability (). For the homogeneous thin slab, numerical simulations carried out with CST Microwave Studio 
show that Rin in the coil exhibits two maximums at frequencies that correspond to the excitation of magnetostatic 
waves in the slab. Between these two maximums, Rin shows a minimum at the frequency that corresponds to =-
1, and the input reactance cancels. Moreover, it is verified that at this frequency the calculated SNR is maximum. 
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Regarding the MS of CLRs, it should be noted that any array of coplanar resonant rings that are inductively coupled 
supports backward magnetoinductive (MI) surface waves [3]. Numerical simulations carried out with CST for the 
coil loaded with the CLR array show that Rin also exhibits peaks (see Figure 2). The correlation between the 
dispersion relation of the MI waves supported by the array [3] and the CST simulation shows that these peaks 
correspond to the excitation of standing MI waves at frequencies where the size of the array equals an integer 
number of half-wavelengths. At the central frequency between the peaks, Rin is minimum, the CLRs behave 
capacitively, so that the currents in the CLRs flow in phase with the current in the coil, and the fields of the coil 
and the CLRs add, and the calculated SNR is maximum. Numerical simulations with CST are very time-consuming. 
Setting parameters such as the periodicity and frequency of resonance of the rings for the optimization of the SNR 
was carried out with the help of a fast algorithm developed by the authors for the analysis of arbitrary 
configurations of coils and CLR arrays [4]. With this algorithm, we check that, as the mutual inductance between 
the CLRs increases by reducing the periodicity in the array, the resonant peaks in Rin move far from each other, 
and the value of Rin between the peaks decreases (see Figure 1.b). Following this analysis, a configuration of a 12 
cm square coil and an 8x8 CLR MS with optimal parameters was designed to maximize the SNR, and the SNR 
was simulated in CST. Furthermore, this configuration was fabricated and the SNR was experimentally obtained 
from the measurement of the transmission coefficient (S21) with a network analyzer (see Figure 2).  

   
Figure 2: CST simulation results of the B1+ map for a 12 cm square coil without (left) and with a metasurface of 8x8 CLRs (middle). 

Normalized transmission coefficient (right) measured with a network analyzer between a probe inside a saline solution phantom and the 

square coil without metasurface (red curve) and with metasurface (blue curve). 

This work is part of the Project PID2020-116226RB-I00 funded by the Ministerio de Ciencia e Innovación/Agencia 
Estatal de Investigación/10.13039/501100011033. 
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Abstract:
We present an inverse design platform that enables the fast design of flexible flat-optics that
maintain high performance under deformations and are tolerant to fabrication errors. The
platform is based on evolutionary large-scale optimizers, and neural network predictors. We
demonstrate both the of the design methods and the experimental performance of fabricated
devices, over a 200nm bandwidth in the visible under mechanical deformations.
© 2021 The Author(s)

1. Introduction

Over the past twenty years flat-optics emerged as a promising technology in the light manipulation fields. But one
of challenges for widespread use is obtaining scalable and highly efficient designs that can withstand the fabrica-
tion errors associated with nanoscale manufacturing techniques. This problem becomes more severe in structures
undergoing stress, such as flexible ones, in which deformations appear naturally when flat-optics structures are
conformally applied to, e.g., bio-compatible substrates. The majority of the devices are designed to perform on
rigid substrates such as glass, quartz or sapphire [1]. Another class of devices, which is recently stirring conspic-
uous interests, is represented by flat-optics realized on flexible materials [2]. Flexibility allows conformal integra-
tion on general surfaces, including bio-compatible materials, opening a wide range of applications in integrated
optoelectronics for sensing and soft medical devices, such as contact lenses [3]. A major hurdle in this field are
performances degradation when the device operates in deformed conditions. In these cases, performances worsen
considerably from ideal values of non-deformed configurations. While there is currently no general technique that
could solve this problem, artificial intelligence methods can be adapted to address this issue.

2. Fast neural network spectral predictor

The inverse design platform discussed in [4] exploits an autonomous learning framework for rule-based evolution-
ary design (ALFRED), it is composed of a global optimizer and a neural predictor unit. This platform outputs a
large scale resonance network in physical dielectric nanoresonators, which act as universal approximators that can
predict any user-defined function. The unit designed in this work allows ALFRED to rapidly estimate an objective
function by merely querying the network in a time scale of several milliseconds.

3. Experiments

We design experimental samples robust to fabrication errors and geometrical deformations by using a statistical
approach [4] based on weighted least-squares. Specifically, we create a set g1,g2, ...,gN of randomly perturbed
structures with different geometrical features obtained by applying to each cuboid resonator, with sizes Dx and Dy

in transverse x and y directions, uniform random changes. We selected deformations to reproduce fabrication errors
of electron beam lithography, such as those caused by the proximity effect, that amount to tens of nanometers.
Due to the rigid nature of the Si boxes nanopatterned on the surface, we also assume that these values reproduce
deformation of the flexible substrate. We verified this assumption experimentally, performing measured of samples
under different mechanical stress conditions and comparing the results with the non-deformed case.
Once the values of sx/y are set, we then create the following cost function:

Fg = F +a
s

1
n

Â
n

(F (gn)�F (g))2, (1)

in which F is the cost function associated to the un-deformed geometry, and F (gn) addresses the deformed case.
The coefficient a provides a weight to the deformed versus the non-deformed part of the cost function, allowing



Fig. 1. (a) Simulation of the performance of the device affected by deformations when comparing a
not robust design (blue), and a robust design (red). (b) Experimental performance of the robust and
not robust devices as they are bent more and more. (c) diagram of our device: patterned amorphous
silicon on top of flexible Kapton tape. (d) Show case of the fabrciated device bent by hand. (e)
Scanning Electron Microscope (SEM) of the finished device.

fine tuning. We illustrate this approach in the implementation of robust polarizers at the operating wavelength
of l0 = 900 nm, and with dl = 100 nm operational bandwidth, and compare the performance of structures
found with and without optimizing for robustness. Figure 1a summarizes the results of robust optimization design.
Figure 1d presents a picture of a finalized sample on top of flexible kapton tape. The robust design consists of
periodic silicon cuboids with dimensions 275⇥100 nm and thickness 250 nm. Figure 1e shows a scanning electron
microscope image of the silicon nanostructures of the final robust sample. We carry out the characterization of the
devices under flat and curved conditions. Figure 1b shows measurement results for the robust sample when the
device is used on a flat configuration.

These results can hopefully contribute to facilitating commercial applications of flat-optics flexible devices
in various settings. Emerging techniques for high-throughput, low cost fabrication of nanoscale devices such as
roll-to-roll nanoimprint litography, for example, require robust flexible designs to overcome the challenges of
patterning defects that result from mold irregularities, thermal expansion and uneven pressure application. The
approach described in this work can help in achieving a high tolerance to deformation and dimensional errors,
contributing also to the possible future integration of flexible flat-optics with flexible electronics.

References

1. Yu, N. & Capasso, F. Flat optics with designer metasurfaces. Nature materials 13, 139–150 (2014).

2. Burch, J. & Di Falco, A. Holography Using Curved Metasurfaces. Photonics 6, 8 (1 Mar. 2019).

3. Di Falco, A., Ploschner, M. & Krauss, T. F. Flexible Metamaterials at Visible Wavelengths. New Journal of

Physics 12, 113006 (Nov. 4, 2010).

4. Getman, F., Makarenko, M., Burguete-Lopez, A. & Fratalocchi, A. Broadband Vectorial Ultrathin Optics
with Experimental Efficiency up to 99% in the Visible Region via Universal Approximators. Light: Science

& Applications 10, 1–14 (1 Mar. 4, 2021).



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

 

Superdirective Helical Dimers Fabricated using 3D printed Molds with Liquid 
Metal Injection 

J. Gudge-Brooke1, A.P.Hibbins1, J.R. Sambles1, A. Powell1 and N.Clow2 
1University of Exeter, Centre for Metamaterial Research and Innovation, United Kingdom 

2DSTL, Fort Halstead, UK 
 
Abstract: Antennas made of two coupled helical elements have been shown to have very high directivity while 
being much smaller than their radiative wavelength. We replicate this system using a method of fabrication 
involving a 3D printed dielectric mold which is then filled with liquid metal at a low temperature (61 °C) in order 
to facilitate more complex designs in the future. 

Superdirectivity [1] is a property defined as having a directivity significantly above that of a dipole antenna 
while keeping its relative dimensions significantly sub-wavelength which is very useful for certain situations. 
Currently most highly directive antennas consist of many elements with a complex feeding system or large 
dishes utilizing constructive interference. An alternative way is using destructive interference in undesired 
directions. It has been shown that superdirectivity can be obtained using two radiating helices [2] that have 
almost total destructive interference in all directions apart from in one narrow lobe. Such a structure is 
significantly sub-wavelength in dimensions.  

Petrov et at [2] achieved this using coiled copper wire around a dielectric core. While this gave good directivity 
it lacks mechanical stability and reliable replicability to be used for larger scale systems utilizing many dimer 
pairs in an array. To overcome this limitation we utilize a scalable 3D metal-injection technique [3] to fabricate 
the antenna pairs.  A hollow structure is first printed in ABS plastic, which has cavities for the helical elements. 
This acts as a mold which is then injected with Fields metal in a hot water bath (61 °C). This produces a rigid 
structure with complete helix components encased within. The dielectric mold provides rigidity and mechanical 
stability to the fragile helices.  

 
Figure 1: Internal Structure of helical dimer (Left) Fabricated sample (Right) 

The directivity will be slightly reduced compared to the copper wire [2] arrangement but this is to be expected 
because of the presence of dielectric around the antenna elements.  



 

 

 This arrangement has been modelled using COMSOL simulations 

 
Figure 2: Simulated 2D far field (Left) and frequency dependence for directivity (Right) 

Prototype samples have been fabricated and excited using a small electric probe designed to minimally perturb 
the system which is why the S-parameter readings are so close to 1.  

Figure 3: Preliminary Experimental S11 (left) and 180 degree far field (right) for dielectric encased helical 
dimer. The expected directivity is at 30o. 

These preliminary results are promising as the S11 shows two resonances from coupled elements and the far field 
displays directivity. The next step will be to optimize the directivity in the far field for a single dimer. If this 
proves satisfactory then it will offer an easy and reliable method for miniature element fabrication we will move 
on to forming arrays of helical dimers to allow for improved directivity and beam steering. 

We acknowledge financial support from the Engineering and Physical Sciences Research Council (EPSRC) 
of the United Kingdom, via the EPSRC Centre for Doctoral Training in Metamaterials (Grant No. 
EP/L015331/1). J.G-B also wishes to acknowledge financial support from Defence Science Technology 
Laboratory (DSTL). 
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Abstract: We present the numerical and experimental study on the process of electrically controlled formation 
of carrier accumulation layers on the oxide-semiconductor interface. We show that the effect can be utilized in 
multilayer metamaterial, leading to changes in the device's effective linear and nonlinear optical properties. In 
particular, the temporal frequency filtering, dispersion, and refractive index can be modified across the VIS and 
NIR spectral ranges simply by tuning the applied voltage. 

 
In the past few years, optical metamaterials have emerged as one of the most exciting topics in the science of 

light and opened a whole new world of fundamental studies and practical applications that were quite undreamt 
of in the realm of conventional optics. For instance, metamaterials have shown promise in varied applications, 
including optical pulse dispersion management [1], control of free-electron relaxation dynamics [2], or ultrafast 
all-optical switching [3]. As the field of metamaterials has matured over the years, an increasing emphasis has 
been placed on the possibility of modifying their exotic electromagnetic responses in time. This would allow 
enabling metamaterial-based devices to transition into state-of-the-art applications. Among various tuning 
mechanisms particularly promising is the one that exploits the physics of the semiconductor-oxide interface. The 
concept was conceived when one of the research groups investigated the properties of the free carrier 
accumulation layer formed under applied voltage on the ITO-SiO2 interface [4]. It turned out that in the vicinity 
of the interface, the local difference in refractive index change is on the level of unity. In our work, we have 
combined the unity-order change of the refractive index with the concept of metamaterials. 

This talk presents a numerical and experimental analysis of the metal-oxide-semiconductor multilayer 
metamaterial's electrical and optical properties, exhibiting the carrier accumulation and depletion effect. 
Electrical properties were calculated using charge transport solvers, which self-consistently solve the system of 
equations describing the electrostatic potential (Poisson's equation) and density of free carriers (the 
drift-diffusion equations). Based on carrier drift-diffusion investigations, we analytically calculated 
corresponding values of electric permittivity and refractive indexes in the accumulation (or depletion) layer and 
further incorporated them into optical simulations. Light propagation in multilayer metamaterial was modeled 
using the Finite Difference Time Domain algorithm (FDTD) and frequency domain Transfer Matrix Method 
(TMM). 

Finally, we present the experimental data obtained on the set of fabricated samples. We verified that it is 
possible to form either an accumulation or depletion layer depending on the bias direction in the multilayer stack. 
We show that the temporal frequency filtering, dispersion, and refractive index can be modified across the VIS 
and NIR spectral ranges simply by tuning the applied voltage 
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Abstract: A rational arrangement of well-known constituent materials, which is called metamaterial, can exhibit 
novel and effective material dispersions. Here, we report a metamaterial-based transparent radar heater working 
at microwave frequencies, as opposed to microwave shielding applications. The metamaterial transparent heater 
provides an effective route to achieve high conductivity and low signal attenuation, which ensures the reliable 
performance of radar systems under demanding environments. 

 
Metamaterials are composed of subwavelength elements with tailored electromagnetic resonances in one or 

more dimensions. Therefore, metamaterials have greatly attracted interest for microwave applications including 
electromagnetic shielding and stealth technologies [1, 2]. Metamaterials lead to unprecedented optical properties 
in other wavelength ranges and implement frequency-selective absorption [3], perfect transmission at a specific 
frequency [4], and optical cloaking [5]. The advantages of metamaterials with customized material dispersions 
have been exploited for versatile applications. Radar is one of the devices that is used for autonomous vehicles to 
detect obstacles in real time in the W-band (76 to 81 GHz). For its reliable operation, a transparent heater is 
essential; high transmittance at 76-81 GHz and temperature uniformity are two requirements for transparent heaters. 
However, conventional grid-type heaters cannot fulfill these requirements. Therefore, we proposed a metamaterial-
based transparent heater that can simultaneously achieve both high transmittance and temperature uniformity.  

 
Figure 1(a) shows a schematic of a radar sensor covered with a transparent heater. Figure 1(b) shows that the 

simulated transmittance of designed metamaterials. The transmittance of metamaterials with a metal filling 
fraction of 15% (red dot), 40% (blue dot), and 65% (green dot) is 0.996, 0.996, and 0.999, respectively. 

 
Figure 1: (a) Schematic of a radar sensor covered with a transparent heater. (b) Simulated transmittance of 
metamaterial patterns with different metal filling fractions. Inset: schematics of the calculated structures when the 
metal filling fraction is 15% (red dot), 40% (blue dot), or 65% (blue dot). 
 

We fabricated metamaterial samples and measured their transmittance spectrum. The filling fraction of 
fabricated metamaterial is approximately 10 %. Figure 2(a) shows the optical microscopy images of the fabricated 



sample. We obtained its transmittance spectra, as presented in Figure 2(b). The transmittance was 0.964 at 82.3 
GHz. 

 
Figure 2: (a) Optical microscopy images of a fabricated metamaterial sample. (b) Measured (solid lines) and 
simulated (dashed lines) transmission spectra at microwave frequencies (f = 75–110 GHz). The polarization 
direction (Ey) of incident light is shown in the inset of Figure 2(a).  
 

In summary, we demonstrated perfect-transmission metamaterials with a variety of metal filling fractions, 
which can be exploited for radar heaters. The measured spectrum was well-matched with the simulated spectrum; 
the maximum transmittance was 0.964 at 82.3 GHz. We believe that such microwave-transparent metamaterials 
will provide new insights into radar sensor and stealth technologies. 
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Communications are continually moving to higher frequencies, requiring magnetic 
materials with a high permeability in the tens of gigahertz regime. The benefits that 
accompany the increasing frequency range of devices are numerous. Lower latency, 
miniaturisation of devices and faster speeds will enable devices to be inbedded in 
everyday objcts to send and recieve data witout delay or interference.  Unfortunately, 
conventional magnetic materials are extremely lossy above a few GHz due to a 
ferromagnetic resonance (FMR) absorption.  

Arrays of magnetic nanoparticles with a vortex ground state can overcome this issue 
and enhance the operational frequency range.  These vortex states have predicted 
resonant frequencies in the 10’s of GHz range, with applications in microwave signal 
processing, magnetic memory and sensors [1]. 

This work focuses on using meta-structuring of conventional soft magnetic materials 
to provide the required high permeability for applications at higher frequencies. 
Varying the structure on the microscale creates magnetic domain structures with high 
frequency resonances. These high resonant frequencies are predicted to arise from a 
vortex ground state in soft magnetic hemispherical shells [1].  

Figure 1: A) Micromagnetic simulations for dynamic susceptibility in the 
absence and presence of vortices [2]. Insert shows magnetic distribution of a 
vortex state with curling moments in plane and small out of plane moments at the 
cores.  B) SEM image of the fabricated monolayer of magnetic hemispherical 
shells, diameter 780 nm, with Permalloy thickness of 30 nm. C) VNA-FMR 
spectroscopy for a continuous thin film (top) compared to the array in B) (bottom). 
The absence of the strong ferromagnetic resonance between -30 Oe and 180 Oe 
leads to the field dependant dynamics spin waves due to the vortex configuration 
of the magnetic moments. 



Nanosphere lithography and DC magnetron sputtering [2] were used to make arrays 
of microscopic shells (Figure 1b), which were then charaterised to identify their 
magnetic ground state. Thicknesses of Permalloy hemispherical shell arrays have 
been identified which demonstrate characteristics of a vortex state. It was found that 
for thicknesses between 30 and 50 nm the switching field is above 0 Oe, and vortex 
structures can be formed with no bias field (Figure 1c). 

This fabrication technique has sucessfully created large arrays of uniform soft 
magnetic nanospheres, each in a vortex ground state. The use of thin film shells in 
microwave applications can enhance the frequency range for applications as well as 
significantly reducing the material’s weight and cost [3].  
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Abstract: Calcium silicate hydrate (CSH) gel is the main compound in the concrete paste. In this work we 
enhance the solar reflection of this composite using metal bars that are compatible with current manufacturing 
techniques to achieve good radiative cooling properties. Two periodic structures have been studied and 
interestingly, it is found that lattice effects may be transcendent to attain radiative cooling properties. A further 
study will be performed with a fully developed concrete permittivity model.  
 

The effects of global warming on the environment are more obvious each year and this emergency has led to 
an intense research effort towards the development of sustainable devices. Air-conditioning systems are widely 
used and stand out for their lack of efficiency. Besides, their demand is increased due to global warming, with 
the consequential overproduction of energy that in turn increases global warming. Radiative cooling is a 
potential solution for alternative cooling systems. It combines the atmospheric window, a band between 8 and 
13 µm where the atmosphere is transparent, with the blackbody radiation, which states that any body at ambient 
temperature has a peak of emission in this band. Then, a direct heat transfer is opened between terrestrial objects 
and the massive and cold outer space. In recent years, a lot of devices exploiting radiative cooling have been 
proposed such as metamaterials, fabrics, paints and polymers among others [1]. Structural materials for building 
have been also proposed [2], although there are fewer examples even though they present a great approach for 
the future zero emissions buildings in hot climates. In this work, we take CSH (which is the main compound of 
concrete paste) and show how its emission properties for radiative cooling applications can be improved using 
metamaterial structures compatible with current manufacturing constraints.  

The atomic structure of CSH gel is still unsettled, though a great effort has been done in last years for 
proposing a realistic atomic model [3]. Modern models of CSH gel are essentially based on defected 
Tobermorite minerals. In particular we follow herein the model proposed in [4]. From this atomic structure, the 
frequency dependent dielectric function of CSH gel was calculated following the protocol implemented by 
Dolado et al. [5] but changing the studied frequency domain and the damping factor to 25 cm-1. 

The emission spectrum of a CSH block with different cylinder inclusions depicted in Fig. 1 has been 
computed using GD-Calc, a software that calculates the diffraction efficiencies of a metamaterial using the 
Rigorous Coupled Wave Method. Using such efficiencies, the reflectance (R) and transmittance (T) are obtained. 
Then, the emissivity can be matched to the absorptivity of a body when it is in thermodynamic equilibrium by 
Kirchhoff’s law of thermal radiation. Hence, emissivity it is calculated using Eq. 1: 



                                      ε(λ) = 1 – R(λ) – T(λ)                              (1)  

It should be considered that for daytime radiative cooling, good atmospheric emission mixed with strong 
solar reflection is required. Raw CSH has a strong emission in the computed spectral domain as shown in Fig. 
1(c). For Fig. 1(a), the effect of the radius and length variation alone brings an offset of the whole bandwidth, 
similar to the effect of a radius variation shown in Fig. 1(b). Besides, the cylinder height in vertical bars does not 
have a significant effect on the response. Lastly, a variation of the period leads to significant changes in the 
emissivity curves. If the bars get too close, lattice effects appear and modify the emission spectrum as can be 
seen in Fig. 1(d). This effect is of special interest because it opens the door to optimization techniques that could 
potentially enhance the response both in the visible and infrared range of the spectrum. 

 
Figure 1. Metaatoms used for simulations: (a) horizontal cylinder and (b) vertical embedded cylinder, (c) shows the 

absorbance of a raw CSH block and (d) is the result of one of the sweeps done for (b) where H = 1 µm and R = 3 µm. 

Raw CSH emission has been enhanced for radiative cooling applications by using periodic tubular structures 
of manufacturable dimensions and materials. Lattice effects may be the clue for this design due to emissivity 
variations observed for different parameters, hence, further optimizations will be done. Finally, the development 
of a permittivity model for concrete to obtain more accurate simulations is being done. Additional compounds 
such as Portlandite (Ca(OH)2) and Alite (Ca3SiO5) mixed with other porosity related effects will be considered. 

This work has been funded by the research and innovation program Horizon 2020 of the European union. 
Project MIRACLE, Grant Agreement 964450. 
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Abstract

In this work, we present Hyplex™ system, a real-time high-resolution hyperspectral camera based on a combination of hard-
ware metasurface encoders and software decoders.

a

b

Metasurface 
hardware encoder Software  decoder

Hyperspectral tensor Encoded tensor
Decoded tensor

Encoder

Metasurface projector array

CCD/CMOS censor array

Metasurface 
metapixel array 

Metapixel 
CCD/CMOS barcode 

Figure 1: Hyplex™ hyperspectral framework. (a) Hyplex™ is a combination of hardware encoder E and software decoder
D operators. (b) The hardware encoder is composed of a Bayer-like array of 9 metasurface encoders on top of the CCD/CMOS
sensor array.

1. Introduction

There is great interest in hyperspectral imaging in many fields, including civil, environmental, aerial, military, and biological
sciences, to identify and remotely sense complex materials based on spectral features [1], [2]. Despite these significant
advances, several unresolved challenges still hinder the real-world application of hyperspectral techniques. Current state-
of-the-art hyperspectral vision systems are prohibitively expensive (more than 20000 USD for a single camera), slow (up to
a minute to acquire a single image), and suffer from low spatial resolution (less than one megapixel) [3], [4]. In addition,
hyperspectral images obtained from high-resolution cameras usually require a lot of storage, making it challenging to analyze
video in real-time using existing computer vision techniques [5].

In this work, we introduce the Hyplex™ system, a hyperspectral imaging concept based on integrated flat optics, a class
of nanostructured materials for advanced light manipulation that aims to address the shortcomings described above[6], [7].



The key idea behind Hyplex™ is that instead of representing the high-dimensional spectral data that is usually captured
in hyperspectral systems in a low-dimensional space through the use of suitable flat optics linear projectors (filters). The
reduction is achieved in the end-to-end learning process on a large dataset of hyperspectral images. Through the use of suitable
inverse design software, flat optics devices are found that act as linear projectors, casting a measured hyperspectral spectrum
into a small number of (multispectral) signals that constitute a barcode for the spectra. Hyplex™ captures a hyperspectral
image with the same spatial and time resolution of the CMOS/CCD camera employed, opening to real-time, high-resolution
video processing for advanced machine vision applications such as, e.g., pattern recognition and semantic image segmentation.

2. Results

The Hyplex™ hyperspectral imaging system consists of two parts: a hardware linear spectral encoder E and a software decoder
D (Fig. 1). The encoder compresses an input high-dimensional HSI � to a lower multispectral image tensor Ŝ = E(�), while
the decoder maps the tensor Ŝ to user-defined task-specific output tensor �̂ (Fig. 1a). The encoder is implemented in hardware
with a metasurface projector Bayer-like array on top of the CCD/CMOS sensor (Fig. 1b). This work considers two types of
imaging tasks: hyperspectral reconstruction and semantic segmentation. Spectral reconstruction aims to reconstruct the input
HSI tensor with minimum losses, while semantic segmentation’s goal is to classify each pixel on an input image correctly. For
the semantic segmentation task, we create FVgNET, the largest publicly available dataset of labeled hyperspectral images1. To
train this system in the end-to-end nature, we design a modification of ALFRED optimizer[7], [8] with differentiable predictor
d-ALFRED. Predictor d-ALFRED presents a differential neural network proxy function which approximates metasurface
input-output transmission responses.

We design and produce a real Hyplex™ prototype with 1MPix spatial resolution, around 5 nm spectral resolution covering
visible wavelength range, and 30 fps data acquisition speed with approximately 20 fps of data processing speed. On both
spectral reconstruction and semantic segmentation tasks, Hyplex™ framework outperforms experimentally current state-of-
the-art methods for spectral reconstruction tasks and standard RGB cameras for semantic segmentation tasks.
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Abstract:  We propose a new design for a single-element gas detector, based on a VCSEL with high contrast

grating (HCG) as top mirror. HCG supports Fano resonance that is characterised by a sharp variation in the

power reflectance spectrum of mirror and enables high sensitivity to the modification of the surroundings. The

presence of gas in the proximity of the mirror deteriorates the Fano resonance and reduces quality factor of the

VCSEL which affects its threshold condition and modifies electrical characteristics.

Optoelectronic gas detectors commonly consist of two devices: a light source and a detector. The

presence of gas between the components causes a change in the intensity of the radiation, which is

detected by the detector. In [1] we proposed a new design for a single-element gas detector, which is

based on a Vertical-Cavity Surface-Emitting Laser (VCSEL) whose upper mirror is realized as a high

refractive index contrast grating (HCG) or monolithic HCG (MHCG).

In such a device, the presence of gas in the surroundings of the grating causes a change in the

power reflectance of the mirror, which in turn causes a change in the cavity quality factor (q-factor).

This change can be observed by measuring the current-voltage characteristics of the laser.

In this  work,  we  investigate  the  possibility  of  realizing  a single-element  detector  as  an  HCG

VCSEL,  in  which  HCG  supports  Fano  resonanse.  Fano  resonance  is  characterised  by  a  rapid

asymmetric change in the power reflectance spectrum of the mirror. This phenomena can significantly

enhance the sensitivity of  such a detector compared to devices using standard HCG and MHCG

mirrors.

As  an  example,  we  consider  an  antimony-based  VCSEL  for  ethane  detection  designed  for  a

wavelength of 3360 nm [2],  which corresponds to the absorption line of this gas.  We analyse the

impact of absorption coefficient on the performance of the HCG mirror and the performance of the

whole VCSEL cavity with HCG in which Fano resonance appears. We present the results of optical

and electrical calculations that show how the laser operation is affected by the presence of gas in the

proximity of the HCG mirror. The calculations are carried out using a model that is developed at the

Institute of Physics of the Technical University of Lodz.
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Abstract: Optical dating is a well-established methodology, frequently employed in geology and archaeology in 
order to determine the duration that certain minerals have been exposed to sunlight. Metamaterials and 
metasurfaces, artificially engineered materials with extraordinary electromagnetic properties, have the potential 
to substantially improve the performance of optical components. In this paper we propose simple metasurface 
designs to improve the efficiency of optical dating devices. 

 Optical dating typically refers to optically stimulated luminescence (OSL) and infrared stimulated 
luminescence (IRSL), two conventional and well-known luminescence dating techniques, that can determine the 
duration of exposure of mineral grains to sunlight or sufficient heating [1]-[2]. A regular optical dating apparatus 
is comprised of an excitation, a source of light (blue or green for OSL; infrared for IRSL), a specimen holder, an 
optical filter and a photomultiplier. The mineral grains are placed on top of the specimen holder and, through 
stimulation by the incident light, they emit luminescence signals that are filtered and measured by the 
photomultiplier. The intensity and frequency of the latter luminescence signals depend on specific properties of 
the mineral and the amount of radiation that they have absorbed. The optical filter aims to separate the excitation 
and the emission, by the stimulated minerals, signals. A meticulously designed metasurface could be employed 
as the specimen holder of the mineral grains, it could considerably enhance the separation of those two signals 
and, thus, the device’s accuracy (see Fig. 1). 
 More specifically, extremely thin, flat, bilayer metasurfaces, based on the designs of [3], could absorb the vast 
majority of the reflected or incident illumination, that comes from the excitation source and misses the mineral 
targets, while reflecting almost all the emitted, by the mineral grains, luminescence. Therefore, the efficiency of 
separation of the two existing signals and of the device in general would significantly increase, since the optical 
filter and the photomultiplier would receive a greater number of emission photons and a lower amount of the 
source’s illumination.  

 
Fig. 1: Configuration of the mineral’s optical dating apparatus with the proposed metasurfaces acting like specimen holders.  
 In order to optimize the proposed metasurface designs, we utilize the following absorption metrics ATE/TM [3] 



for both the transverse electric (TE) and transverse magnetic (TM) excitation  

( )/2 2 2
/ / /0

1 cosTE TM TE TM TE TMA R T d
π

θ θ= − −∫    (1) 

where θ is the angle of the incoming, to the metasurface, illumination and RTE, RTM, TTE, TTM represent the 
reflection and transmission coefficients for TE and TM modes respectively. 
 A few characteristic designs that optimize the aforementioned absorption metrics for excitation of infrared or 
blue light, while at the same time strongly reflecting incoming illumination of different frequencies, are shown in 
Table 1. 

     Upper layer 
Bottom layer 

Gallium Phosphide (GaP) Indium Antimonide (InSb) Silicon (Si) 

Copper (Cu)  
f = 410 THz 

h1 = 18 nm, h2 = 81 nm 
f = 620 THz 

h1 = 9 nm, h2 = 96 nm 

Platinum (Pt) 
f = 620 THz 

h1 = 16 nm, h2 = 60 nm 
 

f = 440 THz 
h1 = 28 nm, h2 = 63 nm 

Silver (Ag)  
f = 380 THz 

h1 = 22 nm, h2 = 91 nm 
 

Table 1: Frequencies (indicated also by the color of the visible spectrum or by red for infrared excitation) and material 
thicknesses (h1, h2) for metasurface combinations that absorb maximally the corresponding excitation field. 
 Indeed, as depicted in Fig. 2, the proposed metasurfaces absorb remarkably for certain bandwidths near the 
infrared or blue light accordingly, while reflecting the incident electromagnetic field at different frequencies.  

 
Fig. 2: Absorption metrics ATE (solid lines) and ATM (dashed lines) versus excitation frequency for two metasurface designs, 

Indium Antimonide–Silver (InSb-Ag) and Silicon-Silver (Si-Ag), that operate in the infrared and blue spectrum respectively.  

 We would like to acknowledge funding from the European Union (EU) Horizon 2020 Marie Skłodowska-Curie 
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Abstract: Grazing incident waves on a material are usually completely reflected. In this work, we show that 

removing the reflection of waves in this delicate limit can be achieved by adopting quantum mechanical techniques 

to factorise the Helmholtz equation into raising and lowering operators. Doing so allows the design of dielectric 

profiles that support optical analogues of half-bound states, which will not reflect grazing incidence waves. 

 

Grazing incidence waves are, in general, completely reflected. This reflection can create issues for radar cross-

sections [1] as well as perfectly matched layers in numerical simulations [2]. However, there are permittivity 

profiles which will not completely reflect grazing incidence waves. The Pöschl-Teller potential is perhaps the most 

famous example [3], which does not reflect waves incident at any angle, for a given frequency. Here, we adopt 

Quantum Mechanical (QM) frameworks to design dielectric profiles that will not reflect Transverse Electric (TE) 

waves at grazing incidence.  

 

The equivalence between the (time independent) Schrödinger and Helmholtz equations allows phenomena in 

QMs to be translated into optics. Quantum particles approaching a potential barrier at energies close to zero will 

have a very low transmission probability and will instead reflect. However, if the barrier is tailored to support a 

Half-Bound State (HBS) then the particle will transmit completely [4]. A HBS is a state that is bound to the 

potential, but decays to a non-zero constant outside and has zero energy. In optics, a wave incident at grazing 

incidence is analogous to a zero-energy quantum particle. If a dielectric profile can be made to support the optical 

analogue of a HBS (which can be considered as a waveguide mode with infinite decay time), then grazing 

incidence TE waves will not reflect from these structures. 

 

The factorisation method [5] is a way to split a 2nd order differential equation into a pair of single order 

equations, taking the form of raising and lowering operators. Applying this to the 1D Helmholtz equation for a TE 
field !(#) incident at some angle %! = %"sin	(+) (%" = 2-// is the incident wavevector) 

 

(1)  

we obtain the factorised form as 

 

(2) 

 

Expanding the brackets in (2) and equating to (1), one finds the relationship between the dielectric profile 0(#) 
and the function 1(#), which can be freely chosen, as  
 

(3) 

 

To ensure that the profile supports a HBS, we note that one solution to (2) is  



!(x) = !0 exp

!

!k0

x

!L/2

"(x")dx"

" 

(4) 

 

where the dielectric profile spans the region |#| ≤ 4/2. To achieve a HBS, the field on the left and right side of 

the structure needs to be the same, and so the integral in (4) must go to zero. If 1(#) is an odd function of 

position (that smoothly decays to zero at the edge of the material such that 0(|#| > 4/2) 	= 1 in the limit of 
grazing incidence %! → %") [6] then the dielectric function (3) will support a HBS, and therefore will not reflect 

TE waves at grazing incidence. Fig.(1) demonstrates such a solution, where a choice of 1(#) produces a 
permittivity profile that does not reflect TE waves incident at grazing incidence. The reflection profiles and 

resultant fields are found by numerically integrating the Helmholtz equation (1). 

 
Figure 1: The reflectivity of TE and TM waves (left) for a given permittivity profiles obtained through (3) by 

designing 1(#) (inset). The field profile (right) of a wave incident at grazing demonstrates that the field 
amplitude on either side of the material is the same non-zero constant, indicating that the system supports a HBS.  

 

Adopting techniques and results found and used in QM can be useful when designing optical systems. Here 

we show that HBSs, conceived originally to allow perfect transmission of near zero-energy quantum particles, 

can be used to design dielectric structures that will not reflect TE waves at grazing incidence.  
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Abstract: In this study we aim to characterize the radiative properties of the surface of an innovative 
metamaterial, Black Silicon, that can be employed for IR applications requiring enhanced radiation absorptance 
such us IR photodetectors, solar thermal applications, solar photovoltaics, and solar thermo-photovoltaics. 
 

Black Silicon (BSi) have been widely studied in recent years as a host for enhancement of material radiative 
properties [1, 2, 3, 4, 5, 6] for various applications. In particular, we have recently shown how high-level volume 
doped BSi can be an ideal candidate for infrared (IR) broadband absorbers and thermal emitters [7, 8]. In several 
applications, such as photovoltaics or infrared photodetectors, materials are doped at the surface rather than in 
the volume. On the other hand, many phenomena utilized for radiative properties engineering such are plasmonic 
effects or surface texturing are located at the materials surface. In addition, doping levels reachable with surface 
doping can exceed those commonly obtained with volume doping, i.e., levels larger than 1020 cm−3. For all these 
reasons, we focus in the present work on surface doped BSi fabricated using ion-implantation. Various 
fabrication processes, including sophisticated passivation techniques [9, 10], have been proposed to improve BSi 
absorptance. However, surface doping on non-periodic nano-structured surfaces like BSi has not been studied, 
hence the additional motivation to conduct this investigation. We have fabricated black silicon on 12 silicon 
wafers (6 of n-type and 6 of p-type) doped with a doping level of the order of 1015 cm−3 which have been 
subjected to various degrees of ion-implantation based on 3 principal parameters, namely the type of dopant 
(Boron or Phosphorous), ion beam energy (KeV), and implantation dosage (atm/cm2). We observe that for 
n-type and p-type wafers of BSi, surface doping alone can be employed to achieve considerably enhanced 
radiative absorptance, with the flexibility of independent control of the dosage of dopants and depth distribution 
within 1-5 μm range of wavelength, but this leads to lower absorption levels compared to volume highly doped 
black silicon [7, 8]. In the case of surface doping, the dosage of ion-implantation is the dominant parameter in 
influencing its radiative properties. In the present work, the highest level of absorptance of 98.9% is obtained for 
wafers subjected to the highest phosphorous doping dosage of the order of 1×1017 atm/cm2. The doping 
concentration profiles are obtained for the different samples and enable the calculation of the threshold depth d, 
defined as the depth after which the ion-implanted BSi fails to retain the highest doping level of the order of 1020 

cm−3 (Fig. 1-b). The threshold depth is then compared to the penetration depth δ of electromagnetic radiation in 
the material. We observe that the highest dosage provides the highest threshold depth d. Only for samples where 
the dosage is of the order of 1017 at/cm2 and specifically in our case for n-type wafer doped with phosphorous, 
the condition for d = δ is fulfilled which leads to the highest levels of absorptance. Obtained results enable us to 
conclude that surface doped BSi can also be employed for IR applications requiring enhanced radiation 
absorptance such us IR photodetectors, solar thermal applications, solar photovoltaics, and solar 
thermo-photovoltaics. 
 



 

 

Figure 1: (a) Dopant concentration profiles of 2 wafers of surface doped BSi, from where the threshold depth d for each 

wafer is extracted, (b) The maximum attenuation constant(1-e
−d/δ

) when d = 500 μm (in black) and the attenuation 

constant(1-e
−d/δ

) and experimental absorptance of wafer 7 (in yellow) (c) a summary of the samples’ main features such as 

implantation dosage and ion-beam energy. 
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Abstract: Ion traps are a promising platform for the realization of high-performance quantum computers. To 
enable the future scalability of these systems, integrated photonic components for guiding and manipulating laser 
light on chip-scale are important. Such passive optical components offer μm-beam radii due to their proximity to 
the ions. To achieve full optical control over the ions, the manipulation of light polarization is essential. We 
present the first simulation results for different grating outcouplers and their applications on ion trap chips. 
 
 

On the way to overcome the computational limitations of conventional electron-based computers, 
trapped-ion qubits are considered as a promising system for quantum computation due to their long coherence 
times and high fidelity [1]. Nevertheless, the existing requirements for control and operation of the ions currently 
is accessed via bulk optics leading to a high complexity on the way to increase the number of ion-trapped qubits 
and scalability of the whole system. Furthermore, these optical devices are prone to vibrational noises decreasing 
the fidelity of operation [2].    

 
In this contribution, we present an integrated optical system that contains a waveguide (WG) and a grating 

coupler (GC) delivering and focusing a linearly polarized light towards the ion to support the interlevel 
transitions of the ions (see Figure 1). For the near IR range of operation addressed in this work, we have chosen 
Si3N4 as a material platform due to its low absorption and high transmittance across the interested range of 
wavelengths and because of its optimized fabrication routine. To ensure the propagation of a fundamental 
quasi-TE (transverse electric) mode with a suppression of higher order modes, COMSOL FEM (finite element 
method) simulations were performed to study the geometry of a single mode waveguide. Accordingly, a design 
of a grating outcoupler was constructed in Lumerical FDTD (finite-difference time-domain) software, where the 
parameters like radius, grating period and duty cycle were optimized to control the emission angle, grating 
strength and a focused beam lateral distribution. We studied the electromagnetic field distribution at the ion by 
means of far field transform of the field outcoupled directly above the grating. 
 

Since circularly polarized light is crucial to address several interlevel transitions, we present a concept of 
generating circularly polarized light by merging two grating outcouplers [3]. The simultaneous integration of 
two individual couplers combined with the respective optimization of their parameters in terms of grating 
periods, duty cycles as well as optical delay between the two, is a promising approach for fully on-chip 
integrated quantum computers. 



 

 
Figure 1: a) Electronic level scheme of 172Yb+ ion with the interlevel transitions and the corresponding 
wavelengths. b) Scheme of the grating outcoupler for the linearly polarized light and a corresponding far field 
characteristic for an ion height of 70µm above the chip. 
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Abstract: The power radiating from an electric dipole antenna operating well below its free-space resonant 
frequency can be substantially enhanced by structuring the local environment. Here we use an iterative design 
procedure derived from the Purcell effect to dramatically improve the impedance matching, and thus radiation 
efficiency of a small antenna. This system shows strong coupling between the rod emitter and two radiation modes. 

 
 In 1946, Purcell predicted that, when positioned inside a resonant cavity, an atom would emit more rapidly 

than when in free space [1]. Manipulation of the physical environment about an emitter allows control of the local 
density of states (LDOS), a measure of the availability of electromagnetic states at a point in space [2]. The Purcell 
effect, as this came to be known, describes the weak electromagnetic coupling of an emitter and a resonating cavity 
structure.  

                               (1) 
 
Equation 1 defines the Purcell factor, F, in terms of radiated power from an emitter in free space, 𝑃0,𝑟𝑎𝑑, 

versus the same emitter embedded within a dielectric structure, 𝑃𝑟𝑎𝑑 . A point dipole emits an electric field 
𝐄𝑑(𝐫) =  𝜔2𝜇0𝐆0(𝐫, 𝐫𝑑) ∙ 𝐝 where 𝐆0 is the free space Green function.          

                                                                                          
                                            

Equation 1 allows the impact of radiation reaction in a structure to be quantified, where 𝐸𝑑∗(𝐫)is the electric 
field of the time-reversed dipole moment in free space, and 𝐸(𝐫) is the electric field of a dipole radiating in free 
space [3]. A negative value of 𝑓(𝐫) indicates where having substrate suppresses the LDOS about an emitter – 
this guides an iterative process in which we shape the internal structuring of a dielectric sphere to enhance |S11| at 
a chosen frequency. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: (Left) A plot of f(r) in the x-z plane between the numerically modelled electric fields of a 1 cm dipole freely radiating into 

air, and the same 1 cm dipole embedded in a dielectric sphere (𝜀𝑟 = 12) of radius 5.5 cm at 2 GHz. (Right) A schematic of the 

experimental set-up, shown on the x-z plane, where a 4.2 cm radius structured dielectric hemisphere is sat atop a 10 cm radius 

circular copper ground plane, with a coaxial-fed 0.5 cm grounded quarter-wavelength emitter feeding up through the center. 

(2) 



 
 

The fundamental mode is predicted from numerical modelling and experimentally identified at 2.00 GHz, and 
is 99.0% efficient. In comparison, the fundamental mode of the bare 5 mm quarter wavelength antenna would 
radiate at 15 GHz in free space - this is factor of 7.5 reduction in operating frequency. The third harmonic mode 
is modelled to be at 2.85 GHz and experimentally identified at 2.84 GHz, and is 98.3% efficient. In comparison, 
the third harmonic mode of a bare 5 mm quarter wavelength antenna would radiate at 45 GHz in free space - this 
is a factor of 16 reduction in operating frequency. 
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Figure 2: a) The ratio of input power to transmitted power as a function of frequency predicted in numerical modelling and observed 

in experiment, between 1.5 GHz and 3.5 GHz, and b) and c) the normalised electric field in the x-z plane with arrows indicating 

direction of field flow at 2.00 GHz and 2.85 GHz respectively, simulated via numerical modelling. 
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Abstract: Metal-polymer interfaces are used widely in satellite missions as they show extreme thermal isolation 
and elevated interface strength. Here we show metafoils with ultrastable plasmon resonances allowing 
transmission of visible radiation while reflect the unwanted infrared responsible for device heating. 
Electromagnetic and nanomechanical simulations showing extreme resilient resonances with strains up to ~20%, 
equivalent to thermal expansion in temperatures of >10000 K. Such small footprint and lightweight devices are 
highly desirable for solar isolation and spectroscopic applications in harsh environments. 
 

Thin metal-polymer solar isolators (metallic foils) face more than 5000 thermal cycles/year when in low 
Earth orbit (LEO) requiring resilient mechano-optical response. Such multilayer insulation materials are chosen 
from the European Space Agency (ESA) for the first interplanetary mission to Mercury showing constant 
interface strength during multiple thermal and mechanical cycles.1 Patterning these plasmonic foils creating 
nanometre scale gaps, so-called nanocavities, results in thin metasurfaces with enhanced light localization 
beyond E2/E0

2>105.2 Such plasmonic constructs lead to surface spectroscopies with resolution of single atoms 
and novel infrared detectors operating at room-temperature.2,3 Here we utilise meta-foil ring resonators 
containing such plasmonic gaps of few hundreds of nanometers for resilient solar isolation in harsh 
environments. The geometry of our metasurface imitates the ring-core drilling technique, which is widely used 
for intrinsic stress evaluation at the sub-micron scale4 resulting in extreme robust plasmonic resonances up to 
20% of strain.  

In this study, we boost mechano-optical properties of conventional solar reflectors widely used in satellite 
missions on flexible substrates. To do so we fabricate metasurfaces comprising stress released nanodomains. 
This is achieved by fabricating ring resonators of 2.2 μm outer diameter on 100 nm-thick Al layer on a 25 μm 
flexible polyimide (PI) substrate. Solar isolators achieve heat rejection by efficiently reflecting the solar 
spectrum. This is fulfilled through engineering ring metasurfaces that reflect the unwanted infrared light, 
responsible for device heating, while allows the efficient interplay with visible for efficient charging of a 
potential interfacing photovoltaic panel. Further, we perform in-situ strain experiments while measuring the 
reflectance with reconfigurable optical microscope operating between 0.4-2 μm. To understand the 
mechano-optical response of our metasurfaces, we perform finite-element nanomechanical simulation showing 
low-stress nanoisland domains (>80% contrast) and full-wave electromagnetic calculations to confirm the origin 
of diffraction modes appearing in the complex reflection spectrum. Our simulations agree fully with both optical 
and mechanical experimental findings showing robust resonances and crack-free disk domains for strains up to 
20% equivalent to the thermal expansion of >104 K. 

 
 
  



 
Fig. 1. Extreme mechano-optical properties of metafoils for advanced solar reflectors. a) Ring resonators reflect the 
unwanted infrared radiation while allow maximum interplay with visible. Low reflection range (blue) matches the 
maximum of solar spectrum (yellow). b) (Left) In-situ reflection measurements upon various strain. (Right) Near-field map 
at a wavelength of 600 nm. c) SEM image of metafoil array after straining shows intact crack-free disk domains. d) 
Nanomechanical simulations show low-strain domains (blue) while predict the crack formation where strain is high (red). 
(Left) Top view and (Right) unit cell cross-section.  
 

Combining metallic resonant interfaces with mechanical stable architectures leads to photonic devices that 
can survive extreme harsh conditions. This provides new possibilities in space photonics and spectroscopies with 
ultrastable optical plasmonic resonances for up to 20% strain equivalent to thermal expansion of >10000 K. The 
optical properties of 100 nm Al metafoils differ significantly from the unpatterned areas achieving at the same 
time enhanced interplay with visible light, essential for photovoltaic charging, while reflecting the unwanted 
near-infrared radiation responsible for device heating. Our experimental findings are supported by full-wave 
electromagnetic as well as finite-element nanomechanical simulations confirming their optical resonances and 
the domains of reduced strain (>80% contrast in strain distribution). Such metafoils may find beneficial uses for 
light detectors and spectroscopies in outer space, low-cost and small footprint radiation isolators. 
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Abstract: Periodic nanophotonic structures provide a wide range of opportunities for applications in 
optoelectronic devices due to the lattice resonances that display strong electromagnetic field confinement, 
exciton-polaritons originating from strong light-matter coupling or bound-states in the continuum with infinite 
lifetimes and vanished radiation losses. In this contribution, we introduce an evolutionary optimization method 
to inverse design periodic arrays of nanoparticles for the optimization of the coupling strength in strongly 
coupled organic materials and the short-circuit current of organic solar cells. 
 
The Particle Swarm Optimization (PSO) algorithm is a population-based stochastic optimization technique.1 We 
have combined Finite Differences in Time Domain (FDTD) simulations with the PSO algorithm to determine the 
optimal nanostructure dimension and lattice constant of square arrays of Al nanoparticles defining an open 
optical cavity for strong coupling of surface lattice resonances (SLRs) with excitons in organic P3HT films. As a 
result, we retrieve theoretically and experimentally a maximum Rabi splitting of about 0.8 eV, as shown in 
Figure. 1.2 

         
Figure.1 (a) Schematic representation of the investigated samples: a square array with lattice constant, a, formed 
by Al nanoparticles with height h and diameter d on top of a glass substrate and embedded in a P3HT layer with 
a thickness of t = 100nm. (b) Simulation of the optical extinction of Al nanoparticle arrays covered with a 100nm 
thick layer of P3HT. The in-plane diffraction orders are indicated with red dashed lines and curves for the (1,0), 
(−1,0), and (0, ±1) orders, respectively. The fits to the LP and UP bands obtained with a coupled oscillator model 
that describes the interaction between the SLR and the excitons of P3HT, are given as black solid curves.  
 
Our approach is also applied to inversely optimize the nanoparticle arrays of Al nanoparticles to maximize the 
short circuit current (Jsc) enhancement of organic solar cells. We have demonstrated with simulations and the 



PSO that the collective plasmonic resonances of nanoparticle arrays on top of an ITO electrode enhances the Jsc 
by 20% in the optimum particle array by confining the electromagnetic field into the organic blend and 
extending the absorption spectrum of the solar cell. Our results demonstrate the efficiency of the proposed 
method for the optimization of nanophotonic design and its potential applications for the enhanced performance 
of optoelectronic devices. 
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Abstract: Plasmonic nanoantennas have proven to be efficient optomechanical transducers for generating and 
detecting hypersound at the nanoscale. Excited with ultrafast laser pulses, these nanostructures sustain high-
frequency coherent acoustic vibrations that emit a field of surface acoustic waves onto the underlying substrate. 
Here we introduce a novel design, consisting of a circular arc array of gold nanodisks, that allows to control the 
directionality of these waves and even focus them in a very small region of space. 
 
 

Metal plasmonic nanoantennas have been extensively used in nanophotonics due to their ability to efficiently 
coupling to far-field electromagnetic radiation, confining the light at sub-diffraction volumes. The electronic decay 
after an ultrashort laser pulse excitation produces a sudden thermal expansion of the ionic lattice that activates all 
the allowed mechanical modes, known as coherent acoustic phonons. Since the optomechanical response of these 
nanostructures depends on its size, shape, composition, and other boundary conditions, sophisticated fabrication 
techniques, together with the implementation of numerical simulations, have made it possible to use them as 
accurately tunable localized nanomechanical sources/probes of high-frequency surface acoustic phonons [1], with 
many potential applications in communication and surface sensing. These perturbations, which travel through the 
underlying substrate, can also be detected by another nanoantenna that acts as a high-sensitive mechanical probe 
due to the strong modulation of its optical response [2,3]. 

Figure 1(a) shows the frequency-domain simulated displacement spectra of a single gold nanodisk of 100 nm 
diameter and 30 nm height. Vertical straight lines indicate the three main vibrational modes whose deformation 
shape is shown in the right panels. The computed displacement amplitude of the substrate surface at 2 µm from 
the source disk is shown in Figure 1(b), together with the field amplitude associated to each mode, where a strong 
coupling to Ryleigh waves is observed for the 16.5 GHz mode. 

To control the directionality and focusing of the hypersound surface wave, we numerically explore the 
possibility of using a larger structure arranged in an array of gold nanodisks distributed over a circular arc 1.5 µm 
in diameter, as shown in the SEM image of Figure 1(c). The disks are separated by a pitch arc distance of 50 nm 
to avoid mechanical coupling, so each element of the array acts as an isotropic source of acoustic waves in the far-
field. The collective oscillation of all these structures generates an interference pattern that results in a diffraction-
limited acoustic beam that intensifies in a very small region, as shown in the in-plane deformation amplitude 
pattern of Figure 1(d). 

 



 

Figure 1. (a) Left: simulated eigenmode spectrum of the surface average displacement of a single gold nanodisk 
of 100 nm in diameter and 30 nm in height, with a 2 nm chromium adhesion layer on a quartz substrate. The right 
panels show the displacement map for the three main acoustic resonances (20× scale factor was applied to highlight 
the deformation). (b) Left: average displacement amplitude of the substrate at a distance of 2 µm from the nanodisk. 
The right panels show the xz-plane cross-section of the substrate displacement map for each frequency. (c) SEM 
image of the circular arc disk array and a single detector located in the focal area. All the structures were fabricated 
by electron-beam lithography. (d) Substrate displacement pattern associated with the 16.5 GHz mode, where the 
focusing of the acoustic wave is readily appreciated. 
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Abstract: We report a comparison of two single-molecule techniques: fluorescence nanoscopy and 
optoplasmonic sensing. DNA hybridization kinetics on the surface of gold nanorods are measured in both 
platforms, and a similar dissociation rate is demonstrated. 

 
Over the past few decades, two central techniques have enabled single-molecule detection: fluorescence 

nanoscopy and plasmonic sensing. Fluorescence-based imaging has shown localisation of dyed molecules with 
nanoscopic precision, but such reliance on labelling the molecules makes it an indirect approach. Plasmonic 
sensing does, on the other hand, enable direct label-free detection but, unlike fluorescence nanoscopy, it lacks 
spatial information of the interacting molecules. There is thus a need to establish the consistency between the 
partial information that each method provides when applied to similar single-molecule biosystems. To guarantee 
the validity of such an approach, current single-molecule techniques must be compared and cross-validated. To 
this end, here we report the experimental observation of DNA hybridisation using DNA-PAINT first and 
optoplasmonic sensing secondly, and we show how both techniques lead to compatible DNA kinetics. This 
result opens the door to exploiting plasmonic sensing and fluorescence nanoscopy in a complementary fashion, 
which may aid our understanding of the laws that govern single molecules. 

 
     Figure 1. Comparison between (a-d) DNA-PAINT and (e-h) WGM methods. [2] 

 

We carried out both the DNA-PAINT and optoplasmonic sensing experiments for two sets of DNA strands: a 13 
mer (named P1), a 22 mer (named T22), and their corresponding complementary strands. The complementary 



strands, (termed imagers) are labeled (ImP1*D, ImT22*D) for use in DNA-PAINT and unlabeled(ImP1*, 
ImT22*) for use with the optoplasmonic sensor. The procedures for the experiments were similar and contained 
three steps. 

 
Figure 2. Probabilities P that a binding event has not taken place within an interval td for (a) DNA-PAINT and (b) WGM 

experiments. Similarly, the probability that a dissociation event has not taken place within an interval tb shown in (c) DNA-PAINT 

and (d) WGM measurements. (e-h) The single-molecule dissociation rate koff (black) and association rate k= konγci (orange), are 

shown for P1 and T22 strands with (e, g) DNA-PAINT and (f, h) WGM sensing. [2] 

First, gold nanorods are immobilised irreversibly to the glass surface (coverslip as for DNA-PAINT and 
micro-resonator for optoplasmonic sensing). Next, the docking strands (thiolated ssDNA) were immobilized on 
the GNRs via a mercaptohexyl linker. Finally, the transient interactions between the docking and imager strands 
were monitored in both techniques. Figure 1e,f show two example data trace of DNA-PAINT and optoplasmonic 
sensing. Detailed experimental process can be found in [1] and [2]. 
 
Our results show that the dissociation rate for the DNA-PAINT and the WGM techniques are the same within 
error. This establishes the equivalence of these two techniques for the test systems used in this work and can 
serve as the basis for consistently combining these techniques in future single-molecule studies. 
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Abstract: We present the numerical and experimental realization of broadband optical traveling-wave antennas 
made from low-loss dielectric materials, which exhibit highly directive patterns. The high directivity comes from 
the interplay between two dominant TE- and leaky-modes present in the antenna director. These antennas 
possess near unity radiation efficiency at the operational wavelength of 780 nm, maintaining a broad bandwidth. 
We envision that our all-dielectric approach demonstrates a new class of antennas that are excellent candidates 
for optical-communication and sensing. 
 

Optical antennas provide a promising way to efficiently convert propagating light waves into localized 
modes and vice versa. The directed emission from these antennas can be used for a multitude of applications, in 
particular, on-chip communication can utilize different functionalities offered by antennas such as high 
directivity and front-to-back ratio, good radiation efficiency, low side lobe level, broadband and tunable 
capabilities, and a compact design [1]. These qualities can be pursued using dielectric structures, which furnish 
us with reduced dissipative losses and fabrication tolerances in comparison to metals in the optical regime [2]. In 
the same context, it has also been shown recently that optical traveling-wave antennas which support guided 
modes in addition to leaky modes exhibit excellent directional characteristics and a broadband nature [3]. The 
electromagnetic response and overall functionality of these antennas depend on the frequency of operation, 
structure geometry, material constituting the antennas and footprint of the structure. These enable the control 
over the modes excited and thus the angular radiation patterns, therefore providing a need for a meticulous 
designing and optimization strategy [4]. 

In this work, we report on a comprehensive numerical and experimental analysis of traveling-wave antennas 
made of different low-loss dielectric materials like hafnium dioxide (HfO2), tantalum pentoxide (Ta2O5) and 
Silicon (Si), furnishing a highly directive emission. Our dielectric antennas consist of two elements, namely, the 
reflector and director that are placed over a glass substrate. In particular, three different types of directors 
comprising the rectangular-, horn-, and tip-shaped geometries were designed and optimized. We utilize 
full-wave numerical simulations, which employ the particle swarm optimization in conjunction with the 
trust-region algorithm to realize robust antennas with high directive gains as the goal function. To give a deeper 
insight into our work, the schematic representation of the numerical setup and orientation of one of the antennas 
(tip-antenna) with respect to the xyz-coordinates is illustrated in Fig.1a, which also highlights the parameters 
used in the optimization process. Fig.1c shows the calculated linear directive gain with tightly focused main lobe 
pointing at a polar angle of θ = 70° and azimuthal angle φ = 0° with a high directivity of 96.5. Our study reveals 
that the directivity and main lobe emission are majorly governed by two guided transverse electric modes that 
radiate from the end facet of the director. To validate our results, we also fabricated our optimized antenna using 



 
Figure1: (a) Schematic representation of the Ta2O5 tip-antenna, highlighting the parameters used in the 
optimization. The antenna is excited by a dipole source emitting at 780 nm (red spot). (b) Scanning electron 
micrograph of the optimized antenna design with the red square marking the region of deposited QDs. (c) 
Calculated angular linear directive gain distribution of the antenna exhibiting an in-plane directivity of D = 96.5 
at θ = 70°. (d) Measured far-field intensity normalized to the theoretical maximum. 
 
a two-step electron-beam lithography, whose scanning electron micrograph is depicted in Fig.1b. The red box in  
the image indicates the area of quantum dot (QD) deposition. The measured far field intensity distribution in 
Fig.1d is in good qualitative agreement with the numerical calculations. However, some discrepancies are 
observed at higher polar angles, which can be attributed to the displacement of quantum dots from the optimal 
position as well as the limited collection angle of the setup. Additionally, the ring-like feature at around θ = 41° 
stems from uncoupled QDs emitting directly into the substrate in all azimuthal angles. A similar nature with a 
further enhanced performance is observed in the other antennas investigated in the scope of this work. These 
antennas are not just ultra directive, but they also showcase high efficiency and a wide operating frequency range, 
while being robust with respect to fabrication tolerances. Furthermore, they also offer an opportunity to tailor the 
directivity and main lobe angle [4]. Our findings demonstrate the uniqueness and robustness of these optical 
antennas, which renders them excellent candidates for sensing applications and optical interconnects. 
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Abstract: Our work aims at using thermoplasmonic nanoantennas to create a photothermal interface able to 
effectively absorb infrared radiation from the sun and generate heat. This interface could then be integrated to 
increase the efficiency of hybrid photovoltaic-thermoelectric systems. Numerical simulations were used to 
identify an optimal design by studying the impact of the material, geometry and dimensions on the optical and 
thermal properties of the nanoantenna. First demonstrators of nanostructured photothermal interfaces were then 
fabricated and characterized. 
 

The performances of photovoltaic (PV) cells have grown over the years to reach energy conversion 
efficiencies as high as 30 % for the most recent single-junction solar cells [1]. However, further improvement of 
these devices is hindered by their intrinsic limitations. Indeed, standard single-junction photovoltaic cells do not 
absorb photons with an energy lower than their bandgap, while photons of higher energy are partially 
thermalized, resulting in limited photovoltaic conversion and an increase in the cell’s temperature. In order to 
take advantage of these thermal losses, PV cells can be combined with a thermoelectric generator (TEG). The 
energy conversion efficiency of the resulting hybrid photovoltaic-thermoelectric (PV-TE) devices has been 
shown to be higher than that of the sole PV cell [2-4]. Yet, the low energy photons, which are not absorbed nor 
thermalized by the PV cell, remain unexploited. For example, a GaAs cell with a band gap of 1.42 eV is 
transparent to photons with a wavelength higher than 875 nm, which represent 35 % of the incoming solar 
power. In order to optimize the efficiency of PV-TE systems, an interesting approach consists in adding a 
photothermal layer in-between the PV cell and TEG [5-6]. Its role is to absorb IR photons and convert their 
energy into heat to increase the power output of the TEG. 

 
This work is focused on the design of a photothermal interface based on thermoplasmonic nanoantennas. 

Such interface should exhibit a high optical absorption over the 0.875 – 2.5 µm wavelength range as well as a 
high photothermal conversion, while being electrically insulating and thermally conductive. In order to target the 
optimal structures in terms of infrared solar light harvesting, we calculated the optical properties of several 
nanoantennas with different shapes, sizes and compositions, using numerical simulations based on the discrete 
dipole approximation method, see Figure 1.A. We show that it is possible to identify efficient photothermal 
nanoantennas. We found that nickel-based nanoantenna with a diabolo-like shape have infrared absorption power 
density as high as 0.8 nW/µm². To go one step further, we have implemented a photo-thermal heat diffusion 
model to estimate the temperature increase that could be reached with such antennas. We show that a 
photothermal interface of highly absorbing diabolo nanoantennas could possibly heat up by 6°C under IR solar 
irradiation. 



 

 
Figure 1. A: Calculated solar absorption over 0.875-2.5 µm for ideal isolated nickel nanoantennas of different shapes. 
Comparison between the simulation target of a perfect diabolo (B), and a realistic target (C) based on the topological 
characteristics extracted from SEM (D) and AFM (E) images of Ni diabolos fabricated by electron beam lithography. 

 
Then, arrays of selected antennas were created using nanofabrication techniques. Their morphological, 

optical and thermal properties were characterized and compared to the simulated perfect structures. In particular, 
we investigated the impact of the defects (roughness, size variation…), due to the fabrication process using SEM 
and AFM-based topological data to generate realistic targets (see Fig. 1.B-E) for the numerical simulations. 
Finally, we will discuss the impact of the substrate, the collective effects (interaction between antennas), the 
spatial ordering of the nanoantennas, and their encapsulation, on the performances of a complete photothermal 
interface. Our work points out the crucial parameters for the design of nanoantenna-based photothermal interface 
implemented in hybrid PV-TE systems. 
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Abstract: The development of metasurfaces offers many novel optical functions provided by precisely 
fabricated nanostructures. One can tune the functionality of the metasurface after its fabrication by incorporating 
phase-transition materials. Vanadium dioxide (VO2), which undergoes the volatile dielectric–metallic phase 
transition, offers such potential for tunability already around 67°C. Here, we focus on the alignment of the 
dielectric and plasmonic resonances of VO2 nanostructures at near-infrared wavelengths that can be applied into 
a perfect tunable scattering-absorbing meta-grating. 

 
 

Metasurfaces represent a new era of optics, where ultrathin nanostructured surfaces provide functions that 
are hardly achieved by one or multiple conventional optical components. Functions, such as photon quantum 
state indicators [1], have already been demonstrated thanks to precise control of the size and arrangement of 
metasurfaces’ nanostructured building blocks. However, the properties of such unique devices cannot be 
changed once they have been fabricated. If we incorporate phase-change materials into nanostructures or use 
them as the substrate, we can tune already fabricated metasurfaces by actively changing the dielectric function of 
the nanostructures or the environment. Most notable examples of phase-change materials used in metasurfaces 
nowadays are germanium antimony telluride (GST), antimony trisulfide (Sb2S3) and vanadium dioxide (VO2). 
GST and Sb2S3 are chalcogenide glasses with a non-volatile amorphous–crystalline transition, primarily used 
for metasurfaces in the near-infrared [2] and visible part of the spectrum [3], respectively. 

The advantage of VO2 is in its dielectric–metallic transition induced thermally, electrically or optically at 
energies equal to 67°C. This transition, which stems from a structural change and strong electron correlations, is 
associated with a large resistivity contrast and a significant optical change from low–absorbing dielectric state at 
30°C into the lossy metal at 90°C for wavelengths above 1200 nm. Therefore, plasmonic resonances with the 
typical absorption losses have been observed in VO2 nanostructures at longer wavelengths [4], while Mie 
resonances of dielectric VO2 nanostructures were studied at shorter wavelengths [5]. A question naturally arises 
if it is possible to design VO2 nanostructures that support resonances of both types at the same wavelength. 

Using experimentally obtained dielectric function of VO2, we simulated scattering and absorption 
cross-sections of VO2 nanocylinders at low- and high-temperature states, with diameters and heights ranging 
from 100 to 1000 nm. We used the finite-difference time-domain (FDTD) method implemented in Lumerical 
software. Subsequently, the positions of scattering and absorption resonances of each VO2 nanocylinder in both 
states were extracted from the simulated spectra. We found out that for nanocylinders with heights above 300 nm 
(compare Figure 1a and 1b), Mie resonances are red-shifting with the increasing nanocylinder’s diameter faster 
than the plasmonic resonances. This indicates that there should be a possibility of finding a nanocylinder in 
which the Mie resonance in the dielectric state overlaps with the plasmonic resonance in the metallic state. For 
500 nm high nanocylinders, this crossover occurs around the telecommunication wavelength of 1550 nm (see 



Figure 1b). In Figure 1c, we plot the scattering and absorption cross-sections of a selected VO2 nanocylinder 
(500 nm height and diameter) that exhibits such a resonance crossover point. This nanostructure that scatters in 
the dielectric and absorbs in the metallic state at 1550 nm proves the concept of overlapping resonances. Such a 
concept could be applied to the tunable metasurface that either scatters-absorbs into all directions or 
diffracts-absorbs into the specific angle. 

This work is supported by the Grant Agency of the Czech Republic (21-29468S). It is also realized within 
the project Quality Internal Grants of BUT (KInG BUT), Reg. No. CZ.02.2.69 / 0.0 / 0.0 / 19_073 / 0016948, 
which is financed from the OP RDE. We also acknowledge CzechNanoLab Research Infrastructure supported by 
MEYS CR (LM2018110).  
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Abstract: We demonstrated color modulation by dynamically tuning a plasmon resonance excited in an 

assembled Ag nanocube monolayer. The plasmon resonance of the monolayer depends on inter-cube distances. 

This study fabricated a crystalline Ag nanocube monolayer in a stretchable and transparent substrate and 

continuously controlled the inter-cube distance by stretching the substrate. The transmitted light color modulated 

from magenta, orange, to yellow by stretching the substrate from 0% to 20%. 

 

 

Crystalline Ag nanocubes absorb light with a specific color due to the local surface plasmon resonance and 

have been applied in various field applications, including metamaterials, catalysts, and surface-enhanced Raman 

scattering (SERS) platforms. In the highly-assembled monolayer of crystalline Ag nanocubes, the hybridization 

mode of local plasmon and collective oscillation plasmon is excited. The plasmon resonance of hybridization 

mode is sensitive to the inter-cube distances. Therefore, the plasmon resonance wavelength is tuned by 

controlling inter-cube distance of the monolayer, and the transmitted light color is modulated [1, 2]. Moreover, 

the nanocube shape provides higher plasmon resonance due to the smaller dispersion of electron vibrations than 

the nanosphere shape, and it leads to a narrow band of resonance peaks and vivid color. This research proposes a 

dynamic plasmon resonance tuning of an Ag nanocubes monolayer by continuously controlling the inter-cube 

distance using a stretchable substrate for plasmonic color modulation (Fig. 1). Recently, plasmonic full-color 

modulation using square arrays of aluminum nanostructures on elastomeric substrates has been demonstrated by 

uniaxial stretching the substrate in either of its two dimensions under polarized light incident [3]. Color 

modulation is an attractive research topic on the applications for variable color filters, strain sensors, and 

anti-counterfeit tags. 

Ag nanocubes were synthesized by the oxidation reaction of polyols. Crystalline Ag nanocubes with an edge 

length of 78.3 ± 4.6 nm were synthesized. These nanocubes were assembled in the stretchable substrate by 

Langmuir-Blodgett (LB) method. In the LB method, nanocubes are diluted with a volatile and water insoluble  

 

Fig. 1 Schematic of plasmonic color modulation of Ag nanocube monolayer, and the SEM images of the 

monolayer fabricated in a stretchable PDMS substrate. 



solvent and dropped on the water surface to form a monolayer. The monolayer is mechanically assembled with 

high density by moving the barrier arm to narrow the monolayer area on the water surface. The crystalline Ag 

nanocubes were closely packed, and the average cube density of the monolayer was 57.9 cubes/μm2 (Fig. 1). We 

successfully synthesized crystalline Ag nanocubes by the polyol process and fabricated the high-density 

crystalline Ag nanocube assembled monolayer by the LB method. 

The crystalline Ag nanocube monolayer was fabricated in a stretchable and transparent substrate of PDMS 

(polydimethylsiloxane), and the transmission spectrum was measured with biaxial stretching under random 

polarization. The color of the transmitted light changed continuously from magenta, orange to yellow with 

stretching from 0% to 20% (Fig. 2(a), 2(b)). We experimentally demonstrated the plasmonic color modulation of 

the monolayer by stretching the substrate. Furthermore, FDTD (Finite-Difference-Time-Domain) simulations 

were performed to investigate the dependence of the surface plasmon resonance wavelength on the inter-cube 

distance. By comparing the experimental results of resonance wavelength shift with FDTD simulation results, it 

is shown that the inter-cube distance increases linearly from 5.8 nm to 24.8 nm with 20% substrate stretching. 

We are currently considering an electrical stretching of the substrate based on MEMS (Micro Electro 

Mechanical Systems) technology for the practical use of color modulation (Fig. 2(c)). The technique that 

combines the PDMS substrate with MEMS has already been reported as PDMS-on-silicon hybrid micro actuator 

[4]. By applying this technique, the development of a device to high-speed control the stretching in two 

dimensions is expected. In this presentation, we would like to show the results of dynamic hybridization plasmon 

mode tuning and the recent progress in electrical stretching of the substrate based on MEMS technology. 

 

Fig. 2 (a) Stereo microscope images of transmitted light with the biaxial stretching. (b) Chromaticity of the 

monolayer in CIE 1931 color space. (c) Schematic of electrical stretching of the substrate mechanism based on 

MEMS technology. 
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Abstract: Scattering-type Scanning Near-field Optical Microscopy and Spectroscopy is the revolutionizing 
technology that allows the nanoscale real-space optical analysis of sub-wavelength excitations in 2D-materials 
and meta-materials. Confining an incident light beam to the apex of a metallic AFM tip allows the local 
excitation as well as the local detection of phonon polaritons, exciton polaritons and surface plasmons. Operating 
at midinfrared (MIR) wavelengths permits also the chemical analysis of various nanostructured materials with 10 
nm resolution. 

 
Scattering-type Scanning Near-field Optical Microscopy (s-SNOM) is a known approach to optical 

microscopy and spectroscopy bypassing the ubiquitous diffraction limit of light to achieve a spatial resolution 
below 20 nanometers. s-SNOM employs the strong confinement of light at the apex of a sharp metallic AFM tip 
to create a nanoscale optical hot-spot. Analyzing the scattered light from the tip interferometrically enables the 
extraction of the optical properties (dielectric function) of the sample directly below the tip and yields nanoscale 
resolved amplitude and phase images simultaneous to topography (Fig. 1) [1]. Sending visible light to the tip 
apex allows for electric field mapping (amplitude & phase) of plasmons in nano-antennas (Fig. 2) and 
waveguides [2-3].  

 

 
Figure: 1) Near-field optical amplitude and phase images represent real-space interferences of phonon 

polaritons at the edge of hBN flakes. 2) vis-s-SNOM maps the electric field with amplitude and phase of dipolar 
plasmon modes in disc-shaped Au-antennas. 3) nano-FTIR spectroscopy of an individual Ferritin molecule 
measures a convincing absorption spectrum comparable to a far-field measurement. 4) MIR and THz near-field 
optical images highlight different doping concentrations in an SRAM device structure. Amplitude and phase 
spectra allow determination of charger carrier densities.      



Applying broadband MIR light-sources, this microscope enables nano-FTIR spectroscopy [4], sensitive 
enough to record spectra from molecular monolayers and even individual macromolecules such as ferritin 
proteins (Fig. 3) [5]. Adding THz-time-domain spectroscopy to the setup extends the applicability to contact-free 
determination of charge carrier mobilities and charge carrier concentrations in the 1015 – 1021 cm-3 range (Fig. 4) 
[6]. 

 
The s-SNOM technology serves already in a huge range of research fields for the nanoscale analysis of e.g. 

2D materials, nano-antennas, semiconductor devices, carbon nanotubes, nanoparticles, thin films, polymer 
nanostructures, collagen fibrils, several biological samples, living cells, chondrites, meteorites and many more. 
However, there is still plenty to explore in the nanoworld in almost all research domains, and s-SNOM is to that 
end the only optical mean for nanoscale analysis at all vis to THz wavelengths. 
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Abstract: We formulate an electron hydrodynamic theory in noncentrosymmetric layered systems and clarify 
what a role the quantum geometry of Bloch electons plays in plasmonic metamaterial devices. 
 

In recent years, quantum geometric properties of Bloch wave functions are playing a crucial role in various 
research area of condesnsed matter physics. For example, valley Hall effect and intrinsic photogalvanic effect, 
which are essential in context of valleytronics and nonlinear photonics, are described by the geometrical 
quantities, so-called Berry curvature and the quantum metric [1,2]. These phenomena are particularly remarkable 
in noncentrosymmetric materials with strong spin-orbit coupling, such as two-dimensional transition metal 
dichalcogenides (2D-TMDCs). In the context of plasmonics, on the other hand, we often exploit an electron 
hydrodynamic theory to describe collective electron dynamics and spatial modulation of electron states due to 
nanostructures [3]. However, conventional hydrodynamic theory does not reflect the geometric nature of Bloch 
electrons, and thus, require an appropriate reformulation to give a complete understanding of plasmonics in 
noncentrosymmetric quantum materials.  

In this work, we formulate an electron hydrodynamic theory for noncentrosymmetric systems [4]. It 
describes a variety of anomalous transport phenomena, which includes anomalous edge current and quantum 
nonlinear Hall effect, due to the geometric properties of Bloch electrons. Furthermore, applying it to 2D 
nano-structured systems, we aim to integrate plasmonic metamatrial devices with quantum geometry. In 
particular, we clarify that a plasmonic resonance strongly enhances the quantum nonlinear Hall effect, which 
lead to a proposal of a novel type of terahertz photosensor using a plasmonic metamaterial.  

This work is partly supported by JSPS KAKENHI (Grants No. JP20J22612 and No. JP19H01838). 
 
 
 
 
 
 
References 
1. J. R. Schaibley et al., “Valleytronics in 2D materials”, Nat. Rev. Mater. 1, 16055 (2016).  
2. J. E. Sipe and A. I. Shkrebtii, “Second-order optical response in semiconductors”, Phys. Rev. B 61, 5337 (2000). 
3. M. Dyakonov and M. Shur, “Detection, mixing, and frequency multiplication of terahertz radiation by two-dimensional 

electronic fluid”, IEEE Transactions on Electron Devices 43, 380 (1996). 
4. Riki Toshio, Kazuaki Takasan, and Norio Kawakami, “Anomalous hydrodynamic transport in interacting 

noncentrosymmetric metals”, Phys. Rev. Research 2, 032021(R) (2020). 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Light-driven microdrones 
 

Xiaofei Wu*, Raphael Ehehalt, Gary Razinskas, Thorsten Feichtner, Jin Qin, and Bert Hecht 
Nano-Optics and Biophotonics Group, Experimental Physics 5, University of Würzburg, Würzburg, Germany  

*Corresponding author: xiaofei.wu@physik.uni-wuerzburg.de 
 
Abstract: We present microscopic robotic devices with four plasmonic nanomotors that are remotely controlled 
in 2D in all three independent degrees of freedom by unfocused light of two wavelengths. The nanomotors are 
individually addressed by respective circular polarization components and wavelengths. The microdrones can be 
maneuvered by only adjusting the optical power for each of the four motors, analogous to macroscopic 
quadcopters. 

 
 

Optical forces due to scattering or absorption of photons can be employed for remote manipulation of 
microscopic objects, especially for electrically and magnetically neutral ones, such as dielectric particles, 
biological cells, and atoms. However, until now, using light to control object motion in 2D/3D in all three/six 
degrees of freedom remains quite challenging. Optical tweezers represent the current paradigm of optical 
manipulation and correspondingly have found successful applications, but they require a diffraction limited 
focus with very high light intensity and offer only limited orientational control. Optical micro/nano motors 
directly generate forces or torques when illuminated and thus can be used to drive microscopic objects with 
unfocused light fields. However, devices based on optical motors reported to date have still been on a very 
simple level, i.e., they were quite bulky and were lacking the possibility of systematic steering. 

Here we present light-driven microdrones and demonstrate their systematic remote control in aqueous 
environment in 2D with all three independent degrees of freedom (forward-backward and right-left translations 
and clockwise-counterclockwise rotation), as seen in Fig. 1. The devices contain up to four specially designed 
plasmonic nanoantennas acting as thrust motors based on resonant directional light scattering, i.e., photon recoil. 
The nanomotors can be addressed individually by respective circular polarization components of unfocused light 
fields of two wavelengths, and therefore react independently of the in-plane orientation and position of the drone 
within the illumination. The microdrones can be steered in arbitrary paths by only adjusting the optical power for 
each motor (the power of each circular polarization component of each wavelength), which is very similar to the 
working principle of macroscopic quadcopters. The same concept can also be extended to 3D with all six 
degrees of freedom, without having to increase the number of light sources. Steering in all independent degrees 
of freedom would allow stabilization of position and orientation as well as the motion of the microdrones 
through automated feedback control. Owing to their unique properties, light-driven microdrones may serve as a 
novel experimental platform for many intriguing applications, such as transport and release of cargos, 
nanomanipulation, and local probing and sensing of nano and mesoscale objects. 

 
Acknowledgements: Financial support by the German Research Foundation (DFG grant no. HE5618/10-1) and 
the Volkswagen Foundation via an ‘Experiment!’ grant is gratefully acknowledged. 



 

Figure 1. Illustration of the setup and microdrone actuation concept [1]. The microdrones are steered 
by adjusting the laser power and the polarization state, i.e., S0 and S3 of the Stokes parameters, of the 
two unfocused light beams of different wavelengths (orange, 830 nm and red, 980 nm). The orange 
and red wavy arrows indicate the directions of light scattered by the nanomotors.  
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Abstract: Graphene/Silicon Schottky junction attracted great interest due to the extraordinary optical and 
mechanical properties of graphene. On the other hand, silicon surface texturing is a must for reflection reduction 
for Graphene/Silicon Schottky photovoltaics. In this study, photochemical etching is introduced for surface 
texturing. By utilizing a Digital Micromirror Device, it is possible to texture the surface in specific patterns. This 
study aims to combine the Si surface texturing by photochemical etching method and Gr/Si Schottky junction 
features for high-performance photovoltaics. 
 

The two-dimensional nature of graphene combined with its extraordinary physical and chemical properties 
leads to a new photovoltaic area: Graphene/Silicon (Gr/Si) solar cell. The high transparency of 97.7%, high 
conductivity, and mechanical flexibility of graphene suggested its application as a transparent conductive 
electrode (TCE) [1]. Over years different methods such as surface texturing, molecular doping of graphene, and 
anti-reflection coating are suggested to improve the performance of the graphene/silicon solar cell [2]. For 
surface texturing purpose, periodic and random nanostructures such as nanorods, nanowires, and nanoholes are 
studied as an alternative to well-known random pyramids [3]. Comparing the mentioned nanostructures, patterns 
of nanoholes are known as the most auspicious structure for effective light trapping [3]. 
In this study, random nanoholes are formed on silicon surface by laser-assisted wet chemical etching method 
which is called photochemical etching. In this method, n-type Si(111) submerged in fluoric solution is irradiated 
by a high-power CW Diode-pumped solid-state laser at 532 nm. The photon energy will generate electron-hole 
pairs in the irradiated region which will start a reduction and etching process in presence of HF and acidic 
solution. By utilizing a Digital Micromirror Device (DMD) it is possible to modify the output light of the laser 
and texture the surface in specific patterns. Accordingly, it will be possible to etch a specific percentage of the 
surface. The SEM images of the fully textured and partially (50% of the surface) textured silicon surfaces are 
illustrated in figure 1. 

By utilizing DMD it is possible to keep the desired ratio of surface smooth while the rest is etched in form of 
nanoholes. The aim is to catch a trade-off between the higher majority carrier lifetime of the smooth area and 
reduced reflectance of the etched area. Accordingly, the smooth area helps us by charge transfer whereas etched 
regions decrease the reflectance by light trapping. As a next step, Ti/Au electrodes are deposited on the front and 
back, and as the final step graphene is transferred on top of the surface to form Gr/Si Schottky diode. The 
schematic of the fabricated device is provided in Figure 2. a.  

While graphene transferring on rough surfaces is a great challenge, the smooth area of these structures helps 
with better graphene transferring. Also, the Si-Gr junction is formed on the smooth area while the silicon on the 
nanoholes acts as suspended graphene which has 10 times higher electron mobility compared to graphene that is 



bonded directly to silicon [4]. The schematic of the Gr/Si Schottky photovoltaic with a fully etched active area 
and the I-V characteristic of the solar cell are presented in Figure 2. The improved reflectance, the Raman 
measurements for the transferred graphene, the I-V characteristics, and the performance of the Gr/SiSchottky 
photovoltaics for both fully and partially etched Si surfaces will be presented in detail in the presentation.   

 

 
Figure 1. The SEM of a) fully and b) partially etched Si surface etched by photochemical etching method. c) 
magnified SEM image of the etched region covered with random nanoholes. 
 

 
Figure 2. a) schematic of the Gr/Si Schottky solar cell and the SEM image of the active area etched by 
photochemical etching method c) I-V characteristic of the Gr/Si Schottky diode. 
 
This work was supported by the Scientific and Technological Research Council of Turkey (TÜBİTAK) Grant 
No: 118C294. 
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Abstract: The concept of photonic frequency (ω) - momentum (q) dispersion has been extensively 
studied in artificial dielectric structures such as photonic crystals and metamaterials. Here, we 
develop a Maxwell Hamiltonian theory of matter combined with the quantum theory of atomistic 
polarization to obtain the electrodynamic dispersion of natural materials interacting with the 
photon field. Our findings demonstrate that natural media can host a variety of yet-to-be discovered 
waves and topological phases with effective wavelengths in the pico-electrodynamics regime.  

  

Summary of the Research: 

The concept of photonic frequency (ω) - momentum (q) dispersion has been extensively studied in 
artificial dielectric structures such as photonic crystals and metamaterials. Here, we develop a 
Maxwell Hamiltonian theory of matter combined with the quantum theory of atomistic polarization 
to obtain the electrodynamic dispersion of natural materials interacting with the photon field. Our 
findings demonstrate that natural media can host a variety of yet-to-be discovered waves and 
topological phases with effective wavelengths in the pico-electrodynamics regime.  
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Abstract: Two-dimensional transition metal dichalcogenides (TMDCs) have shown large second-order 
nonlinear responses due to their broken crystal inversion symmetry. However, their nonlinear 
interaction with light is restricted to an atomically thin layer. Combining TMDCs with resonant 
structures can compensate for this shortcoming. Here, we numerically demonstrate 9-fold second-
harmonic (SH) enhancement from MoS2 integration onto engineered asymmetric silicon nitride 
photonic crystals (PCs) relative to the previous PCs design for SH enhancement. 
 

Experimental work has reported enhancement of SH generation from a monolayer MoS2 coupled 
to one-dimensional PCs [1]. Here we demonstrate this SH enhancement based on a generalized source 
finite-difference time-domain (GS-FDTD) simulations, which extends the FDTD method for nonlinear 
2D materials by introducing the concept of a nonlinear generalized source [2]. We also demonstrate an 
improvement of SH enhancement in an asymmetric PCs. We consider the most general case of period-
doubling asymmetries [3]. In this approach, two adjacent non-equivalent unit cells are merged into a 
bigger one and cause the emergence of dark modes which provide an extra resonances. The period-
doubling asymmetric PCs structure is adjusted to have a resonance at both fundamental harmonic (FH) 
and SH wavelengths simultaneously improves SH enhancement. This scheme is also promising for 
other nonlinear processes like spontaneous parametric down-conversion. 

 

   

  
 
Fig. 1. a Schematic of a unit cell of symmetric PCs with a period of Λ. b Schematic of two unit cells of 
symmetric PCs with a period of Λ'. c Schematic of a unit cell of period-doubling asymmetric PCs with a period 
of Λ. d Reflection spectra of symmetric and asymmetric PCs under the normal incident. 
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Fig. 1a shows a unit cell of a symmetric PCs with the period of Λ = 540 nm, the width of w = 500 

nm, depth of h = 140 nm, and silicon nitride thickness of d = 200 nm. The reflectance spectra at normal 
incidence for this symmetric PCs is shown in Fig. 1d (dashed blue line). Its resonant wavelengths are 
at 890 nm and 470 nm. Hence, for an excitation at resonance of the FH wave, a resonance at the SH 
wavelength (445 nm) is missing. Removing the yellow parts from the PCs as is indicated in Fig. 1b 
creates a  new symmetric PCs with a period half of the main period Λ' = 270 nm and a width of w' = 130 
nm. The first order diffraction resonance for this PCs is at 445 nm, as shown in the reflectance spectra 
Fig. 1d (dashed green line). 

 
These two symmetric PCs structures can be merged thus creating a new grating with an asymmetric 

unit cell having all the resonances of its constituents. By slightly increasing one of the PCs widths in 
the PCs of Fig. 1b by about dw = 60 nm, the generated period-doubling asymmetric PCs (Fig.1c) 
becomes resonances at both FH and SH wavelength as it is shown in Fig. 1d (red line). 

 

 
Fig. 2. Normalized SH intensity from MoS2 at SH wavelength. 

 
To conclude, coupling a MoS2 monolayer to these PCs structures provides strong excitation of 

TMDCs on top and leads to SH enhancement in the MoS2 layer. While a symmetric PCs structure with 
a resonance at FH wavelength already provides 200 times SH enhancement compared whit a bare MoS2 

monolayer integration of a MoS2 with a period-doubling asymmetric PCs provides further 9 times SH 
enhancement (Fig. 2) as it creates resonances at both FH and SH wavelengths. 
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Abstract: This work focuses on investigating the optical and plasmonic properties of titanium nitride (TiN) 
thin films. These materials offer much better thermal stability than the conventional plasmonic materials such 
as gold (Au) and silver (Ag). The optical properties of the thin plasmonic films are determined using 
Spectroscopic Ellipsometry (SE) and plasmonic measurements are done using Spectral Attenuated Total 
Reflectance (ATR). 
 
Results and discussion: Data storage industry has reached a critical point in its development. As of today, an 
ever-increasing demand for data storage requires a change in current technology in order to keep up with the 
demand. To increase the areal data storage density, one must reduce the grain size of the recording medium. 
However, as grain volume is reduced, the stability of its magnetic moment is also reduced, making it more 
susceptible to thermal fluctuations and potential data loss. This phenomenon is known as Superparamagnetism. 
Heat Assisted Magnetic Recording (HAMR) integrates plasmonics into the recording head to reduce the 
coercivity to allow the bits to be smaller and facilitate denser areal storage of data. It achieves that by locally 
the recording medium (few nanometers) using a metal nanoantenna more commonly known as Near Field 
Transducer (NFT) [1]. 
 
Noble metals have been the obvious candidates due to their superior optical and plasmonic properties however, 
their low melting points make them unsuitable for many plasmonic applications. In this aspect, refractory 
plasmonics materials or transition metals nitrides such as TiN has shown great promises owing to its higher 
melting point, corrosion/oxidation resistance, tunable optical and plasmonic properties as well as compatibility 
with modern manufacturing techniques [2]. 
 
The fabrication of the thin films on top of commercial glass substrate is done using DC magnetron sputtering. 
A non-oxide material is used as an intermediate/seed layer for better film growth. Figure 1 a and b represent 
the real (n) and imaginary part (k) of the complex refractive index respectively of fabricated TiN thin films at 
various substrate temperatures and at a constant N2 gas flow rate of 0.8sccm. The films grown at higher 
temperature show more metallic behaviour compared to the films grown at lower temperature which is very 
clear from Figure 1. In addition, the inclusion of seed layer is also playing an important role in increasing the 
metallicity of the fabricated TiN thin films, as shown in Figure 1. The presence of seed layer initiates better 
metallic behaviour by reducing the lattice mismatch between TiN thin film and the substrate.  
 
However, based on the two best sets of n & k parameters, we have selected the thin films deposed at 300oC 
and 400oC for reflectance study. Figure 2 shows the ATR responses from as fabricated TiN thin films. The 
TiN thin film grown at higher temperature (400oC) is more capable for plasmon coupling. Once can also 
observe that the TiN is lossy in nature compared (as shown in Figure 2) to Au thin films, but also capable to 
show plasmon coupling in presence of the incident TM wave. The smaller Full Width Half Maximum (FWHM) 
of the resonance dip implies a better plasmonic coupling efficiency [3].  
 
The refractive indices found using SE show that the fabricated TiN has enough potential to show promising 
metallic behavior. ATR also shows a great potential in sensor-based applications due to its high sensitivity to 
refractive index changes. A manuscript preparation is underway.  
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Figure 1: Graphs representing real, n, (a) and the imaginary, k, (b) parts of the complex refractive index of 

different TiN thin films deposited at varying temperatures. 
 
 
 

 
Figure 2: ATR response curves of Au thin film vs TiN sample deposited at 400oC (a) and the effect of the 

temperature on the FWHM of the ATR response curves of TiN samples (b) 
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Abstract:  
 
Ultrathin metal films (UTMFs) are emerging as game-changing optoelectronic materials for many applications in 
transparent electronics and plasmonic metasurfaces. In this talk, we will discuss our recent work on the 
development of ultrathin Au and Ag films with percolation thickness close to 1nm using a fully transparent 
sub-nm cupric oxide seed to promote 2D-like growth on the receiving substrate. We will analyse the developed 
UTMFs optoelectronic properties and some applications such as electrically tunable infra-red reflector and 
plasmonic resonant structures.  
 
 
Ultrathin metal films (UTMFs) are of high technological interest in optoelectronics, as they are widely employed 
in many applications, such as transparent conductors, photo-voltaics, low emissivity windows, infrared absorbers, 
plasmonic metasurfaces, and point-of-care biosensors, to name a few.1 For practical applications of UTMFs, the 
use of transparent dielectric substrates and large-scale fabrication are desirable, so physical vapor deposition 
(PVD) techniques are required. Nevertheless, PVD metal deposition directly over a dielectric substrate results in 
an island like structure at the initial deposition stage, showing a long-range connectivity (percolation) at mass 
equivalent thicknesses ≥5 nm. This percolation thickness highly depends on the deposition conditions and 
substrate preparation. For example, techniques such as substrate cooling during deposition, silanization or 
seeding with Al, Cr, Ti, Au and Cu2 allow to reduce the percolation down to few nanometer thickness. More 
recently, partially oxidized Cu or Ag seed layers were shown to promote percolation of Cu, Ag and Au3 UTMFs 
at thicknesses around 1nm. Moreover, they have the advantage of being more transparent than fully metallic 
ones. Following this progress, here we explore the use of a fully transparent seed layer of copper oxide (CuO) 
for subsequent Ag and Au UTMF growth, showing percolation thicknesses close to 1nm.4 In this case, the 
chemical composition of the seed layer is controlled and uniform through the whole thickness. Moreover, the 
possibility of using very small thicknesses (0.25-1nm) together with the dielectric nature of CuO allows 
achieving a fully transparent seed, leaving unperturbed the optical properties of the initial dielectric substrate 
(e.g. fused silica or calcium fluoride). With the use of a 0.5 nm CuO seed, highly percolating Ag and Au films 
were grown. We have investigated, for different Ag and Au UTMF thicknesses, the optical properties from the 
ultraviolet (300nm) to the mid-infrared wavelength (15µm), and their electrical properties. Also, we have 
explored possible optoelectronic applications such as infra-red reflector or plasmonic resonant structures, both 
uniquely tuned by electrical gating and this only being possible due to the small thickness of the UTMF.  
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Abstract: Dynamically tunable polarization conversion at the nanoscale based on resonant metallic or dielectric 
structures is in many cases limited to narrowband, non-tunable operation. In this work, by taking advantage of 
the strong anisotropic surface conductivity of black phosphorus, we propose a flexible, ultrathin, platform for 
broadband wave manipulation in the terahertz regime. We theoretically demonstrate controllable and dynamic 
polarization conversion via the coherent excitation of localized surface plasmons in symmetrically patterned 
monolayer black phosphorus nanosquare arrays. 

 
In recent years, several approaches have been proposed for polarization control at the nanoscale [1]. The use of 
resonant modes has often limited the performance to narrowband operation and, to introduce dynamic control, 
recently, two-dimensional materials with tunable isotropic optical properties, such as graphene [2], have been 
incorporated. In this work we use black phosphorus (BP), a two-dimensional material with tunable anisotropic 
optical properties, to demonstrate dynamically tunable polarization control in the terahertz regime [3]. To 
achieve the desired control we pattern a single BP layer into nanosquares that support localized surface plasmons 
(LSPs) and we use the anisotropy of the BP sheet conductivity, originating from the different effective electron 
mass along the two crystalline plane directions (zigzag and armchair), to lift the degeneracy of the LSPs. As we 
demonstrate with our Finite Difference Time Domain simulations, by exciting the LSPs coherently we are able to 
achieve any desired polarization, from linear to circular. By altering the carrier concentration in BP, we are able 
to dynamically tune the polarization conversion via controllable spectral shifts of the excited LSPs, consequently 
turning linearly polarized light to circularly polarized light, and vice versa, over a broad spectral range. 
    A schematic of the nanopatterned BP layer is shown in Fig. 1(a); the supported LSPs are shown in Fig. 1(b). 
The far-field response of the BP under external illumination can be described by means of a scattering matrix: 

, ,

, ,inc

x ref xx xy x inc

y ref yx yy y

E r r E
E r r E

    
=    

    
,   (1) 

where Einc, Eref are the complex amplitudes of the incident and reflected field, respectively, rxx, ryy, rxy, ryx are the 
reflection amplitudes, and the x,y subscripts denote the field components along the x- and y- directions 
respectively. In our system we find rxy = 0, ryx = 0 and rxx ≠ 0, ryy ≠ 0, thus the contributions from the x- and 
y-polarized components to the reflected spectra under any given orientation of the incident light can be described 
solely through rxx and ryy, which are shown in Fig.1(c). To excite the two LSPs coherently, we illuminate the BP 
with a normally incident wave, linearly polarized along the nanosquare diagonal. By varying the carrier 
concentration we controllably detune the LSPs, thus achieving tunable polarization conversion from linear to  



 
Figure 1. Principle of operation of polarization conversion with nanopatterned BP. a) Schematic of the BP nanosquare array. 
The nanosquare has side p = 110 nm and is periodically repeated along the x and y directions with periodicity a = 125 nm, 
forming an infinite array (here shown 3×3 unit cells). b) Localized surface plasmons shown on a single nanosquare. c) 
Magnitude and phase of the reflection amplitudes rxx, ryy. d) Polarization conversion of linearly polarized incident wave, 
tunable via the BP carrier concentration, n, illustrated on a Poincaré sphere showing linear-to circular-to linear conversion. 

circular and back to linear, as shown in the example of Fig. 1(d) for operation at wavelength λ = 49 μm. Similarly, 
polarization conversion tunability can also be achieved with the use of emitters placed at certain hotspots near 
the nanosquare edges [3]. 
    Our proposed approach provides a flexible platform for broadband wave manipulation in the terahertz 
regime, by offering several functionalities, such as (a) controllable polarization conversion under far-field 
excitation, (b) emission with controllable polarization (e.g. chiral emission) under excitation with local optical 
sources (e.g. quantum emitters), (c) dynamic tunability, (d) wideband operation, and (e) enhanced emission rates 
under near-field excitation.  
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Figure 1: Refractive index of the ALD-grown 

annealed VO2 layer below (blue) and above (red) 

the transition temperature, measured by 

spectroscopic ellipsometry. 
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Abstract: Once a conventional structural color filter is fabricated, its optical response cannot be changed. 
By incorporating tunable materials into these filters, we can alter the performance of color-filtering 
metasurfaces even after fabrication. In this work, we use vanadium dioxide for its thermally inducible and 
repeatable transition from dielectric to metallic state at ca. 67 °C. We prepare holey structural color 
filters with various Al/VO2 geometries and analyze the thermally inducible tunability of these color-
filtering systems.  

 
Holey structural color filters are well-known as a demonstration 

of the extraordinary optical transmission [1]. For a given 
illumination, the optical response of such color filters is fixed and 
depends mostly on the depth and size of the holes, on their lateral 
arrangement and on the materials used for both the substrate and the 
thin filtering layer. By introducing externally tunable material into 
the structural color filters, we can alter their optical response even 
after they were fabricated. We demonstrate this possibility by taking 
advantage of the thermally inducible phase transition of vanadium 
dioxide (VO2) occurring at an easily reachable temperature of ca. 
67 °C. VO2, despite being mostly known for its applications in near- 
and mid-infrared regions, can be used in metasurfaces working also 
at visible wavelengths [2, 3]. The experimentally obtained refractive 
index values of a VO2 layer below (30 °C) and above (80 °C) its 
transition temperature exhibit significant differences also at the 
visible wavelengths, as shown in Fig. 1. In this work, we implement 
VO2 elements into structural color filters of various geometries 
(shown in Fig. 2) and analyze their influences on the optical 
responses of holey structural color filters. 

For the color filter fabrication, we used fused silica substrates 
covered with a 100 nm thin aluminum layer. Using electron beam 
lithography, we created a resist mask on top of the aluminum layer, 
so that it can be selectively altered with reactive ion etching using a 
mixture of BCl3 and Cl2. The remaining resist mask was removed 
using oxygen plasma. For various geometry configurations of the 
VO2 layer shown in Fig. 2, we include an atomic layer deposition 
process and subsequent annealing either before EBL (Fig. 2a), or 
after EBL but before resist removal (Fig. 2b) or eventually, after 

Figure 2: Ways of implementing tunable VO2 

layers into structural color filters: a) Flat VO2 layer 

under the filter, b) VO2 inside the filter’s holes, c) 

Conformal VO2 layer on top of the filter, 



EBL and resist removal (Fig. 2c). In ALD, we use a thermal process at 150°C with TEMAV precursor set for a 
growth rate of ca. 1.2 Å/cycle (0.09 Å/s). Even though ALD produces highly uniform layers with correct 
stoichiometry (VO2), a subsequent annealing process (5 minutes at 500°C in oxygen atmosphere) is needed to 
demonstrate a clear phase transition of VO2 presented in Fig. 1. 

The optical transmission of the tunable color filters was simulated using the finite-difference time-domain 
method, see Fig. 3. Experimentally, the transmission is investigated with a white-light illumination (400-950 nm) 
and the sample, placed on a resistive heater stage, is positioned between two identical objectives, one for sample 
illumination, the other for signal collection and its relay towards the input slit of a spectrometer (Andor 
Shamrock 303i) equipped with Andor iDus camera. 
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Abstract: Two different approaches for obtaining localized surface plasmon resonances in the near infrared
range in metal islands films are presented. The first method consists of thermal annealing of Ag/Cu films that
results in formation of nanoparticles with high aspect ratio. The second method is based on HAuCl4 titration of
Ag islands and leads to the formation of AgAu alloy and Au hollow islands. Both approaches are technologically
simple and therefore suitable for large-scale application of island films in nanophotonics.

Metal island films are nearly two-dimensional ensembles of metal clusters formed during the first
stages of metal deposition on dielectric surfaces [1]. At first small metal clusters nucleate on a dielectric
surface. As the amount of deposited metal increases, the clusters become larger, coalesce and give place
to a percolated metal network before a compact film is finally formed. Optical properties of island films
associated with conduction electrons strongly depend on film morphology. Thus, small and well-separated
islands have an optical response characterized by the localized surface plasmon resonance of
nanoparticles. Cluster growth and coalescence result in red-shift and broadening of the plasmon
resonance. Above the percolation treshold, plasmon resonances rapidly quench and films display a
metal-like behavior. Therefore, localized plasmon resonances in metal island films are usually restricted
to the visible spectral range.

In this work we demonstrate the possibility to tune the localized surface plasmon resonance into the
near infrared range in heterogeneous (composite) metal island films. Two different systems are studied.
In the first, Ag and Cu are subsequently deposited on SiO2 layers, resulting in growth of core-shell and
Janus nanoparticles that finally percolate [2]. Thermal annealing of the percolated films leads to the
formation of nanostructures with high aspect ratio displaying plasmon resonances at photon energies
lower than 1 eV. The second approach is the titration of Ag islands deposited on glass slides by
immersion in a solution containing HAuCl4 [3]. In this case, galvanic replacement and Kirkendal effect
take place in the deposited islands due to the redox potential difference between the Ag/Au redox couple,
in a similar way as it happens in colloidal solutions [4]. As a result, AgAu alloy islands at first, and
hollow Au islands later, are formed as the HAuCl4 concentration increases in the solution. The plasmon
resonance consequently red-shifts well-beyond the typical wavelengths for Ag or Au islands. Overall,
these approaches show how near infrared localized plasmon resonances can be obtained in composite
island films in a simple manner, extending their application potential in plasmonics and nanophotonics.
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Abstract: We propose and investigate tunable CMOS compatible Graphene/Si guided-mode resonance active 
1D and 2D filters based on electro and thermo-optic effects at teilecom wavelengths. The elecro-optic effect is 
achieved by variation in the graphene doping by electrostatic gating, and the thermo-optic effect utilizes 
graphene as a thermal heater. The proposed filters offer narrow resonances of 1.4 nm, a high extinction ratio of 
20 dB and 30 dB for 1D and 2D gratings respectively and thermal efficiency of 0.056 nm/K. 
   Guided mode resonance filters (GMRFs) have emerged as a promising candidate for a variety of 
optoelectronic applications [1]. GMRF is made by placing subwavelength periodic grating over a slab 
waveguide in a way that they are electromagnetically coupled, and the spectral filtering is achieved by 
interference between the diffracted and leaky waveguide modes at resonance condition, which can be tuned by 
modifying the geometrical and material parameters [1]. However, its spectral response is fixed after fabrication, 
hence reconfigurable filters are of particular interest. The conventional solutions proposed to dynamically tune 
GMRF resonant wavelength suffer from limited-time response, poor efficiency, and CMOS incompatible 
fabrication [2, 3].  
  Graphene integration is a promising solution for dynamic tuning of GMRF due to its exceptional electric and 
thermal properties [4, 5]. The carrier concentration of graphene can be modified upon application of an external 
bias, subsequently changing the optical loss and effective refractive index by the electro-optic effect. 
Simultaneously, Graphene could be utilized as a thermal heater for changing the refractive index of the device 
layer by the thermos-optic effect. Here, we theoretically propose and investigate two advanced designs of CMOS 
compatible graphene-silicon active GMRFs i.e. polarization-sensitive 1D grating and polarization-insensitive 2D 
grating with electrically controlled and thermally tuned reflection, high extinction ratio and spectral tunability.  
  The cross-section and perspective views with bias application of tunable 1D and 2D graphene/silicon GMRFs 
for free-space illumination are shown in Fig. 1(a)-(c) respectively. In both filters, single-layer graphene (SLG) is 
integrated on the standard silicon on insulator (SOI) substrate with buried oxide (BOX) of tbox = 3 µm and device 
layer thicknesses of tsi = 0.22 µm. 1D grating is made by introducing shallow trenches having a width and etch 
depth of W = 0.02 µm and h = 0.02 µm respectively, as shown in Fig. 1(a) and (b). Similarly, a 2D grating is cast 
by introducing cylindrical trenches with radius and etch depth of R = 0.06 µm and h = 0.11 µm respectively, as 
shown in Fig. 1(a) and (c). The grating period for both gratings is chosen as L=0.8 µm to achieve resonance at 
1.55 µm, as shown in Fig.1(a). 
  Modulation in SLG doping (the Fermi level) is achieved by applying external bias (VG) between SLG and Si 
device grating, as shown in Fig. 1(b) & (c) respectively. Fig. 2(a) shows the simulated reflection spectra of TM 
polarized 1D and polarization-insensitive 2D Gratings respectively with realistic SLG doping supported by 
SLG/HfO2/Si capacitor assuming the maximal electric field on the gate insulator, which is an order of magnitude 
below the breakdown. The proposed filters offer narrow resonances of 1.4 nm, high extinction ratio of 20 dB and 
30 dB for 1D and 2D gratings respectively. Resonance wavelengths for different Fermi levels for both gratings 



are plotted in Fig. 2(b), assuming the scattering rate of 1.65 meV. The GMRFs spectral response follows the 
trend of the real part of the effective index of SLG. The thermo-optic effect is created by applying voltage bias 
(Vth) between both graphene ends, as shown in Fig. 1(c). The comparison of electro and thermo-optic effect for 
1D grating is demonstrated in Fig. 2(c) and it is evident that thermo-optic shift is stronger than electro-optic shift 
and it offers a thermal efficiency of 0.056 nm/K. However, the shift in the resonance could further be improved 
by exploiting both effects simultaneously. 2D Grating also shows similar behaviour. 
  The proposed filters rely on CMOS compatible processes and the presented design rules are applicable for 
different spectral bands. Our work opens a way for developing advanced tunable filters for laser mirrors, switches, 
modulators, and sensors.  

         
(a)                                             (b)                             (c) 

Fig. 1 (a) Cross-section view for 1D and 2D Gratings, Perspective view with bias application of CMOS compatible (b) 1D and (c) 2D SLG/Si based GMR 

tunable filters having L=0.8 µm, W=0.78 µm, tHFO2=0.03 µm, h=0.02 µm for 1D grating, R=0.06 µm, h=0.11 µm for 2D grating.  

 
(a)                                          (b)                                                   (c) 

Fig. 2 (a) Reflection spectra (b) Resonance wavelength & real part of refractive index with respect to fermi level for both gratings (c) Reflection spectra 

showing Electro-Optic, Thermo-Optic and combined effect for 1D Grating.  
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Abstract: Transition metal dichalcogenides (TMDs) semiconductors offer a platform for merging nanophotonics and 
two-dimensional (2D) materials. They are exceptional quantum materials in the monolayer form and possess 
appealing optical properties as bulk materials, such as a high index of refraction and giant anisotropy. Here we show 
that the combination of monolayer TMDs and all-dielectric nanostructures, also made from bulk TMDs, provides new 
approaches for enhanced light-matter interaction of 2D excitons and quantum emitters with Mie-resonant 
nanophotonic devices. 

 
High refractive index dielectrics emerged as a novel approach in nanophotonics to shape and control 
electromagnetic fields at the nanoscale, offering a toolbox for tailoring the light-matter interaction of solid-state 
quantum emitters via engineering Mie resonances in sub-wavelength nanoantennas. Novel van der Waals (vdW) 
materials, such as the family of TMDs, are a powerful system to investigate light-matter interaction at the 
nanoscale, exhibiting exceptional optical properties in their atomically thin monolayer form, with the presence of 
tightly bound excitons, valley properties and single-photon emitting centres. Furthermore, in their bulk form, 
TMDs exhibit a large refractive index (n>4) and strong optical anisotropy, making them a favourable candidate 
for the realization of low-losses optical resonances in all-dielectric TMD nanophotonic structures. 

In this work, we show that coupling monolayer TMD WSe2 with Mie resonances in dielectric nanoantennas 
results in the simultaneous nanoscale positioning and quantum efficiency enhancement of native strain-induced 
single-photon emitters, and report efficiencies up to 83% with single-photon generation rates above 5 MHz [1]. 
We further discuss how nanophotonic structures, made exclusively of vdW materials, open to a plethora of 
possibilities for tailoring light-matter interaction of integrated quantum light sources. We rationally designed 
vertically stacked nanostructure geometries, combining high index TMDs with nanometre thick slots made of 
low-index hexagonal boron nitride (hBN) layers. We discuss how these vdW nanoantennas have the potential to 
be highly efficient 2D quantum light sources, offering large spontaneous emission rate enhancements, by 
embedding excitons and quantum emitters in the hBN nano-slot, and further exhibiting unidirectional emission 
via engineering multipolar interference of Mie resonances satisfying the first Kerker condition. 

Our results highlight nanostructured vdW materials as a novel, exciting platform for enhancing the 
light-matter interaction and quantum efficiency of single-photon sources in 2D materials and their 
heterostructures. 
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Abstract 
The combination of Silicon Nitride-based waveguides 
integrating monolayer graphene could be exploited for 
wavelength and phase shift in tunable devices. In this paper, 
we investigate three different configurations operating in 
the NIR. The numerical results show the possibility to 
obtain wavelength shift in the order of few hundred to 
several thousand picometers for a waveguide length of 50 
μm. These results could pave the way for the realization of 
tunable resonant structures and tunable lasers based on 
external cavity.  

1. Introduction 
Graphene, a two-dimensional (2D) material, with tunable 
and wideband optical properties opened a new scenario into 
the field of near-infrared wavelength tuning. The graphene 
monolayer (GM) is a semi-metallic material with a zero-
band gap, and its Fermi level can be tuned under external 
electric field covering the range from NIR to THz 
wavelengths [1–6]. The transition to silicon nitride (Si3N4)-
based tunable dielectric waveguides (TDW), integrating 
monolayer graphene, is a promising way to achieve NIR 
tunable devices. Silicon (Si) is a widely used material in 
combination with graphene for tunable dielectric 
waveguides [1–3], however, there is also growing interest in 
the use of silicon nitride [4,5]. This choice is motivated by 
low optical losses of Si3N4 (< 1 dB/cm), its transparency 
over a wide wavelength range (400-2350 nm) and the low 
thermo-optic coefficient (~2.45e-5 K-1 at 1.55 μm).  

2. Tunable Dielectric Waveguides 
In this paper, three possible tunable dielectric waveguides 
(TDW) configurations that integrate monolayer graphene 
(shown in Figure 1) were investigated. The GIG (Graphene-
Insulator-Graphene: two monolayer graphene layers are 
above the waveguide, Figure 1a), EGW (Electrolyte-
Graphene-Waveguide: the electrolyte is located above the 
GM, Figure 1b) and GMin (two GMs are located inside the 
waveguide, Figure 1c) Si3N4-based TDW configurations 
were analyzed. The additional insulator layer (see Figure 1) 

was introduced to prevent potential carrier injections from 
the GM into the waveguide [3].  
 

 

 

 

 

 
Figure 1: Configurations of tunable dielectric waveguides 
integrating graphene electrodes with color difference of 
layers and indication of their thicknesses. 
 
The geometrical parameters are taken as: width (WW = 
2 µm) and thickness (tW = 300 nm) of Si3N4 waveguide. 
The thickness of the monolayer graphene electrode (tG) 
equals 0.34 nm. GE width (WG) is equal to 8 µm for GIW, 
GIG and GEin tunable waveguide configurations and 14 
µm for EGW TW configurations. The substrate thickness 
was set to accommodate the mode profile.  
The capacitor insulator (material between electrodes) and 
the additional insulator is the SiO2. The material choice is 
based on the SiO2 features (e.g. spin-on-glass 
implementation) for the fabrication process [7,8] and on 
the possibility of direct graphene synthesis on SiO2 
substrates [9–11]. As an insulator for the EGW case, an 



2 
 

electrolyte (LiClO4+PEO) as a mixture of polyethylene 
oxide (PEO), as a type of polyethylene glycol (PEG), and 
lithium perchlorate (LiClO4) in a ratio of 10:1 [2,12] was 
used. The real part and imaginary part nG and kG of the 
complex refractive index of the graphene were obtained 
from Kubo model with parameters Г = 8e13 s-1 and T = 
300 K, for the chemical potentials (µC) equals 0 ÷ 1 
eV [6]. 

3. Numerical results and Discussion 
The simulations were carried out at a fixed wavelength of 
interest (λ) equal to 1.55 µm for the TE polarization (main 
component of the electric field along x-axis, Ex) (see Figure 
2a). In order to investigate the tunability, the complex 
effective refractive index (neff) of the three TDW 
configurations and the changes regarding µC (∆n1 (0.4 ÷ 0 
eV) & ∆n2 (0.4 ÷ 1 eV)) have been analyzed using the 
Finite Element Method (FEM). 
 

 
Figure 2: (a) EGW TDW mode profile (µC = 0 eV), (b) |Δλ| 
and (c) |Δφ| for GIG, EGW and GMin TDWs versus µC. 

The wavelength (|∆λ1| & |∆λ2|) and phase (|∆φ1| & |∆φ2|, 
shifts dependence on the neff, respectively, were investigated 
when the graphene length LG is equals to 50 μm [13,14]. 
The maximum shifts are 2.04 nm & 0.17π, 3.03 nm & 0.25π 
and 3.91 nm & 0.33π for GIG, EGW and GMin TDW 
configurations, respectively (see Figure 2b-c). 

These results show that it is possible to achieve a 
wavelength shift of several nanometers and a phase shift of 
π/3 (LG = 50 μm). Analyzing TDW configurations regarding 
the maximum possible wavelength shift, the GMin TDW 
gives the best performance, although, this TDW requires the 
most complex configuration to be fabricated. 

4. Conclusions 
This work is devoted to the analysis of the tuning of three 
dielectric waveguides configurations integrating monolayer 
graphene electrodes and operating in the near-infrared 
wavelength range (1.55 μm). In particular, the maximum 
achievable wavelength and phase shift was investigated. 
A comparison of these TDW configurations was introduces 
in terms of ∆λ and ∆φ. It is worth pointing out that the same 
approach could be extended to different wavelengths 
ranges. 
Based on the article results, it is possible to conclude that 
this work could help and lead the design and fabrication of 
the wavelength tuning of graphene-based optical devices and 
the integration of graphene in optical resonant structures 
operating in the NIR such as high-precision tunable lasers 
with an external cavity [15]. 
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Abstract: A simulation and experimental study of multilayered chiral metamaterial stacks, optically active in the important 
mid-IR region of the spectrum. We demonstrate the ability to tune the spectral response based on layer configuration. 
 

Metamaterials, in particular, those that are chiral, have grown in interest in recent years[1], [2]. Termed, chiral 
metamaterials (CMMs) these patterned structures can be designed to exhibit optical activity, including circular dichroism 
(CD). These materials are also capable of producing strongly localized electromagnetic fields, which, when excited in the 
mid-IR region of the spectrum, are particularly useful for probing molecular bond vibrations. Therefore, CMMs functioning 
in the important mid-IR region can be used to enhance the response of vibrational CD spectroscopy [3] as well as surface 
enhanced IR absorption spectroscopy (SEIRA) [4].   

One important class of CMM are those based on double-layered metallic resonators, where the resonators in one layer 
are twisted relative to those in the second layer. In this work, each layer consists of four U-shaped metallic resonators, 
arranged in a chiral geometry, stacked such that each resonator is twisted 90° relative to the resonator directly above/below 
it. This is shown in the schematic, figure 1(a), and again with dimensions in the SEM of a fabricated CMM in figure 1(b). 
Here, we investigate, not only this double layer structure, but also, two 4-layer configurations, that have previously only 
been studied theoretically [5]. We demonstrate that all of the investigated structures exhibit CD in the important mid-IR 
region of the spectrum, and show that the extra degrees of freedom in their design, is attractive for the optical engineering of 
optically active materials with specific spectral characteristics.  

 
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Device schematic of a double layered chiral metamaterial. 50nm thick gold U-shapes deposited onto SiO2, followed by 

140nm (+/-20nm) of sputtered SiO2, then a second layer of gold U shapes, rotated 90° relative to pattern underneath is deposited on top. 
(b) SEM image of a fabricated array of double layered gold U-shapes separated by a dielectric spacer. Dimensions: w=100nm, s=600nm, 
d=150nm. (c), (d), (e) Experimental (black) and simulated (red) transmittance of AB, ABAB, and ABEF structures respectively. (f), (g), (h) 
Experimental circular dichroism of AB, ABAB and ABEF structures respectively. 

 



The spectral properties of a double layer device, as depicted in figure 1, as well as two 4-layer devices, were 
investigated. The first 2-layer device consists of layers, labelled A and B, which denote their opposite chirality, constructed 
by stacking two 2-layer materials, to form a so called ABAB structure. Another four layer device was constructed by 
shifting the third and fourth layers laterally by half a period, in relation to the first two. To differentiate these shifted layers 
they will be called E and F, and so the subsequent material called ABEF. Diagrams of the resulting resonator geometries, 
AB, ABAB, and ABEF can be found in figure 2, directly above their corresponding measured and simulated transmittance, 
shown in figure 1 (c), (d), and (e) respectively. In figure 1 (c) there are two resonances in both the simulation and 
experiment, which correspond to the splitting of the LC resonance of a single U-shaped resonator, which occurs due to 
magneto-electric coupling between the two adjacent, twisted resonators [6]. Figure 1 (d) shows the spectral response of the 
ABAB structure. Since the chiral nature of each coupled resonator pair is unchanged from the AB device, the size and 
position of the resonance is largely the same as the AB case. Finally, in figure 1 (e) we present the transmittance of the 
ABEF structure. What is most interesting about this structure, is the spectral shift of the resonances to lower frequencies. It 
turns out, that by changing the configuration of the final two layers, one changes the direction of the induced, out-of-plane 
magnetic dipoles formed when the resonators couple. This in turn changes the relative energy landscape of the coupling, 
shifting it to lower energy/lower frequency modes than for the simple AB case [7]. This demonstrates a new and unique way 
of tailoring the spectral response of a well-known metasurface, without the need for geometric modification.  

In addition, the CD of the three structures is also measured experimentally and shown in figure 1 (f), (g) and (h) for 
each configuration. In the two layer device, CD of up to 30% is measured, which is consistent with similar devices in the 
literature [8]. There is also a similar magnitude of CD for both of the four layer configurations, confirming that they are 
optically active. In addition, we observe a spectral shift of the CD measured in the ABEF device to lower frequencies in 
comparison to the other two structures. Once again, demonstrating the ability to tune the spectral properties of this structure 
by simply changing the stacking configuration, as opposed to changing the geometry of the resonators themselves.  
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Abstract
This article proposes an optimized metamaterial cell with a
honeycomb-based substrate with the aim of electromagnetic
and acoustic shielding. The proposed cell presented an
absorption of 95% and a maximum of 103 dB of sound
transmission loss. The proposed electromagnetic shielding
goal is to fulfill vehicle EMC standards while mitigating
unpleasant noise from vehicle components.

1. Introduction

Electromagnetic interference (EMI) can sometimes be as
harmful to society as air and water pollution, especially now
that electronic devices are a fundamental part of almost all
objects of daily life [1]. In particular, vehicles are prone to
suffer from interference problems. Environmental and
safety issues require new technology to ensure the proper
functioning of the complex electromagnetic system of a car.
The source of EMI can be an internal or an external
component, such as radio antennas, cellphones, and power
transmission lines. In this context, the use of new materials
provides a promising strategy to adapt classic techniques to
solve modern challenges. One possibility is called EMI
shielding, whose purpose is to block electromagnetic
radiation that can cause interference. Shields commonly
consist of sheets of metals, like aluminum or steel. Thus,
high cost and weight are two major disadvantages. If cheap
and light materials are employed to build good shields, the
transportation industry as a whole will benefit.

Metamaterials are artificially manufactured materials that
can emulate properties normally not found in nature.
Effective permittivity and permeability are the properties
that describe a given electromagnetic metamaterial. Fig. 1
shows four main classes of metamaterials: double-positive
(DPS), epsilon-negative (ENG), mu-negative (MNG), and
double-negative (DNG). This whole range of properties is
achievable by careful design of the many small structures
that compose a metamaterial. Therefore, metamaterials are
candidates to create new shielding devices.

Metamaterial-based perfect absorbers are usually designed
with one continuous metallic layer and a patterned one
separated by a dielectric substrate [2]. The role of the first
metallic layer is to block the transmission of the incident

wave, while the patterned layer is designed to ensure
impedance matching with air, thus reducing reflections.
This way, the incident electromagnetic wave is captured
inside the structure, where its energy is dissipated by ohmic
and dielectric losses.

Figure 1: Possible values of permittivity and
permeability. The traced line indicates impedance
matching with air.

In this work, we present a hybrid acoustic-electromagnetic
shield, which operates as a metamaterial absorber for
frequencies near 100 MHz and blocks sound waves in the
50 - 1600 Hz frequency range. The metamaterial has a
snake-shaped structure, shown in Fig. 2, optimized by an
evolutionary algorithm. Shielding of vehicular components
is a possible application of this device. Therefore,
electromagnetic compatibility standards such as CISPR-25
were the basic guide in the design and analysis processes.

2. Design process

The unit cell in Fig. 2 resulted from a two-part design
process with the geometry proposed in [5] as a starting
point. First, we made minor changes in size parameters to
obtain new structures with near-perfect absorption and an
operating frequency between 100 and 300 MHz. This step
allowed us to identify p, w, and g as the parameters that have
the most impact on characteristics of interest. Then,



optimization of promising candidate structures led to the
final geometry.

Figure 2: Optimized unit cell.

Here, the main objectives of the optimization were to make
the resonant frequency closer to 100 MHz and the maximum
absorption closer to unity. This problem is equivalent to
minimizing

, (1)

where controls the relative importance between the two
goals. Choosing makes both objectives equally
important. In terms of the S-parameters, the absorption is
given by

, (2)

where and . Due to the ground plane,
transmission is negligible and the absorption is .
The optimization was carried out using the covariance
matrix adaptation evolution strategy (CMA-ES) together
with finite element simulations. This strategy usually needs
less simulations than other optimization methods [4], leading
to a faster optimization process. To compute the absorption,
Floquet boundary conditions and perfect matched layers
were employed in the transverse and longitudinal directions,
respectively.

3. Acoustic simulations

The acoustic behavior of interest is described by the sound
transmission loss (STL), that is a measure of how well the
metamaterial can act as a soundproofing material. Higher
STL means better sound insulation. This figure of merit was
computed by coupled pressure and structural finite element
method simulations. In this case, transmission is given by

(3)

where and are the intensity of the incident and
transmitted pressure waves, respectively. STL is defined as

. (4)

Only one unit cell was considered in the simulations. In the
transverse directions, we fixed the substrate walls and used
Floquet boundary conditions for the remaining domain. As
before, perfect matched layers modeled the boundaries in
the propagation direction.

4. Results and discussions

The parameter optimization of a metamaterial cell presented
in [4] and the use of honeycomb-based geometries in the
substrate [3] was able to minimize the absorption frequency
without increasing the substrate thickness. To increase the
sound transmission loss, honeycomb-based cells were used
in the unit cell substrate, resulting in the structure shown in
Fig. 3. The unit cell has sides of size 0.030 ʎ and a thickness
of 0.006 ʎ, where ʎ is the EM wavelength. Furthermore, the
final structure showed large absorption, above 94%, with an
absorption peak at the frequency 99.7 MHz (achieving the
aim of decreasing electromagnetic noise at low frequencies,
below 108MHz, presented in EMC testing of automotive
components such as CISPR 25, ISO 11452–2 [6] and
equivalent standards).

Figure 3: Designed unit cell with honeycomb-based
structures in the substrate.

The resonant frequency has a close relationship with the
inductance and capacitance values of the structure through
the relationship

(5)

The inductance is related in this structure with the length m
and w, while the capacitance has a relationship with the
dimension g. Fig. 4 presents the absorption and frequency

2



achieved by the regular cell and honeycomb-based cell, the
proposed geometry can achieve an even lower frequency
without decreasing the absorption frequency of the
metamaterial structure, 94.7% at 99.7 MHz.

Figure 4: Absorption Factor.

The cell design aims to fulfill two shielding functions, one
electromagnetic to achieve vehicular Electromagnetic
Compatibility (EMC) standards and the other to reduce
noise generated by the engine or other components from
these vehicles. Fig. 5 shows the cell Sound Transmission
Loss (STL), showing the honeycomb-based substrate
effectiveness and its maximum STL value (103 dB), where
higher STL means better sound insulation.

Figure 5: Sound Transmission Loss.

An important feature of this structure is due to its current
distribution, surface currents flow from the lower plane to
the upper plane. Fig. 6 shows the surface power loss
density, with 10.8 dB(W/m²) being the maximum value
shown. As we can see, the absorber concentrates the
incident wave energies mainly in the bars area where we
have the cell inductance and capacitance formations, where
the energy loss is significant, which leads this structure to
present a strong absorption.

Figure 6: Surface power loss density.

The variation of the parameters of the projected structure is
important to obtain desirable values of shielding
effectiveness, as well as to obtain lower absorption
frequencies. Effective structures in electromagnetic
shielding are important for traditional and new EMC
standards to be achieved.

5. Conclusion

In a world where electronic devices are increasingly part of
people’s daily lives, meeting electromagnetic compatibility
requirements is increasingly challenging, and this is
particularly important for new trends such as autonomous
vehicles where EMC problems can lead to more serious
safety issues. We presented in this article an optimized
snake-shaped metamaterial absorber to meet vehicle EMC
standards at low frequencies as well as acoustic shielding.
The proposed cell presented an absorption of 97% at 100
MHz and maximum STL value of 103 dB.
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Abstract 
A compact reconfigurable tri-band band stop filter (BSF) 
with good selectivity and sharp rejection is designed for 
wireless application. A microstrip feed line loaded with 
eight Novel shape hexagonal metamaterial unit cells of 
various sizes and PIN diode used as switch in proposed 
filter. The filter's structure is distinguished by different 
operating modes of operation. The filter designed is a 
compact in size 0.28λg x0.18λgx 0.011λg which can be 
reconfigured in three different bands with frequencies 1.72, 
2.38, 3.76, 5.32, 5.94 GHz. The proposed reconfigurable 
metamaterial band stop filter used for multiband application 
like WiMAX, WLAN as per IEEE 802.11 standards. The 
rejection level is up to -46 dB and insertion loss   -0.5 dB. 
The good agreement between measured and simulated 
results.  
 

1. Introduction 
Reconfigurable RF filters have the characteristics of tunable 
such as center frequency and 
bandwidth which can flexibly meet different indicators with 
realize different frequency selections. It greatly promotes the 
integration of wireless communication equipment 
miniaturization and control simplification [1,2].Multiband 
filters with good passband and stopband characteristics are 
in good demand for modern communication systems. 
Besides these evaluation characteristics, size miniaturization 
is also an important issue. Group Delay (GD) is another 
important property which has been mostly ignored for many 
years [3,4,5].  
Nowadays, the Reconfigurable multiband filters with a high 
selectivity with good rejection and miniaturized size is the 
most important design for modern wireless communication 
systems [23,24,27-29,33]. There are many ways to 
reconfigure filter operation like diode-based reconfiguration 
has received more attention among 
researchers because of its shorter response delay and easy 
implementation. The filter design using varactor and pin 
diode based reconfigurable filter for cognitive radio 
application and tunable wireless application. [2,34,36] 
Even today, many worked have been offered to enhance the 
multiband filters to allow users to obtain different services 
[1–5]. The compact multi-band filters can be achieved using 
various simple approaches in microstrip planar circuits due 

to their low cost, ease of use, and good performances [17-
21,32]. However, RF filters present many problems, which 
are large size, low selectivity level, and poor rejection 
bandwidth. It is basically due to the presence of the 
unwanted responses by using the conventional designs and 
in conventional design has many problems like size and 
rejection level. To overcome these problems, several 
advanced models have been proposed in recent years [6-25]. 
To overcome size reduction and narrow bandwidth with 
metamaterial property [11,16,20-23,32,35,37-39]. The 
cognitive radio paradigm for developing next-century 
wireless communication systems is rapidly entering the 
mainstream, and various aspects of it are currently being 
applied in 5G technology, 
aeronautical engineering, military communications, 
emergency, and public safety applications, satellite 
communication, and healthcare. [24,25,27-30,33-36,40]. 
From last decade, researchers 
have survey several diode-based reconfigurable filters, 
including their characteristics such as filter function, 
filter combination, tuning range, variation in bandwidth, 
isolation, and resonance. 
It is also found that each type of reconfiguration can further 
be segregated in terms of filter function, center frequency 
variation, and bandwidth variation. The detailed 
categorization of the reconfiguration presented in this paper 
provides a systematic approach to select the 
correct reconfigurable filter for the desired frequency 
reconfiguration in wireless application. There are various 
techniques used to design for filtering for multiband 
application like DGS (Defected ground structure) 
[13,48,49], Metamaterial. structure (SRR, CSRR, FSS) 
[7,10,11,14,16,20,2123,26,32-40], SIR (Stepped Impedance 
Resonator) [14,17,18,19,33]. 
In the paper[6] the  size of filter is small but design for the 
single frequency band  with the design of Multiband Band-
Pass Filters Based on Novel Associated Band-Stop 
Resonators work shown  with magnetic-dominant mixed 
coupling is employed to correct the tunable filter's 
bandwidth, resulting in a tunable filter with a constant 
absolute bandwidth  with frequency tuning range is 72 MHz 
to 222 MHz, with a 3 dB bandwidth of 16.5± 3.5 MHz, [7] 
There is  high-order and multiple pass-band filters with 
controlled transmission zeros (TZs)  suggested with a new 
design approach to meet this challenge in this paper.[7] The 
size of the constructed filter is 113.4 x 93.5 mm2 with 
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measured return losses are  20.0 dB, 16.2 dB, 12.9 dB, 12.4 
dB, and 10.3 dB, respectively. In this paper the filter size is 
very large compare to the proposed work. The application of 
the dual reconfigurable filter in wideband and triple band 
pass filters is explored in this paper [8].  Two-stepped 
impedance resonators (SIRs) and one uniform impedance 
resonator (UIR) are combined to achieve such performance 
in the proposed tri-band BPF, that has bands at 2.4 GHz, 3.5 
GHz, and 5.2 GHz.  In paper [9] work presents a frequency 
reconfigurable compact band stop filter developed from an 
elliptical patch resonator with orthogonal feed. The 
proposed filter can be switched between having a wide stop 
band and have a dual stop band with two PIN diodes 
connected in the ground plane provide the switching action. 
The filter functions as a dual band, band stop filter with 
center frequency of 1.85 GHz and 4.2 GHz and fractional 
bandwidths of 70.6 % and 24.6 % When the diodes are 
turned off, the filter operates as a broad band stop filter with 
a center frequency of 2.77 GHz and a fractional band width 
of 95.45%. In paper [10] presents a compact reconfigurable 
tri-band band stop filter (BSF) with good selectivity and 
sharp rejection with metamaterial resonators. The results 
show that the proposed filter design, which has an overall 
size of 0.28 λg x 0.17 λg, is a good fit for multiservice 
radios. 
In the proposed work design compact metamaterial-based 
band stop filter with reconfigurable frequency in to three 
different bands. The proposed structure using substrate 
material Roger 5880 with dielectric constant 2.2, substrate 
thickness 1.57 mm and loss tangent of 0.0012. The structure 
of the filter is designed using 50 Ohms microstrip feed line 
with eight Novel shape hexagonal metamaterial unit cells 
(NSHMC) with different diameters. The proposed filter has 
seven different modes of operation characterized, mainly, 
into three types: single, dual, and triple stopbands. The 
simulation and measurement of the fabricated results are 
presented and discussed. The proposed filter designs make 
reconfigurable using PIN diode across the inner cut of the 
NHMC (Novel Hexagonal Metamaterial cell). The proposed 
reconfigurable tri-stopband BSF has good results is 
applicable for the wireless application. 
 

2. Band stop filter with Novel Shape Hexagonal 
Metamaterial unit cell (NSHMC) 

A simple structure of the H-SRR and HMC provided by 
[10,16] can be used to develop a novel structure of Novel 
shape hexagon metamaterial unit cell (NSHMC). The 
corresponding designs of H-SRR, HMC, and NSHMC 
geometries are presented in Figures 1(a),(b), and (c). In 
Figure 1(b), the HMC consists of a single ring, similar to the 
outer ring of a conventional H-SRR with two arms placed 
inside the unit cell. Figure 1(c) demonstrates the novel shape 
of HMC, which can be used to modify the HMC version 
[10] and enhance the inner cut length with a C-shaped 
structure. This improvement increases the electrical length, 
allowing for the miniaturization of the filter design. In this 
arrangement, the parameters of the NSHMC are tuned to 
reject three unique frequencies: 1.8, 2.4, 3.8, 5.2, and 5.94 

GHz. The NHMC is fabricated on a Rogers RT 5880 circuit 
board with a thickness of 0.157mm, dielectric constant of 
2.2, and loss tangent of 0.0012. Table 1 shows the physical 
dimensions of a novel shape hexagonal unit cell (NSHMC). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure :1 (a) Hexagonal Split ring resonator (b)Hexagonal 
metamaterial cell (c) Modified cell- Hexagonal 
Metamaterial Cell 
 
Metamaterial cells are modelled using effective permeability 
and tangent magnetic loss. This loss is determined using the 
imaginary component of the permeability characteristics. 
Design and simulation are done with CST microwave 
studio's full-wave electromagnetic simulators. Figure 2 
shows that metamaterial effects are due to the NHHMCs 
structure, which has a negative real component of 
permeability for frequency 2.4 and 3.8 GHz.  
 

 
 
Figure 2: Real-parts of permeability for NSHMC for 2.4 and 
3.8GHz. 
 
Figure 3 shows the multi-band Band stop filter arrangement 
for the three different bands. The proposed band stop filter 
structure involves fifty-ohm microstrip line and four pairs of 
NSHMC unit cells. The Four NSHMC units pairs are 
designed for appropriate feeding line coupling 
with   improves filter performance with good rejection 
levels.  First, the basic dimensions were specified, and then 
they were adjusted so the structure produced desired 
stopband frequencies. 
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Table.1 Dimension table (mm) 
 
L1 6.5 L6 3.81 L11 2 L16 1 W1 0.72 
L2 5.2 L7 1.58 L12 2.6 S1 0.8 W2 0.8 
L3 4.3 L8 1.51 L13 3 S2 0.8 W3 0.8 
L4 3.2 L9 1.58 L14 2 S3 0.8 W4 0.8 
L5 5.31 L10 1.8 L15 1.8 S4 0.8 L 40 
h 1.57 t 0.035   wf 1.2 W 27 
 
2.1 (NSHMC) Microwave Multiband Band Stop Filter 
Design 
 

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Fig.3 The geometry of the proposed passive multi band 
BSF 
 

The Negative permeability of each pair of NSHMCs creates 
magnetic coupling with the feed line, as seen in Figure 4. 
Figure shows that the simulated structure behaves as a Band 
stop filter that rejects three distinct frequencies: 1.8GHz 
,2.4GHz ,3.8GHz ,5.2GHz ,5.8 GHz with respect to a 
rejection level of -20dB, -24 dB, -47dB, -37 dB, -27dB 
respectively. insertion loss approaches less than 2 dB. Fig. 4 
shows an equivalent inductive captative model of Band stop 
filter for analyses the proposed multi band stop filter. Each 
stopband resonator is a parallel LC resonance circuit. In 
given equation calculates equivalent capacitance C and 
inductance. Were L is the inductance and C is capacitance, z 
shows the impedance of the filter, Fu is upper cut of 
frequency at -10 dB and Fl is the lower cut off frequency at -
10 dB. 
 

                     
These equations give the value of equivalent capacitance 
and inductance for our required desired frequency. 
The inductance and capacitance components values 
tuning   with ADS software and create stopbands at desired 
frequencies. Figure 5 shows equivalent circuit model 
diagram for passive multiband BSF.  The provided circuit. 

diagram match with the filter structure.  There is Decreasing 
gap it will enhances cell coupling and shifts resonance 
frequency 

 
Figure 4 The LC resonant circuit model of proposed filter. 
 
In figure 5 shows the simulated result of the passive 
Multiband band stop filter. In the simulated NSHMC 
resonant frequency at 1.8 GHz, 2.4GHz, 3.8GHz, 5.2GHz 
and 5.8 GHz. The rejection level of filter   very high up to in 
simulated -4 dB and insertion loss up to -2 dB. The 
simulated and measured results for different band L (2-4 
GHz), S (4-8 GHz) and C band (8-12 GHz). The simulated 
and measured result for different frequency shows in Table 
2.  There is minor result deviation in measured result 
compare to simulated result due to fabrication and soldering 
loss. 
Table 2. Simulated and Measured result 
Sr 
N
o. 

Freq 
Band 
(GHz) 

Simulated 
Result -(dB) 

Measured 
Result(dB) 

Freq. 
(GHz) 

S21 S11 
 
 

Freq. 
(GHz) 

S21 S11 
BW 
 

1 L 
(1-2 ) 

1.8 20 0.7 1.76 17.2 0.88 

2 S 
(2-4) 

2.4 24 1.2 2.44 17.8 1.56 

3 S 
(2-4) 

3.8 47 0.8 3.8 35.6 1.24 

4 C  
(4-8) 

5.2 37 0.7 5.37 -30 -4.6 

5 C 
(4-8) 

5.9 25 0.6 5.96 -17 -2.5 
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Fig 6.(a) Measured result of   Metamaterial based 
Microwave Band Stop Filter. (b) Measurement set up (VNA 
Agilent 8722ES 50MHz-40GHz) 

2.3 Reconfigurable Multi band BSF Configuration  

An interesting property of metamaterial cell is its ability to 
concentrate electrostatic energy from the incident field in the 
regions of the NSHMC. In figure 7 shows the fabricated 
prototype model of reconfigurable metamaterial-based 
Microwave filter using PIN diode. As shown in Figure 7, 
eight switches are put into the space between the two arms 
of C shape with each cell to achieve frequency 
reconfiguration.  
 

 
 
 
Fig 7. Protype of Reconfigurable Metamaterial Band stop 
filter (using BAR66402 PIN Diodes)  

The PIN diode used as a switching element and its “ON and 
OFF “condition shows he different operating modes of 
operation. The switching position place is also important for 
the proper reconfiguration operation.  The Pin diode in 
“OFF state” for the switch, it induces a current flowing on 
the metallic inclusion and creates a resonant frequency at 
desirer frequency. On the other hand, when the PIN diode 
switch is “ON state”, it will be shorted and a resonant 
frequency disappears because of the absence of current. The 
propose Metamaterial based BSF operate with fifteen 
different operating modes according to Pin Diode 
configuration. In table 3 shows the different operation 
modes for the BSF with different diodes ON – OFF 
condition. The Diode D1 -D2 connected across the ring 1 of 
NSHMC, D3-D4 across ring 2, D5-D6 across ring 3, D7-D8 
acrossring4. 
Different configurations of the switches for each operating 
state are summarized in Table 1.  
Sr 
no. 

S1 & 
S2 

S3 & 
S4 

S5& 
S6 

S7 & 
S8 

Stop band 
frequency(GHz) 

1 ON OFF OFF OFF 2.4,3.8,5.2 
2 OFF ON OFF OFF 3.8,5.2 
3 OFF OFF ON OFF 1.78,2.4,5.2 
4 OFF OFF OFF ON 1.78,2.4,3.8,5.9 
5 ON ON OFF OFF 3.8,5.2 
6 OFF ON ON OFF 1.72,5.2 
7 OFF OFF ON ON 1.72,2.5,5.9 
8 ON OFF OFF ON 2.4,3.8 
9 ON OFF ON OFF 2.4,5.2 
10 OFF ON OFF ON 1.72,3.8,5.9 
11 ON ON ON OFF 5.2 
12 OFF ON ON ON 1.72,5.9 
13 ON OFF ON ON 2.44 
14 ON ON OFF ON 3.8 
15 OFF OFF OFF OFF 1.8,2.4,3.8,5.2,5

.9 
 
EXPERIMENTAL VALIDATION USING PIN DIODE:  

In order to practically demonstrate proposed 
reconfiguration Microwave Band stop filter, placed the PIN 
diode (BAR 6402 Silicon diodes )in NSHMC resonator 
inner C shape and it will be work with three different 
operating bands L(1-2 Ghz),S(2-4GHz),C(4-8 GHz). In 
figure8. Shows the working setup of the reconfigurable 
condition for the BSF design. Jumper wires are used in 
fabricated model to provide DC biasing to the PIN diodes.  
If PIN diodes D1-D2 On are ON, The filter work according 
to case-1 shown in Table 3.,D3-d4 is on work according to 
case -2, D5-D6  is on condition work according to case-3, 
D7-D8 is in ON condition then follow the case-4..   
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Figure 8 . Measurement setup for the Reconfigurable BSF  
In the Simulation design used equivalent circuit (R, L,C) 
PIN diode shown in fig.9. , Diode ON condition Resistance 
= 1.35 ohm ,Inductance value is.  0.6nH. In PIN diode OFF 
condition resistance value 3Kohm and parallel with 
capacitance value is 0.17 ohm and connected in series 
inductance value is 0.6nH. 
  

 
 
Figure 9. Equivalent circuit used for the PIN diode 
(BAR6402)  
 
According to the technical data sheet, the BAR64-02V PIN 
diode has a forward resistance of 1.35.  To controlling 9 V 
connected    RF choke is RL875S-222K-RC with a 2.2 mH 
inductance value and 1 kiloohm resistance connected across 
the circuit battery supply.  The PIN diode is enabled to 
function in the ON state by supplying a DC voltage of +9 V. 
The DC forward current flowing in the circuit is 90 mA, 
according to the multimeter measurement. According to ON 
and OFF condition of PIN diode BSF operate with different 
15 modes among 8 different operating modes shown in 
figure.10 

 
Fig 10. Different Operating Modes of Reconfigurable BSF  

In table 3 shows the different past few years literature 
comparison with present work in term of rejection level, 
insertion loss and band with multiband applications. 
 
 
Table.4 Comparison Table Present work with previous years 
papers 
 

R
e
f
. 
N
o
. 

Y
e
a
r 

Ban
d 

Size 
of 
Filte
r  

Frequ
ency  
GHz 

BW  Inse
rtion 
Loss
(dB) 

Reject
ion(d
B) 

Reco 
nfigur
able  

6 2
0
2
2 

Sin
gle 

35m
m X 
20 
mm2 

0.072 
 To 
 0.222  

72  
to  
222 
MHz 

5.2 
to 
 8.7  

20 
16, 
12, 
12:4, 
 10  

Yes  
Varact
or 
Diode
s 

7 2
0
2
2 

Du
al 

113.
4 
x93.
5 
mm2 

1)1.38 
to1.51  
2)1.75 
to1.85
, 
3)2.10  
to 
2.18, 
4)2.50 
to2.59  

1)BW: 
MHZ 
 130  
2)BW: 
100  
3) BW:  
80  
 4)BW: 
 90  

1.72 
, 
 3.2 
, 
3.63
, 
3.81
, 
 
3.37 

20.0 ,   
16.2,  
12.9,  
12.4,  
 10.3  

No 

8 2
0
2
1 

Du
al 

 1)2.4  
2) 3.5  
3)5.2  

BW: 
GHZ 
1)11.6 
2)4.2  
3)6.7 

1.7 10 Yes  
PIN 
Diode 

9 2
0
2
1 

Du
al 

55 x  
44 
mm2 

1.85 ,  
 4.2 

FBW 
70.6% 
,24.6% 

- 18.31, 
17.4 

Yes 
PIN 
Diode  

1
0 

2
0
1
9 

Sin
gle 

0.28
λg × 
0.17
λg 

1)3.5 
2)5.2 
3)5.8 

FBW: 
1)1.89 
2)1.91 
3)1.82 

1.5 
 0.7 
 0.6 

16, 
22.1, 
 23.5  

YES 

 
w
o
r
k 

 Mu
lti 

40 x 
38 
x1.5
7 
mm3 

(0.2
8 λg 
x 
0.17 
λg x 
0.01
1λg) 

1)1.8 
2)2.4 
3)3.8 
4)5.2 
5)5.8 

BW: 
MHz 
1) 15  
2)29.3 
3)128  
4)180  
5)97  

1)-
1.2 
2)-1 
3)-
0.8 
4)-
0.7 
5)-
0.6 

1)-20 
2)-24 
3)-47 
4)-37 
5)-27 

Yes  
PIN 
Diode 
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Conclusion: 
This paper proposes a novel structure of reconfigurable filter 
with fifteen distinct switching operating modes. Novel shape 
hexagonal metamaterial unit cell with   eight pin diodes is 
used to reconfigurable filter. The NHHMC unit cell 
resonators have been studied in detail, and the design 
methods have been discussed in detail. The proposed 
narrowband design has excellent selectivity and low 
passband insertion loss. The proposed reconfigurable filter is 
suitable for use in modern multiband communication 
systems and wireless devices due to its small size, reduced 
insertion loss, better return loss, and narrow 
bandwidth stopband characteristics. 
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Abstract
In this paper, a new design of Metamaterial Absorber

unit-cell is presented with a high absorption coefficient
of 99.78% at 10GHz. The numerical results show that
the proposed unit-cell has constant performances re-
gardless the polarization state of the incoming waves,
a wide angle of absorption up to 70

� for TE polarized
waves, and 80

� for TM, RHCP, LHCP polarized waves
is achieved. Analytical circuit model has been developed
to describe the matching process between the unit-cell
and free space impedances. The monostatic RCS capa-
bility of 12⇥ 12 metasurface array has been proved nu-
merically by full wave simulation showing more than 10
dB RCS reduction at normal and oblique incidences. Fi-
nally a metasurface array was fabricated and tested ex-
perimentally, the simulated and measured results are in
good agreement in terms of absorption rate and band-
width, expect a frequency shift in terms of resonance
frequency.

Keywords: Metamaterials, Metamaterials Perfect
Absorbers, Energy Harvesting, Monostatic RCS, Polar-
izations

1. Introduction
Electromagnetic absorbing materials, or Radar Absorbing
Materials (RAM), were created both in the USA and in
Germany during the Second World War [1]. An ideal ab-
sorber looks like an effective paint or coating for all po-
larizations over a wide frequency band and a wide range
of incidences. Such material does not exist in reality and
it seems difficult to have a prototype that perfectly meets
this definition. The applications of absorbers mainly come
from the field of Electromagnetic Compatibility (EMC) and
Radar discretization [2].

In 2002, N. Engheta showed in a theoretical article [3]
that if a surface with metamaterials is placed near a per-
fectly conductive foil, in a certain frequency band, this
structure can behaves like a flat plate with a high impedance
on its upper part. Thus, if a resistive sheet is placed on this
plate of high impedance, it is possible to obtain a thin struc-
ture equivalent to an electromagnetic wave absorber which
has reduced dimensions. Several types of electromagnetic

wave absorbers have been proposed in the literature, in par-
ticular: Dielectric absorbers [4], Structural absorbers with
impedance matching [5], Resonant absorbers [6], Magnetic
absorbers [7] and Metamaterial absorbers [8]. In [8], the
first Printed Circuit Board (PCB) topology of a Metama-
terial Perfect Absorber (MPA) unit-cell at microwave fre-
quencies has been introduced. This thin structure, with the
thickness of �0/35, has been optimized to achieve an intrin-
sic impedance close to free space characteristic impedance,
hence a near unity absorption rate. This kind of MPA are
being utilized for several applications ranging from mi-
crowaves to optics and photonics, such as RCS reduction
[9], energy harvesting [10]-[11], Radio Frequency Identifi-
cation (RFID) systems [12], sensing [13], mutual coupling
reduction in antenna arrays [14] and so on. Although the
functionality of MPA for various applications, harvesting
electromagnetic energy and RCS reduction are the best suit-
able applications with MPA’s operating principle, since they
capture efficiently the up-coming electromagnetic waves on
their front side, then the energy transported may either dis-
sipated or collected depending on the desired application.
For RCS reduction by using MPA, the incoming energy
will be dissipated inside the unit-cell, since there will be no
reflection neither transmission occurs due to the matching
process between the unit-cell and the free space impedance,
hence the backscattered energy is weaker and the target will
be undetectable for certain angle of incidence and certain
frequencies. So, in this case a substrate with high loss tan-
gent is highly recommended in the design of the unit-cell.
On the other hand, if we aim to use the MPA for energy
harvesting purposes, we will have to use a substrate mate-
rial with low loss tangent and high permittivity in the de-
sign of the MPA unit-cell, this will allow us to maximize
absorption rate of incident waves and reduce energy dissi-
pation in the cell. Using metamaterial absorbers for energy
harvesting and RCS reduction has been explored much dur-
ing last decade with much appreciable performances no-
tably in terms of high absorption coefficient, wide range of
incidence angle, polarization diversity and bandwidth. In
[10] M. Dinh proposed a dual-polarized metamaterial ab-
sorber cell with double integrated rectifying circuits, the
cell operates at 3.75GHz and shows a high RF-AC effi-
ciency of 94% that preserved under a wide incident angle



Figure 1: Unit-cell geometry 3D-Design

up to 65
� in TE mode and 75

� in TM mode. In [15] Long
Li el al. present a Dual-Band rectifying metasurface with
wide range of incidence up to 60

� and with considerable
conversion efficiency at the operating frequencies.
In this paper, a new design of metamaterial absorber unit-
cell is proposed, the unit-cell performs as a perfect absorber
with near unity absorption within the frequency bandwidth,
which could be a good condidate to harvest surronding elec-
tromagnetic waves with different polarizations.

2. The proposed MPA Unit-cell Design
Figure 1 illustrates the proposed design of the metamaterial
perfect absorcber structure. The proposed unit-cell consists
of two simple concentric metallic rings etched in the cen-
ter of a square shaped FR-4 substrate with a dielectric con-
stante ("r) 4.3 and loss tangent (tan �) 0.025 . Four gaps
have been incorporated with the two concentric rings to im-
prove the absorption bandwidth, four strips have also been
merged with the two rings in order to make the cell rota-
tionally symmetrical around its z axis, due to this symmetry
purpose the cell will be able to capture efficientlly diffrent
polarized up-coming waves either circularly or linearly po-
larized ones. The structure is backed by a full coppered
reflective ground plane with the thichness of 35 µm. The
geometrical parameters of the unit-cell are listed in table 1.
Also shown in figure 1, the external excitation consiste of
two incident plane waves propagating from top to bottom
with electric feld polarized linearly in the y and x direc-
tions respectively for TE and TM modes. ~P1 and ~P2 are
the propagation vectors for TE and TM polarized waves re-
spectively.

3. Numerical Studies
3.1. Unit-Cell electromagnetic simulation

The unit-cell was simulated using commercial Computer
Simulation Technology (CST) MWS software. The struc-
ture was placed in the center of a rectangular square aper-

Table 1: Summary of Unit-Cell geometry.

Parameter size [mm]
R 6

c 0.6

d 0.4

m 4.4

y 2

g 1.4

h 0.8

L 13
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Figure 2: Absorption coefficient versus the frequency for
different polarizations of the incident waves : TE, TM,
RHCP and LHCP

ture waveguide, boundary conditions are set to be unit-cell

in the x and y direction, where open (add space) bound-
ary was applied in �z and +z directions. Such bound-
ary conditions are suitable for analyzing 2D periodic struc-
tures. Then, floquet modal analysis has been performed
from waveguide ports to get scattering parameters of the
unit-cell. The scattering parameters can be expressed with
respect to the co-polarized and cross-polarized components
by :

S11(!) = S
xx
11 (!) + S

xy
11 (!) (1)

S21(!) = S
xx
21 (!) + S

xy
21 (!) (2)

In equations (1) and (2), the co- and cross-polarized
components are denoted by ”xx” and ”xy”, respectively.
This configuration holds for an incident electric field polar-
ized in the x direction (TM mode), for the second configu-
ration where the incident electric field vector is polarized in
the y direction (TE mode) the co- and cross-polarized com-
ponents are denoted by ”yy” and ”yx”, respectively. Since
the unit-cell presents a low cross-polarization (S

xy
11 ⇡ 0)

and (S
xy
21 ⇡ 0), the absorption coefficient can be formu-

lated as follows :

A(!, ✓,') = 1� |S11(!, ✓,')|2 � |S21(!, ✓,')|2 (3)

Since the unit-cell is backed by a full reflective metallic
sheet which has the copper thickness of 35 µm, this value
remains greater than the skin depth of copper over all the

2
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Figure 3: Metamaterial unit-cell constitutive parameters.

frequency range, so this metallic plane will efficiently pre-
vent incident wave propagation in the other side, resulting
zero transmission S21 = 0 and equation (3) can be reduced
to the following form :

A(!, ✓,') = 1� |S11(!, ✓,')|2 (4)

From euqation (4), it is clearly shown that the absorp-
tion coefficient depends on the incidence angle (✓) which
also known as Elevation and on the Azimuthal angle '.
Figure 2 sketches the variation of the absorption coefficient
computed by using equation (4) under normal incidence

(✓ = 0
� and ' = 0

�). The unit-cell has been excited
with differents polarization states of the incident electric
field including linear polarizations TE and TM, as well as
circular polarizations RH and LH. We can observe from fig-
ure 2 that the response of the unit-cell is very less sensitive
to the polarization of the incident waves which proves that
the unit-cell can capture and absorbe efficiently all incident
waves. Moreover, this feature has an advantage for applica-
tions that aim to harvest surronding electromagnetic energy
or Radar applications in which the target must not to be de-
tectable by Radar screens. In addition, an absorption band-
width of 530MHz is achieved with an absorption rate above
70%. Figure 3 shows the unit-cell constitutive parameters
in real and imaginary parts as a function of frequency in the
X-band. The relative permittivity, relative permeability and
refractive index are computed using NRW modified reflec-
tion only algorithm (RO) and the three parameters are given
by following equations :

"r(!) = 1 + �e(!) = 1 +
2j

k0(!)h

✓
1� S11(!)

1 + S11(!)

◆
(5)

µr(!) = 1 + �m(!) = 1 +
2j

k0(!)h

✓
1 + S11(!)

1� S11(!)

◆
(6)

n(!) =

p
"r(!)µr(!) (7)

Where �e and �m are respectively the complex electric
and magnetic susceptibilities, ! is the angular frequency,
k0 is the free-space wavenumber and h is thickness of
the substrate. To achieve the minimum reflection from
the absorber unit-cell, the normalized effective impedance
(with respect to the free space impedance Z0 = 377 ⌦)
zeff =

p
µr(!)/"r(!) needs to be matched with the free

space impedance, so that zeff ⇡ 1 at the resonance fre-
quency. From figures 3(a) and 3(b) at 10.04GHz, zeff ⇡
0.96�j0.1 which still acceptable for ensuring good match-
ing. The refcative index can be also formulated by n(!) =

n
0
+ jn

00
, n

0
is the refractive index whereas n

00
is the ex-

tinction index, this later compute the losses in the medium.
Moreover from figure 3(c), we can see that within the oper-
ating frequency band the real part of n is near to zero while
the imaginary part has higher values due to the use of FR4
substrte having high loss tangent.

3.2. Equivalent Circuit Model Approach

In order to give a comprehensive understanding of the
impedance matching process between the MPA unit-cell
and the free space, we propose an analytical circuit model
which is based on circuit theory and transmission line the-
ory. The unit-cell with its three parts (Reflective metal-
lic sheet, Substrate and the resonator) is described by the
equivalent circuit shown in figure 4, whose parameters have
been rigorously calculated and optimized. Moreover, the
metal plane which plays the role of a reflector is modeled
by its complex impedance based on the approximation of
good conductor, this impedance is given by [16]:

Zm = (1 + j)

r
!µ

2�
= (1 + j)

1

��m(!)
(9)
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Zin(!) =
A1(!)

�
1� !

2
LC

�
�A2(!)C! + j

⇥
1� LC!

2
+A1(!)C!

⇤

A3(!) (1� LC!2 �RC!) +A1(!)�RC!A2(!) + j [2A2(!)� LCA2(!)!
2]

(8)

A1(!) = � Zc

��m(!)
tan (�s(!)h) A2(!) = Zc tan (�s(!)h) A3(!) =

1

�m(!)

Figure 4: Equivalent circuit model of the unit-cell

Where ! is the angular frequency, µ is the permeability, �
is the copper conductivity and �m is the skin depth of the
metal. Then, based on tansmission lines theory, the sub-
strate is modeled by a transmission line of length h termi-
nated by a short circuit to take into account the ground con-
nection. The input impedance seen looking into the line is
deduced by an equivalence between fields theory and circuit
theory and it is given by the following equation :

Zs(!) = j

r
µrsµ0

"rs"0
tan (�sh) = jZc tan (�s(!)h) (10)

Where �s = �0/
p
"rµr is propagation constant in the sub-

strate, "rs and µrs are the constitutive parameters of the
substrate material while Zc its characteristic impedance.
The etched metallic resonator on the top side of the sub-
strate, which is the fundamental element that controls the
cell’s resonance, is modeled by a series RLC resonant tank
which has the following impedance :

Zr(!) = R+ jL! +
1

jC!
(11)

Since, the equivalent impedance seen looking into the input
port of the circuit is calculated by equation (8). the three
unknowns circuit parameters R, L and C are calculated by
solving the following equation :

Zin(!)|!=!r = Z0 (12)

Where !r = 2⇡fr is the resonance frequency. After
solving equation (12), the values of R, L and C are found
to be respectively R = 601.62 m⌦, L = 2.54 pH and
C = 1.06 pF . Figure 5 shows the frequency response of
the circuit model compared to electromagnetic simulation
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Figure 5: Unit-Cell reflection coefficient : EM Simulation
versus circuit model responses

3.3. Effect of Incident and Azimuthal Angles on the Ab-
sorption of the MPA unit-cell

In this section, we study numerically the effects of changing
the incident and azimuthal angles of the incident electro-
magnetic waves on the unit-cell performances. MPA struc-
tures normally exhibit high absorption rate in normal inci-
dence, but when increasing the incident angle ✓ the absorp-
tion values decrease automatically due to the nonlinearity
between the reflection coefficient and the incident angle,
which is given by equations (13) and (14) for TE and TM
modes, respectively :

�
TE

(✓) =

cos (✓)�
q

n2 � sin
2
(✓)

cos (✓) +

q
n2 � sin

2
(✓)

(13)

�
TM

(✓) =

�n
2
cos (✓)�

q
n2 � sin

2
(✓)

n2 cos (✓) +

q
n2 � sin

2
(✓)

(14)

Where n is the refractive index of the MPA structure
and ✓ is the incident angle. Since the challenge in design-
ing MPA structures is to achieve a high absorption coef-
ficient for large incident angles. Figure 6 depicts the ab-
sorption spectra of the unit-cell in which the variation of
absorption coefficient is reported as a function of the inci-
dent and azimuthal angles. Note that when sweeping theta
or phi angle the other angle is fixed at 0�. From figure 6(a)
for TE mode, we note that the unit-cell shows a less sensi-
tive response to the variation of the angle ✓, and the perfor-
mance is still surprisingly quasi-uniform up-to 70

�, which
we denote by ✓max. As the angle is varied away from this

4



(a) TE(✓,' = 0�). (b) TM(✓,' = 0�). (c) RHCP(✓,' = 0�).

(d) LHCP(✓,' = 0�). (e) TE(✓ = 0�,'). (f) TM(✓ = 0�,').

(g) RHCP(✓ = 0�,'). (h) LHCP(✓ = 0�,').

Figure 6: Absorption Spectra of the unit-cell for different polarizations : Elevation angle ✓ test : (a)-Mode TE,(b)-Mode
TM,(c)-RHCP and (d)-LHCP. Azhimutal angle ' test (e)-Mode TE, (f)-Mode TM, (g)-RHCP and (h)-LHCP.

value (✓max = 70
�), the absorption rate becomes less than

70% practically for the whole spectral badwidth. From fig-
ures 6(b), 6(c) and 6(d) similar effects, but with the value
✓max = 80

� of theta, have been observed when exciting
the uni-cell with TM modes. The signification of the maxi-
mum value of theta lies in how large the angle of incidence
the unit-cell can support for the absorption of the incoming
electromagnetic wave. So, all the electromagnetic waves
arriving with an angle of incidence whose value is included
within the aperture angle ✓max of the absorber cone will
be captured efficiently by the unit-cell with the minimum
reflection as explained in figure 7. This structure has been
designed to be rotationally symetrical around its z axis, this
fact is clearly observed in figures 6(e), 6(f), 6(g) and 6(h)
where the response is insensitive to the variation of ', re-
spectively for TE,TM, RHCP and LHCP polarizations and
the unit-cell exhibits a constant absorption coefficient.

4. Metasurface RCS Reduction Capability
In this section, a demonstration of the metasurface RCS
reduction capability is given with respect to the incidence
angle at the maximum absorbance frequency point. The
metasurface is built by arranging 12 ⇥ 12 unit-cell in two
dimensions. At normal incidence, the RCS reduction by a
metasurface consisting with M ⇥N unit-cells is expressed
as [9] :

RCSRnormal = 20 log

�����

MX

m=1

NX

n=1

Emne
ik0�mn

����� (15)

Where Emn and �mn are respectively the amplitude
and phase of the reflected electric field of the cell in row
m and colum n of the metasurface, and k is the wavenum-
ber of the incident wave in free-space. By using equation 8,
we can easily obtain the RCS reduction trough substituting
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Figure 7: Unit-cell maximum width angle
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Figure 8: Monostatic RCS versus the elevation angle ✓ of
the metasurface and equal-sized PEC at 10 GHz

the amplitude and phase of the reflected electric field by the
unit-cell. For an oblique incidence at angles ✓ and ' the
RCS reduction is given by the following equation :

RCSRoblique = 20 log

����
E (✓,')

Ei

���� (16)

Where Ei is the magnitude of the incident electric field vec-
tor, and E (✓,') is the reflected back electric field by the
whole metasurface array cells which can be expressed by :

E (✓,') =

MX

m=1

NX

n=1

Emne
ik0[(m�1)dx cos'+(n�1)dy sin'] sin ✓

(17)
The monostatic RCS of the metasurface has been com-

puted numericaly using HFSS, where excitation with plane
waves in spherical coordinates was used to illuminate the
metasurface array at the frequency of interest (10 GHz). In
order to test the RCS reduction for different values of the
incidence angle, we sweeped the angle ✓ from �180

� to
+180

� while the angle ' was fxed at 0�. Then the same
simulation setup has been performed to compute the mono-
static RCS of equal-sized PEC sheet to the metasurface and
results are shown in figure 8. We can see clearly that the
metasurface contributes to reduce the monostatic RCS in

Figure 9: Fabricated metasurface array (12⇥ 12) cells

Figure 10: Free-space measurement setup

all the range of ✓ where the RCS reduction reached 10 dB
or more at normal incidence.

5. Experimental results
In order to evaluate the performances of the metamaterial
absorber unit-cell and verify its performances, we fabri-
cated a square prototype of 144 unit-cells. Figure 9 shows
the fabricated sample on FR4 epoxy substrate with total di-
mensions of 15.3 ⇥ 15.3 ⇥ 0.08 cm

3. Figure 10 describes
the measurement setup used to evaluate the absorption co-
efficient in the free-space. Accordingly, two X-Band horn
antennas were used to transmit electromagnetic waves and
receive the reflected signal from the metasurface, an Agi-
lent Power Network Analyser (PNA) is used to excite the
transmitter and measure the S-parameters of the sample.
The far-fleld distance was fixed at 0.92 m. The measure-
ment setting can be summarized as follow : first the re-
flection coefficient from a conductive plat, which has the
same dimensions of the sample, was extracted through the
measured scattering parameter (S21), then the metalic plat
was replaced by the metasurface absorber which its reflec-
tion coefficient was extracted also through measured trans-
mission coefficient (S21). The final reflection coefficient of
the metasurface was calculated through the substraction of
the two measured reflection coefficients. Finally, The ab-
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Figure 11: Simulated and measured absorption coefficient
at normal incidence

sorption coefficient was calculated by using equation 4 as-
suming normal incidence and measured results are reported
in figure 11. The measured results are in good agreement
with numerical results in terms of the absorption rate and
the absorption bandwidth, except that a frequency shift was
observed between the two results. This discrepancy is prob-
ably due to the manufacturing tolerances and the measure-
ment setup imperfections.

6. conclusion
In this work, a metamaterial absorber unit-cell has been de-
signed and simulated numericaly and the obtained results
showed that the absorption is above 70% within the fre-
quency bandwidth of 560 MHz, the unit-cell has the capa-
bility to absorb elecctromagnetic waves with different po-
larizations. A circuit model has been developed providing
physical insights into the matching process with the free-
space characteristic impedance to achieve full absorption.
The monostatic RCS reduction of the metasurface array has
been proved with 10 dB and more reduction at normal and
oblique incidences. The absorption coefficient of a (12⇥12)
metasurface array was calculated experimentally under nor-
mal incidence which has a near unit absorption rate at 10.45
GHz.
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Abstract: Epsilon Near Zero (ENZ) materials is one of the most interesting group of metamaterials showing 
fascinating response to the electromagnetic waves and hence it creates a new realm for fabricating new optical 
and optoelectronics devices [1]. Such behaviors basically stem from interaction of light with possible resonances 
in a substance altering the dielectric permittivity [2]. Therefore, knowing a wide range of materials with such a 
capability is necessary and it enables us to design devices with desired operational wavelengths and performance. 
In this work, a complete set of natural materials, including metals, semiconductors, oxides, halides and other 
materials, which have dielectric permittivity around zero, together with different quality factors will be presented. 
We will discuss different quality factors for various applications and eventually introduce best candidates for 
those applications. Ultimately, this study provides a tool the metamaterials and materials science community to 
design ENZ-based devices with high efficiency and desired characteristics.  
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Abstract: Dirac-cone-based zero-index materials (ZIM) consisting of dielectric with air-hole array have been 
demonstrated to overcome the difficulties in ZIM such as ohmic losses and low integrability. However, Dirac-
cone-based ZIMs suffer from narrow bandwidth in the near-zero-index (NZI) region. The proposed broadband 
NZI waveguide, which can sustain multiple Dirac-cone resonances, achieve the broadband (105 nm in the 
telecommunication region) NZI behavior. The achieved bandwidth of NZI is around 2 times larger than that of the 
reported Dirac-cone-based ZIMs. 
1. Introduction 

ZIMs have attracted attention because of their exotic optical properties such as infinite effective wavelength 
and phase-free propagation1-5. Such extreme properties have inspired a variety of applications including super 
coupling, electromagnetic cloaking, and quantum optics1. Dirac-cone-based ZIMs are considered to be promising 
ZIMs owing to their superior properties such as without ohmic loss and high integrability. However, its narrow 
bandwidth of the NZI region prevents it from being applied in practical devices. Here, we proposed a broadband 
NZI waveguide that can sustain multiple Dirac-cone resonances. The bandwidth of the NZI region (|𝑛𝑛| < 0.1) is 
≈ 105 nm in the telecommunication region, which is 2 times larger than that of the previous studies2-3. 
2. Design and simulation 

The Dirac-cone-based NZI waveguide consists of a 220 nm thick Si waveguide with an air-hole array with a 
period = 640 nm and radius R = 0.227*Period on SiO2 substrate as shown in Figure 1(a). To characterize the 
waveguide, the light with free-space wavelengths λo from 1430 to 1670 nm was launched from the bottom of the 
waveguide. The distribution of out-of-plane magnetic field Hz in Figure 1(b) shows the wave propagation behavior 
when the light incident into the NZI waveguide. The distance between the nodes is near infinite as the free-space 
wavelength approaches 1550 nm which indicates NZI behavior. To further investigate the relationship between 
air-hole size and the resonant wavelength, the NZI waveguides with the different air-hole sizes that sustain Dirac 
resonances with different wavelengths have been studied as shown in Figure 1(c) and (d) (effective index is 
estimated by assuming a wave with spaced nodes in the waveguide with a free-space wavelength λo as Δl = λo/2neff

2 
(Δl: distance between two nodes)). The occurrence of infinite effective wavelength is found to be increased with 
the smaller air-hole size. The NZI waveguides with three different air-hole sizes with NZI behavior covering the 
wavelength range from 1430 to 1670 nm is shown in Figure 1(d). 

 
Figure 1. (a) Schematic of the NZI waveguide. (b) The distribution of the Hz in the when the light is launched from the bottom of NZI waveguide with λo = 

1470, 1550, and 1630 nm, respectively. The (c) effective wavelength and (d) effective index of the NZI waveguide as a function of wavelength.  



The proposed broadband NZI waveguide can sustain multiple Dirac-cone resonances to realize broadband 
NZI as shown in Figure 2(b) and (c). The distributions of Hz of the unit cell for the wavelength = 1520, 1540, and 
1560 nm are shown in Figure 2(a) and (b) for NZI waveguide and broadband NZI waveguide. Although the unit 
cell of conventional NZI waveguide can well sustain the Dirac-cone resonance (magnetic dipole) for the light with 
wavelength = 1540 nm, the phase-shift can be observed when light with wavelength = 1520 and 1560 nm, 
respectively as shown in Figure 2(a). On the contrary, the proposed broadband NZI waveguide with the unit cell 
with two different air-hole pairs (Ra = 0.127*Period, Rb = 0.277*Period) can sustain resonances for a wider 
wavelength range. As shown in Figure 2(b), the distributions of Hz indicate that there is no phase-shift for the 
incident light wavelength = 1520, 1540, and 1560 nm. Figure 2(c) shows the effective index and effective 
wavelength vary the incident wavelength for the proposed broadband NZI waveguide. The bandwidth of the NZI 
region (|𝑛𝑛|<0.1) is found to be ≈ 105 nm. 

 
Figure 2. (a) Schematic of the broadband NZI waveguide and the Hz of the unit cell with incident light wavelength = 1520, 1540, and 1560 nm for (a) NZI 

waveguide and (b) broadband NZI waveguide (c) The effective wavelength and effective index of the broadband NZI waveguide as a function of wavelength. 

3. Discussion and conclusion 
The broadband NZI waveguide based on multiple Dirac-cone resonances has been demonstrated. The bandwidth 
of the NZI region (n < 0.1) is 105 nm, which is 2 times larger than that of previous studies2-3 (order of 40 nm). 
Since the proposed device can be fabricated by the standard complementary metal-oxide-semiconductor 
fabrication process and be designed in telecommunication, it is promising for applications in the photonic 
integrated circuit. The proposed dielectric-based broadband NZI waveguide opens new possibilities for the 
applications of ZIMs. 
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Abstract: Plane wave backscattering of a conducting cylinder coated by a layer of metamaterial having 
dispersive constitutive parameters with an intervening air gap is investigated by using the boundary-value 
technique. The results indicate that it is possible to achieve an extremely low radar echo width over a broad 
range of frequencies. Further investigations on the total scattering cross section for the TM incidence for DNG 
type metamaterial appear to strengthen the belief that a broadband cloaking is possible with this geometry. 

 
The two-dimensional scattering characteristics of an infinitely long cylindrical conductor coated by a layer 

of dispersive metamaterial with an intervening air-gap and its potential for cloaking applications is investigated 
in the present article. The scattering characteristics of a coating with no dispersion and an intervening dielectric 
gap were studied first and the observed results of normalized back scattering were validated by those presented 
by Li and Shen [1]. The same analysis was carried out by replacing the dielectric layer with an air gap. For 
cloaking applications, the RCS has to be minimized as much as possible over a broad range of frequencies and 
will only be achieved if scattered power is minimum. It is believed that the lossy nature of the metamaterial layer 
in view of both ε and μ being complex and the presence of air gap, the scattered power and RCS can be reduced 
significantly. It is possible in principle to achieve broadband cloaking over a broad range of frequencies and this 
may lead to design of sensors for biomedical applications [2]. 
 

 

Figure – 1 Geometry of the problem.  



 

Figure – 2 Real parts of relative permittivity, , and permeabilility, , of Rods and Rings media vs. 

frequency. 
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Figure – 3 Normalized backscattering width (TM polarization) versus frequency of Rings and rods media 
coating with c/a = 1.3. 
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Abstract: Recent progress on theoretical studies on the interplay of phonons and quantum spins in chiral 
materials will be presented. I will put emphasis on how to understand “truly chiral phonons” and its essential 
roles in the so called “chirality-induced spin selectivity (CISS)” phenomena. 

 
The fields of chiral magnetism, chiral photonics, chiral elasticity, chiral phononics, and chiral plasmonics 

have emerged and developed significantly in the field of materials science. Each field has different origins, and 
separate research fields have been formed for each subsystem, such as magnetism, optics, elasticity, and 
electronics. The guiding principle that "chirality is directly related to material function" is common to all these 
fields. Behind this principle lies the fundamental question of the relationship between helical structure 
(geometric symmetry) and dynamics, in other words, the relationship between chiral structures and functions.  

The author has been working to establish a unified viewpoint in chiral materials science by linking 
magnetism, light, and elasticity under the concept of chirality.1 In chiral materials, the left-right chiral structure 
of microscopic-scale atomic blocks is inherited by the chirality of macroscopic crystals. Therefore, the symmetry 
of the microscopic and macroscopic structures is directly connected, which strongly limits the dynamics of 
quantum currents such as elastic waves, photons, spin currents, and electron currents (Figure 1).  The essence 
of chiral structures lies in their "ability to spontaneously induce the coupling of translation and rotation," as 
symbolized by the spiral staircase. As a result, the translational motion and spin of these quantum currents are 
coupled in the chiral material. The polarization degrees of freedom 
(helicity) of different quantum currents are cross-connected and 
transferred to each other. In this presentation, I will discuss the 
recent research results and future prospects on the following two 
topics, where theoretical and experimental results are well 
harmonized. 

(1) Phonons in chiral crystals: The study of lattice vibrations in 
chiral crystals has been surprisingly sparse until recently. The 
reason is that the usual elasticity theory cannot produce a 
pseudoscalar energy term that reflects the effect of crystal chirality. 
In an attempt to overcome this point, we introduce phonon theory 
based on micropolar elasticity theory.2 Next, I will review a recent 
experiment to detect chiral phonons by circularly polarized Raman 
in the chiral crystal HgS. 3  

(2) Chirality Induced Spin Polarization (CISS): To search for the physical meaning of material chirality is 
equivalent to be an exploration of "phenomena caused simply by material being chiral.” In this respect, the CISS 
phenomenon is remarkable, where the chirality of molecules and crystals induces quantum spin polarization. To 
understand this phenomenon, we propose an idea that it is necessary to take account of not only electron orbital 
and spin but also the nuclear vibration degrees of freedom. 4 



Acknowledgements 
 I acknowledge A.S.Ovchinnikov for collaboration. I also acknowledge Y. Togawa, T. Satoh, H. Yamamoto, H. 
Kusunose for fruitful discussions. This work was supported by JSPS KAKENHI, Grant-in-Aid for Scientific 
Research (B), 21H01032. 
 
References 
1. J. Kishine, and A.S. Ovchinnikov, Theory of monoaxial chiral helimagnet, Solid State Physics 66, 1-130(2015) 
2. J. Kishine, A.S Ovchinnikov, and A.A. Tereshchenko, Chirality-induced phonon dispersion in a noncentrosymmetric 

micropolar crystal, Physical Review Letters 125 (24), 245302 (2020) 
3. Kyosuke Ishito, Huiling Mao, Yusuke Kousaka, Yoshihiko Togawa, Satoshi Iwasaki, Tiantian Zhang, Shuichi 

Murakami, Jun-ichiro Kishine, Takuya Satoh, Truly chiral phonons in α-HgS observed by circularly polarised Raman 
spectroscopy, arXiv:2110.11604 

4. Akihito Kato, Hiroshi M. Yamamoto, Jun-ichiro Kishine, Chirality-Induced Spin Filtering in Pseudo Jahn-Teller 
Molecules, arXiv:2111.12917 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Analog computing with short-pulsed metamaterials 
C. Rizza1*, G. Castaldi2, and V. Galdi2 

1Department of Physical and Chemical Sciences, University of L’Aquila, L’Aquila, I-67100, Italy 
2Department of Engineering, Fields & Waves Lab, University of Sannio, Benevento, I-82100, Italy 

*corresponding author: carlo.rizza@univaq.it 
 
Abstract: We investigate short-pulsed metamaterials (SPMs), a class of temporal metamaterials characterized 
by a time-varying dielectric permittivity waveform of duration much smaller than the characteristic 
wave-dynamical timescale. We investigate the electromagnetic scattering of a wavepacket interacting with an 
SPM, and we identify intriguing configurations for which an SPM can perform the first and second derivatives 
of the incident wavepacket. SPMs can be viewed as the temporal counterpart of spatial metasurfaces, thus they 
could open up new perspectives within the framework of space-time metastructures.  
 

Conventional metamaterials, and metasurfaces (3D, 2D structures), usually arrangements of subwavelength 
meta-atoms, are engineered to achieve an unusual/advantageous electromagnetic response. Recently, 
reconfigurable metamaterials, whose electromagnetic features can be rapidly modulated in time, have attracted a 
good deal of attention. Thus, several concepts introduced in spatially modulated metamaterials have been 
translated to temporal configurations [1]. For example, a temporal metamaterial (i.e., a spatially unbounded 
medium where the dielectric permittivity is rapidly modulated in time) can be viewed as the temporal analog of 
spatial, volumetric multilayered metamaterials [2,3].  
 Here, we investigate short-pulsed metamaterials (SPMs), a class of temporal metamaterials characterized by 
a time-varying dielectric permittivity waveform of duration much smaller than the characteristic wave-dynamical 
timescale. Via a multiscale asymptotic analysis, we develop a compact formalism elucidating the role of the 
time-reversal symmetry breaking and local/nonlocal effects characterizing the SPM regime. Remarkably, we 
prove that SPMs can be exploited to synthetize some elementary analog-computing functionalities, such as the 
first and second derivatives. As schematized in Fig. 1 (a), we consider an electromagnetic wavepacket (with a 
characteristic timescale t ) propagating in a spatially unbounded, nonmagnetic, temporal metamaterial, 
described by a time-varying relative dielectric permittivity, namely 
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The first one is attained when 1 2eff   = , thus the reflection coefficient is dominated by the nonlocal term 
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. The second one is when 1 2 0, 0eff   = =  , where the reflection coefficient is merely given by 
2
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. 

Therefore, in the first (second) regime, the SPM performs the first (second) derivative of the incident 
wavepacket profile, as showed in Fig.1(b) and (c) for an incident Gaussian wavepacket.   
   

 
Fig. 1 (a) Conceptual illustration 

of an SPM. (b), (c) The normalized 
backward wave profile 

0/rD D at 

time * 5 tt =  predicted by 

full-wave simulations (blue-solid) 

[see Methods in Ref.3] and our 

multiscale theory (orange dashed) 
for the SPMs described by the time-varying dielectric permittivities showed in the insets with / 2t = . Here, the incident Gaussian 
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Abstract: A twisted stack of plasmonic nanostructures with three-fold symmetry showing large dichroic 
response is studied. Simulations indicate that the interactions between the two elements play a key role on 
determining the circular dichroism in the total optical loss. In particular, coupled absorption modes are 
responsible for circular dichroism values up to 0.6 in the visible and near-infrared range. 
 

Our work is focused on the design and simulation, using the Finite-Difference Time-Domain (FDTD) 
method, of a simple 3D structure that presents large circular dichroism (CD) in the Near-Infrared range (NIR) 
that can be easily tuned by adjusting its geometrical parameters.  

The building block used in this work as the primary source of planar dichroism, the so-called “triskelion”, 
shows a 3-fold rotational symmetry (Fig. 1c). A single triskelion shows significant dichroism in both the 
absorption and scattering, while presenting null dichroic response in the extinction since the two dichroic signals 
cancel each other owing to its planar nature [1]. However, when two triskelia are settled to form a non-planar 
structure, a remarkable dichroic difference in the extinction spectra may be found under right-hand and left-hand 

Fig. 1. Results for the simulation of the absorption (a) and scattering (b) cross-section spectra for a single 
triskelion, and the corresponding spectra, (d) and (e), respectively, for a stack of two triskelia with a relative 
rotation angle of 30° and 30 nm of separation between them. Right panels (c) and (f) show schematic 
representations of a single triskelion and the triskelion stack, respectively. 



Fig. 2. Circular dichroism calculated for the absorption, scattering, and extinction cross-sections as a function of both the 
edge-to-edge separation (a), (b), and (c), and the relative rotation angle between the two triskelia (d), (e), and (f).  

circularly polarized light, RCP and LCP, respectively (Fig. 1) [2]. Among the numerous possible 
three-dimensional arrangements of these 2D motifs, we have focused on a system consisting of a stack of two 
parallel triskelia with a common direction of their respective 3-fold rotation axes, as shown in Fig. 1f.  

The simulations also reveal that the dichroic signal in the extinction of the two triskelia system is mainly 
due to two extra excitations, not present in the single triskelion case, exhibited by the absorption at wavelengths 
greater than 0.7 and 1.1 µm, respectively. Furthermore, the position of these two peaks can be shifted by 
changing either the edge-to-edge distance between the triskelia or their relative angle of rotation (Fig. 2) [2]. 
This strongly supports the fact that these additional excitations are caused by the interactions between the two 
triskelia. Such shifting also enables an accurate control of both the wavelength ranges at which the CD appears 
and its sign. The CD is computed as follows. 

 
 
 
Further simulations of the near-field distribution of the electric field for several values of the relative 

rotation angle have been performed too, providing deeper insight into the effect of the symmetry on the CD in 

the total optical loss.  
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Abstract: The study was to verify the parameters and possible adaptation for application of structures for EMC 
VEHICULAR. The study compared the shielding effectiveness of a metallic panel with holes and a metallic panel 
with dots, both on a dielectric substrate in a frequency range 0 - 1.5 GHz. 
 
Shielding Effectiveness 
In order for there to be shielding in a given structure, it is necessary to consider several factors and parameters, 
including the materials used in their manufacture, in order to achieve satisfactory shielding effectiveness. This article 
presents a comparison of the shielding effectiveness of two periodic structures, figure [1] consists of openings in a 
metal plate and figure [2] consists of a finite number of conductive patches, both in a dielectric structure. 

                  
                    Fig. 1-(a) Metallic Panel with Holes (b) Metallic Panel with Dots 
 

Shielding Effectiveness (SE) Total SE can be by the sum of contributions survey loss of absorption (SEA), loss 
of reflection (SER) and multiple reflections, that is SEtotal = SEA + SER + SEM. SE of a material can also be 
defined as the ratio between the transmitted power Pt and the incident power P0[1]. Whose sum (A + R + T) is 
equal to 1. The transmittance(T) value can be measured from the ratio between Pt and P0, that is, T = (Pt/P0). 
Thus, SEtotal of protective material can be written as [6]: SEtotal = −10log(T). 
 
Result 

Table 1- Dimensions 
 

 a Hole/dot 

Periodicity (cm) 

ɛr Dielectric 

Permitsivity 

µ Metal 

Permeability 

h Dielectric 

Thickness(cm) 

t Metal Thickness 

(cm) 

Fig. 1a- Metallic Panel with Holes 0.5 4.4 1 0.15 2e-3 

Fig.1b- Metallic Panel with Dots 2.5 4.4 1 0.15 2e-3 



 

 
Fig.2 Shielding Effectiveness (a)metallic panel with holes (b) Metallic Panel with Dots 

 
Figure 2(a) shows the shielding effectiveness of the structure shown in Figure 1(a). Its highest value was 71.25 
dB. Figure 2(b) shows the shielding effectiveness of the structure shown in Figure 1(b). Its highest value was 
0.6993 dB. 
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Abstract: Multiphoton photoluminescence is a fundamentally important nonlinear process applied in 
microfabrication, data storage, and biological imaging. In general, nonlinear processes are much weaker 
compared with linear ones. We have studied multiphoton photoluminescence in perovskite metasurface and 
single AlGaAs nanoresonator and achieved significant enhancement in the vicinity of the Mie resonances.  

 
 

Multiphoton absorption and photoluminescence have gained a significant attention due to the opportunity to 
expand fundamental knowledge and to find potential applications. Multiphoton processes are applied for optical 
storage [1], biological imaging [2], and microfabrication [3]. However, because of low efficiency high-order 
nonlinear processes require high intensity of excitation. Considering this, nanophotonics designs were applied 
for increasing multiphoton luminescence efficiency [4, 5].  

This work focuses on multiphoton photoluminescence (Fig. 1a) from resonant metaphotonics structures. 
First, we studied three-photon photoluminescence from metasurface based on MAPbBr3. By adjusting the 
resonance to the wavelength of exciting radiation, we obtained a significant amplification of the local 
electromagnetic field and decrease of amplified spontaneous emission (ASE) threshold by 50 times. Second, we 
studied five-photon photoluminescence from a single AlGaAs subwavelength cavity. We observed 
photoluminescence only when it was excited by a resonant wavelength radiation. The perovskite-based 
metasurface was fabricated with a standard electron-beam lithography process (top Fig. 1b). The thickness of 
perovskite film is 200 nm, whereas photoresist grating has a period of 810 nm and a thickness of 410 nm. The 
top-view scanning electron microscopy (SEM) image of the metasurface obtained is shown at the bottom of Fig. 
1b. The proposed design of the perovskite metasurface should provide a significant enhancement of the local 
electromagnetic field. We measured three-photon luminescence excited by radiation with a wavelength of 1300 
nm and revealed that ASE threshold for the pristine film to be 111 mJ/cm2 (Fig. 1c), whereas photoluminescence 
of perovskite metasurface demonstrated the higher intensity and the ASE threshold of 2.2 mJ/cm2. 

In addition, we studied five-photon photoluminescence of a single subwavelength Al0.2Ga0.8As resonator in 
the vicinity of the Mie resonances. We demonstrated that the upconversion photoluminescence is not detectable 
outside of the spectral range of the resonant mode. All the results obtained are explained within the framework 



of the model developed in [6]. According to the model, the photoluminescence intensity has the following 
dependence of excitation intensity: IPL~IN(1+γ), where N – is the order of process and γ is the photoluminescence 
quantum yield factor. The latter has a significant dependence on excitation intensity and lies between 0 and 1. 
The result of the model application is presented in Fig. 1c by the black solid line and has good agreement with 
experimental data. 

 
Figure. 1. Multiphoton photoluminescence. (a) Concept of multiphoton photoluminescence. (b) Schematic of a 
perovskite metasurface and its SEM image. (c) Comparison of three-photon photoluminescence in a perovskite 
film (red open circles) and a perovskite metasurface (blue open circles), black solid curves are modeling results.  

 
In summary, we have studied numerically and experimentally multiphoton photoluminescence in different 

resonant metaphotonic structures. We have observed the significant enhancement of three-photon 
photoluminescence and a 50-fold decrease of the threshold of three-photon amplified spontaneous emission in a 
perovskite metasurface compared to a perovskite film. In addition, we have observed the significant 
enhancement of five-photon photoluminescence in an AlGaAs nanoresonator due to Mie resonances.  
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Abstract: Chirality is inherent to Nature and happens on all scales from the fundamental biological building 
blocks up to the structure of galaxies. A pair of mirror-image molecules, called enantiomers, often give rise to 
tremendous differences in protein function, cell communication and organism health. The chirality of molecules 
is usually characterized via chiroptical effects using illumination with left and right circularly polarized light 
beams. However, due to the scale mismatch between the helical pitch of atoms in molecules and the wavelength 
of light, these chiroptical effects are inherently low and it remains challenging to sense and separate enantiomers. 
Recent advancements in nanophotonics offer solutions to overcome these limitations by enhancing chiral 
light-matter interactions by using chiral nanoparticles, metasurfaces or metamaterials. In this work, we report on 
the development of a setup dedicated to perform linear and nonlinear spectroscopy of chiral photonic 
nanostructures and on the investigation of the chiral behavior of selected nanophotonic platforms.    

 
Chiroptical responses can be dramatically enhanced by subwavelength nanophotonic structures, i.e. when 

chiral molecules are located close to plasmonic or dielectric nanomaterials.1 Numerous approaches to design 
nanophotonic structures to enhance the optical activity have been developed. At the Nano Institute Munich 
(LMU), we recently built a setup for performing linear and nonlinear optical spectroscopy in chiral nanophotonic 
structures. The setup, schematically depicted in Figure 1, consists of a transmission microscope, which can be 
illuminated using either a white light source or femtosecond (fs) or picosecond (ps) laser. Circularly polarized 
light (CPL) is generated using polarizers and a quarter wave plate (QWP). The polarization can conveniently be 
varied between right- and left circular polarized light, RCP and LCP, respectively, by blocking one of the two 
beam paths generating horizontal or vertical polarization.  

 
Figure 1. Scheme of the experimental setup developed for 
investigating the chiral response of nanophotonic 
structures. fs: femtosecond laser. ps: picsecond laser. M 
(solid black line): mirror. FM (dashed black line): fixed 
flip mirror. PBS: polarizing beam splitter. HP: horizontal 
linear polarizer. VP: vertical linear polarizer. QWP: 
quarter wave plate. Obj: microscope objective. DF: 
dark-field condenser. To generate RCP or LCP light either 
the HP or VP beam path is blocked. 

 



With the aid of this setup, we are trying to optimize the chiroptical response of such plasmonic and dielectric 
nanostructures by studying them on all scales from 1D chiral nanoparticles, 2D chiral metasurfaces and 3D 
chiral metamaterials. The chiroptical response is characterized via circular dichroism (CD) measurements by 
analyzing the differential light absorption upon illumination with left or right circular polarized light, LCP and 
RCP, respectively and by comparing the results with electromagnetic simulations. An overview over the 
different examined platforms is shown in Figure 2.  

 
Figure 2. Selected examples of the different chiral platforms. a) SEM images of chiral left-handed (left) and 
right-handed (right) plasmonic particles. b) SEM image of a 2D chiral dielectric metasurface (amorphous Si). c) 
Left: SEM top-view of the 3D chiral dielectric metamaterial (amorphous Si). Right: AFM measurement showing 
the height difference between the meta-atoms revealing the three-dimensionality.  

 
One dimensional chiral plasmonic particles were synthesized via a solution-based approach from cubic 

shaped particles. The handedness can be controlled by illuminating the particles with RCP and LCP light inside a 
gold growth solution, where gold ions get reduced on plasmonic hot spots.2 Ensemble and single particle 
measurements were performed using a dark-field condenser revealing clear chiral signatures. Two-dimensional 
chiral metasurfaces were fabricated via standardized electron-beam lithography (EBL) approaches. 
Electromagnetic simulations were performed to simulate the chiral density from E-field and H-field intensity 
plots. Such a chiral 2D metasurface was combined with perovskite nanocrystals to study their 
polarization-dependent photoluminescence.3 Three-dimensional chiral metamaterials with different heights of 
the meta-atoms were fabricated by aligning two EBL processes towards each other. The metamaterial was 
designed to support sharp resonances by shaping quasi bound states in the continuum (q-BICs) occurring for one 
polarization while being uncoupled from the other.4 Details on the experimental setup and on the theoretical 
background will be presented and illustrated with the optical measurements and electromagnetic simulations for 
the selected nanophotonic platforms.  
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Abstract: In this talk, we will report a method of detecting small chiral particles by using the C lines (i.e., lines 
of polarization singularities) in the scattering field of a metal sphere. We will show the absorption dissymmetry 
of deep-subwavelength helices at different positions on the C lines, which can be much larger than that induced 
by circularly polarized plane wave excitation. We will also discuss the effect of the helix’s anisotropic properties 
on the absorption dissymmetry. 
 

Chirality is a universal property of symmetry in nature that plays important roles in physics, chemistry, and 
biology [1]. We propose a new method to detect chiral particles by using the C lines of a gold sphere excited by 
linearly polarized light (see Fig.1. (c)) [2]. We show that the C lines can give rise to larger dissymmetry factor of 
absorption compared to normal plane waves of circular polarization. We focus on two types of C lines (see Fig.1. 
(a) and (b)) that are attributed to different multipoles induced in the gold sphere. We find that the C lines with 
higher-order multipoles can give rise to larger dissymmetry factor compared to the C lines dominated by electric 
dipole. Since a metal sphere is one of the simplest structures in nano fabrications, the proposed method (without 
using chiral excitations or chiral structures) should be easier to implement compared to previous proposals that 
involve complex structures and delicate designs. Our results can generate novel applications in optical sensing, 
optical manipulations, and chiral quantum optics. 

 
Fig. 1. (a) Type-I C line of the gold sphere at λ = 950 nm. (b) Type-II C line of the gold sphere at λ = 1680 nm. 

(c) Schematic for chiral discrimination by the Type-I C line. 
 

The work described in this paper was supported by grants from the Research Grants Council of the Hong 
Kong Special Administrative Region, China (Project No. CityU 11306019) and the National Natural Science 
Foundation of China (Project No. 11904306) 
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Abstract: The notion of synthetic dimensions in artificial photonic systems has received considerable attention 
as it provides novel methods for exploring hypothetical topological phenomena as well as potential device 
applications. Here, we demonstrate nanophotonic manifestation of a two-dimensional topological nodal phase in 
bilayer resonant grating structures. Using the mathematical analogy between a topological semimetal and 
vertically asymmetric resonant grating structures, we show that the interlayer shift simulates an extra momentum 
dimension for creating a two-dimensional topological nodal phase. 

 
Along with the growing interest in the topological insulators [1], the search for diverse topological phases of 

matter has been emerged as a new frontier in the field of quantum materials. A remarkable discovery is the 
topological nodal phases [2] as found in the Dirac or Weyl semimetals [3]. They show topologically nontrivial 
regions in their gapless band structures possessing an exotic surface state on the Fermi arcs. In this regard, the 
novel topological notions are found in various wave systems such as electronic [4], atomic  [5], phononic [6], 
and photonic [7] lattices. Importantly, these systems show additional phenomena associated with non-Hermitian 
[8] and high dimensional topological phases [9]. Although such phenomena are of fundamental interest and also 
hold some potential for practical applications, they often imply hypothetical potential distributions that have no 
counterparts in the existing condensed matter systems. 

Within this context, the concept of synthetic dimensions [10] represent the non-spatial degrees of freedom 
which are parametric replacements of actual spatial dimensions of a system Hamiltonian, offering new schemes 
for experimentally realizing high-dimension topological phenomena in simple low-dimensional systems. For 
instance, three-dimensional (3D) Weyl points have been reported in 1D photonic lattices, sonic crystals, and 2D 
ring-resonator systems taking geometrical shape factors or on-site frequency components as synthetic-dimension 
parameters. Thus, the use of synthetic dimensions provides efficient means to implement fundamental 
topological phenomena as well as additional functionalities enabling one-way frequency conversion, topological 
rainbow trapping, and vortex beam generation. 

In this paper, we propose bilayer resonant gratings as a new platform for constructing photonic topological 
nodal phases in a synthetic momentum dimension. We show that the interlayer shift simulates a synthetic 
wavevector controlling the complex Berry (cBerry) phase of non-Hermitian photonic band structures. Previously, 
the interlayer shift has been treated as a Hermitian band-tuning parameter for the flat or Dirac-crossing 
dispersion relations in multilayer photonic systems such as twisted bilayer photonic crystals, photonic fishbone 
lattice, Moire metasurfaces.  

Here, we take a further step towards the non-Hermitian topological physics, where the characteristic band 
tuning effects are understood as natural consequences of the topological phase transition while the 
non-Hermiticity suggests intriguing opportunities for novel probing and resonance control schemes. As shown in 
Fig. 1, we provide complex band structures of guided-mode-resonance (GMR) states over a 2D 
synthetic-momentum space, an analytic theory based on the photonic analogy of topological semimetals, and 
consistent rigorous numerical calculation results. Therein, the topological phase transition emerges with an 
edge-state dispersion connecting two Dirac points. Intriguingly, these characteristic features clearly appear in the 



far-field intensity distributions as resonance spectra potentially useful for variety of nanophotonic applications in 
practice. 

In conclusion, we propose a 1D bilayer subwavelength grating structure for the 2D topological nodal phases 
in an efficiently controllable synthetic dimension. The degree of the interlayer shift provides an additional 
synthetic momentum dimension required for DP formation in a simple 1D lattice structure. We show that the 
proposed synthetic dimension supports fundamental physics related to the non-Hermitian 2D topological nodal 
phases involving the characteristic complex band structures, quantized complex Berry phase, topological 
localization, and their interaction with the radiation continuum. The numerical results for open boundary 
dispersions show the complex gapless dispersion of the topological edge states which connect the two DPs in the 
topologically nontrivial region of the synthetic dimension. 
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Fig. 1. New approach for manifesting topological nodal phases by using bilayer resonant gratings. (a) Schematic of bilayer resonant 

gratings and its complex photonic band structures. (b) Bloch sphere representation b of the lower-band eigenvector for geometric picture 

of the quantized complex Berry phase. (c) Reflection spectra for localized topological states and their spatial distributions. 
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Abstract:  In that work, we investigate numerically photonic topological insulators based on the valley Hall

effect. Linear waveguides are coupled  to triangular cavities, and a semi-analytical  model is used to evidence the

relation between a weak back-scattering along light propagation and the shape of the transmission spectrum

through the resonator.

Photonic topological insulators are thoroughly investigated for recent years due to their great

ability to conduct light along complex trajectories with negligible amount of back-reflection and

low sensitivity to defects [1,2]. If a topological cavity [3] is interesting to implement filtering or

modulation  of  a  transmitted  beam,  the  paradox  is  that  perfect  topological  protection  is

incompatible with transmission or  reflection resonances as reflection itself  results  from back-

scattering by the topological system. Hence, it is important to assess the quality of the back-

scattering protection [4].  In our work,  we attempt  to  quantify  this  e)ect  on a  model  system

consisting in triangular cavities coupled to a linear waveguide.

A  bi-dimensional  photonic  topological  insulator  is  investigated  by  numerical  simulations.

Topological properties are based on the valley Hall e)ect, where the Dirac cones at points K and

K’ are opened in a honeycomb lattice by di-symmetrizing the radii of the two circular holes inside

the primitive cell. Topological waveguides can then be created along equivalent 0K directions, at

the interface between two photonic crystals (PCs) corresponding by mirror symmetry. The main

purpose of that work is to study the transmission of light through a triangular cavity directly

plugged onto a linear topologic waveguide (Figure a). The principle is that, under perfect back-



scattering protection, the light propagating along the blue arrows, the reflection on the cavity

must be zero and the transmission equal to unity for any frequency of the topological edge mode.

The occurrence of transmission minima may then be attributed to protection-break (red arrows)

either at the contact point K between the linear guide and the cavity, or at the corners (C) of the

triangle. In order to discriminate between both hypotheses, transmission curves computed using

finite  element  method  is  compared  to  a  semi-analytical  model  in  terms  of  transmission  and

reflection coe5cients at each node of the system.

For the chosen parameters of the bi-dimensional system (period 385nm, radii 90 and 40nm,

refractive index 2.7), a topological band-gap is obtained between 197 and 221 THz (gray area on

figure  b),  where  an  edge  mode  can  propagate  along  the  interface  between  the  two  mirror-

symmetric PC (in blue and orange on figure a). The occurrence of periodic transmission minima

(resp.  maxima) in the transmission,  black curve (resp.  reflection,  green curve),  must then be

attributed  to  a  small  scattering  along  the  waveguide.  The  field  distributions  for  selected

frequencies show consistently a nearly complete reflection for the double-peak indicated by red

and green arrows, or perfect transmission at the frequency of the blue arrow. In order to elucidate

the  origin  of  the  back-scattering,  we  have  compared  the  numerical  transmission  to  a  semi-

analytic model, where each node (corners C or bifurcation point K) is described in term of complex

reflection  and  transmission  coe5cients.  It  was  then  possible  to  show  that  the  topological

protection to back-scattering is well preserved at the K bifurcation, while a small reflection of 3%

occurs at the corners of the triangular cavity.

We have evaluated as well the free spectral range of the resonances, on the order of 10 for the

configuration  of  figure  a.  It  is  limited  by  the  losses  of  the  triangular  cavity  into  the  linear

waveguide. When the cavity is separated by one period from the addressing guide, those losses

decrease rapidly, and resonance width close to 5GHz are obtained, leading to free spectral ranges

of about 500. Those numerical results are consistent with the semi-analytic model, where the

transmission from the cavity to the linear waveguide changes from 17% to 5%.

We  acknowledge  A.  Amo,  P.  Szriftgiser  and  B.  Djafari-Rouhani  from University  of  Lille  for

fruitful discussions. 
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Abstract: We investigate the strong interaction of metamaterials placed in a dielectric cavity at THz frequencies.
First, we study a metamaterial with a unit cell of interacting pairs of split-ring resonators, and explain why the
metamaterial in bright/dark configuration produces four polaritons in the cavity, while the bright/bright
configuration only allows for three. Second, we investigate the sub-cycle destruction of a coupled system’s vacuum
ground-state by a laser pulse. The response strongly depends on the arrival time of the laser pulse.

In recent years, we have investigated ultrastrong coupling phenomena of planar metallic metamaterials (MMs)
placed into an external dielectric cavity, which consisted of silicon slabs separated by air spacers [1, 2]. Here, we
extend these studies in two directions. A first investigation is devoted to MMs, which exhibit electromagnetically
induced transparency (EIT) [3]. The unit cell of these MMs consists of interacting pairs of split-ring resonators
(SRRs), which are rotated by 90° relative to each other (see top of Fig. 1a). If electromagnetic radiation, polarized
as shown in Fig. 1a, is tuned to the resonance of the left SRR, then this SRR is excited, while the right one is not
(dark mode). If one now places the MM into a 1D dielectric cavity consisting of several silicon slabs as shown in
Fig. 1a, with the slabs and the spacers chosen for the cavity resonance frequency matching the resonance of the
bright mode, then one observes in transmission measurements the occurrence of four polariton modes. This is
corroborated by simulations, as shown in the bottom part of Fig. 1a. Here, the size of the right SRR is varied, and
with it the resonance frequency of the dark mode, which yields four polariton branches (two upper polariton

Fig. 1. (a) Top: EIT-metamaterial with a unit cell consisting of two interacting SRRs in “UC”-configuration. The
metamaterial is positioned in a photonic crystal cavity. Bottom: Color plot of CST-simulated transmission spectra
obtained if the size of the dark-mode SRR is changed. (b) Top: Optically excited Swiss-cross complementary
metamaterial in a two-slab Si cavity. Bottom: Measured time trace of the destruction of the polariton mode by
switching off of the plasmon mode of the metamaterial, which leads to the destruction of the vacuum ground-state.



branches, UP1 and UP2, and two lower ones, LP1 and LP2) which exhibit three anti-crossing features. Interestingly,
the same study with a MM, which has the right SRR in the unit cell back-rotated to the orientation of the left SRR,
produces only three polariton modes. We will show that this difference is the result of different coupling among
the photons of the cavity and the plasmons of the SRRs which in the first case is hierarchical, and in the second
case is not.
The second study is devoted to dynamical aspects of cavity-coupled systems [4]. Here, we investigate a comple-
mentary Swiss-cross MM in a two-slab dielectric cavity (see MM unit cell and cavity arrangement in the top part
of Fig. 1b). Visible light pulses from an amplifier laser [5] excite charge carriers in the silicon slab which carries
the MM, rendering the silicon in the free space of the Swiss cross elements electrically conductive, and thus
abruptly – on a time scale of 100 fs – switching off the Swiss-cross plasmon resonance. The bottom part of Fig. 1b
displays the measured decay of the two polariton modes of the vacuum ground-state. Although the coupling is
switched off with a subcycle speed, it requires about one oscillation cycle for the polariton modes to collapse to
the pure cavity mode. Closer inspection reveals that the dynamics of the upper and lower polariton branches differ.
While the upper polariton decreases in frequency and merges into the cavity mode, the second polariton shows a
rather abrupt collapse.
Upon variation of the arrival time of the visible pump pulse relative to the THz probe pulse, one identifies
additional intriguing differences (data not shown). The probe pulse exhibits a beat-note with a period of 8 ps,
which is the temporal fingerprint of the coherent superposition of the oscillations of the two polariton modes. A
node (zero-crossing) of the beat-note corresponds to the energy of the coupled modes residing for that moment in
the plasmons of the complementary MM, while an anti-node (peak amplitude of the field envelope) sees the energy
mainly in the radiation field. If the pump pulse arrives at an antinode, the beat-note disappears and the frequency
shifts to that of the cavity mode, and this without much loss of amplitude and hence little attenuation. In contrast,
when the optical pulse arrives at a node, one observes an instantaneous and strong loss of amplitude, and the
antinode, which should follow a half-cycle later, cannot rebuild. The loss of amplitude is a consequence of the
coupled-mode energy just then being mostly concentrated in the MM plasmons. As the optical excitation destroys
the constituent plasmon mode, its energy content is mostly dissipated by electrical shock currents in the MM and
the mobile carriers generated in the silicon.
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Abstract: In this talk, we propose a topological four-port coupler based on valley photonic crystals. Equal 
proportion splitting in continuous wavelength range is realized to be robust against structural perturbation. We 
reveal that the equal proportion splitting is guaranteed by valley topology and structural symmetry. With the 
topological four-port coupler, an on-chip interferometer is constructed to measure reflective phase. Our study 
clarifies the mechanism of equal proportion splitting in valley photonic crystals and promote the practical 
application of topological photonic systems. 

1. Introduction 

In photonic integrated circuits (PICs), four-port coupler is one of the fundamental devices. Directional 
coupler (DC) with equal proportion splitting function is a typical case of four-port coupler, while the splitting 
ratio of DC is sensitive to fabrication errors and the operation wavelength. Recently, topological photonics has 
been applied in on-chip light manipulations [1, 2] and are promising to solve the issue that achieve a broadband 
equal proportion splitting. As one of the promising candidates in on-chip devices, valley photonic crystals (VPCs) 
support topological protected edge states. Recently, topological beam splitters based on VPCs have been applied 
to realize two-photon quantum interference [3]. However, the mechanism of equal proportion splitting is still 
unclear. The wavelength dependence and structural tolerance of splitting ratio have not been analyzed. The 
advantages of topological photonic devices, compared with existing devices, have not been explored.  

2. Equal proportion splitting and phase measurement of topological four-port coupler 

We construct a topological four-port coupler composed of valley photonic crystals (VPCs) with different 
valley Chern number, i.e. VPC1 and VPC2 [Fig. 1(a)]. There are topological protected edge states localized at 
the domain wall between VPC1 and VPC2. We denote the ports of topological four-port coupler as port 1 to 4.  

We clarify the mechanism of equal proportion splitting and derive scattering matrix of topological four-port 
coupler. The inter-valley scattering immunity reduces the scattering matrix and determines the port sets of input 
and output. The mirror symmetry of edge states and topological four-port coupler guarantee the equal proportion 
splitting and determine the scattering matrix. Generally, for a system with 4 ports, the scattering matrix has the 
form of 4×4. However, utilizing the inter-valley scattering immunity of edge states in VPCs, we can reduce the 
scattering matrix into a 2×2 form. We consider the symmetric exciting [Fig. 1(b)] and the asymmetric exciting 
cases. With the symmetry analysis, we can derive the scattering matrix between two sets of ports: 
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                           (1) 

The scattering matrix indicates the equal proportion splitting phenomenon in topological four-port coupler, 
which is valid in continuous wavelength range and insensitive to perturbation [Fig. 1(c)]. As a comparison, the 



equal proportion splitting in DCs happens only at one certain wavelength, which is sensitive to perturbation. 
As a functional demonstration of topological four-port coupler, we construct an on-chip interferometer and 

demonstrate the reflective phase measurement. We choose a pair of gratings as the devices to be measured. 
Normalized with the output power in the calibration process, we can extract the reflective phase difference of the 
gratings. Compared with the standard value of their reflective phase difference, the measurement result is 
credible and has deviation of less than 0.061π in a bandwidth of about 50 nm [Fig. 1(d)]. 

3. Conclusion 

We propose a topological four-port coupler composed of VPCs. The mechanism of splitting in topological 
four-port coupler is clarified. Due to topological protection, we have analyzed that the splitting ratio remains as 
exact equal proportion in a continuous wavelength range. Compared with those of conventional DCs, the 
topological four-port coupler is more robust to the variation of structure parameters. Finally, we propose an 
on-chip interferometer with ability of measuring the reflective phase spectrum of on-chip reflective devices. Our 
research clarifies the splitting mechanism in topological couplers and promotes their further application in 
on-chip photonic devices. 

 

 
Figure 1: (a) The structure of topological four-port coupler constructed with VPCs. Four ports are labeled with 
number 1-4. (b) The field distribution for one of the equal proportion splitting cases: light in input from port 1 
and output to port 3 and port 4. (c) The tolerance analysis of splitting ratio for topological four-port coupler 
(input from port 1). The structural perturbation is added by changing the side length of triangular holes in VPCs. 
(d) The standard value (solid line) and measured result (circles) of reflective phase difference. 
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Abstract:  

This paper investigates the presence of defect modes in an elastic waveguide metamaterial rod. The 
proposed waveguide metamaterial rod consists of baffles that are periodically arranged along the direction of 
wave propagation, thereby creating an ultrasonic bandgap. A defect is created by varying the geometrical 
parameters of the central baffle. A strong energy localization is observed within the bandgap at defect 
frequency modes. The existence of these defect modes can be varied by altering the size of the defects. 
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Abstract: Coiling-up space is one of the major design methods of acoustic metamaterial that utilizes a 
labyrinthine structure to achieve high-refractive index. Accordingly, coiling-up space has been widely used in 
acoustic metamaterials and metasurfaces. Despite its usefulness, however, elastic coiling-up space has never been 
studied nor realized so far owing to its tensor-based physics. In this study, we theoretically derived the specific 
conditions that enable the elastic coiling-up space and successfully realized it with experimental supports. 
 

 
Figure 1. (a) Two masses connected by three types of springs, namely a translational spring, shear spring, and a 
rotational spring, each with spring coefficients D , E , J . (b) Design of elastic coiling-up space metamaterial, 
corresponding band structure and mode shapes. (c) Experimental setup, numerically and experimentally obtained 
band structures of elastic coiling-up space metamaterial. 
 

Unlike conventional design methods, such as resonance-based metamaterials with narrow frequency band 
and phononic crystals with difficulty to control low-frequency band structure, coiling-up space can control the 
constitutive parameters in broadband low-frequency regimes. In addition, the refractive index can be easily 
controlled by the degree of coiling, so that the design process is very convenient. As a result, coiling-up space 
has enabled various advances in acoustic metamaterials and metasurfaces. Accordingly, there have been several 
attempts to apply coiling-up space to electromagnetic metamaterials, but these works have not been able to 
achieve coiling-up space in the true sense of the word due to the vectorial nature of electromagnetic waves, 



unlike acoustic waves which are scalar fields. This issue becomes more severe for the elastic waves which are 
tensor fields so that the elastic coiling-up space has never been studied nor realized so far.  

In this work, we theoretically derived the specific conditions for elastic coiling-up space, design the 
metamaterial based on specific conditions, and demonstrated that elastic coiling-up space is indeed possible, 
numerically and experimentally. One of the main differences between a scalar field and a tensor field is whether 
the wave propagating direction is guided or not depending on the shape of the structure. Due to this difference 
between the scalar field and the tensor field, unlike acoustic wave, the elastic wave’s propagating direction is not 
guided depending on the labyrinthine structure and the direction does not significantly change. Therefore, the 
refractive index cannot be controlled by the degree of coiling and the internal reflection occurs which causes 
mode coupling and bandgap. To enable the elastic coiling-up space, the direction of wave propagation should be 
guided depending on the labyrinthine structure without any external force and there should be no internal 
reflection. Therefore, we consider these conditions as boundary conditions and solve the equation of motion for 
the mass-spring system shown in Fig. 1(a), so that derive specific conditions that enable elastic coiling-up space. 
The specific conditions for elastic coiling-up space are as follows: 

 
1. Fluid-like connection: rotational stiffnesses are negligible. 
2. Isocurvature path: masses only move along a circular path with constant curvature. 
 
Based on the specific conditions, we designed elastic metamaterial for elastic coiling-up space by adapting 

bow tie shape and curvilinear rail as shown in Fig. 1(b). As shown in Fig. 1(b), it can be figured out that there is 
no mode coupling in the band structure so that clear band folding occurs without a band gap. In addition, it can 
be figured out that wave propagation direction is well guided depending on the shape of the structure as can be 
seen from the mode shape in Fig. 1(b). The elastic coiling-up space metamaterial is fabricated to experimentally 
validate our idea, as shown in Fig. 1(c). The numerically and experimentally measured band structures are also 
shown in Fig. 1(c). In the case of the numerically measured band structure, for comparison with the 
experimentally measured band structure, the friction force measured in the fabricated metamaterial is considered, 
unlike in Fig. 1(b). Good agreement can be observed between the two results shown in Fig. 1(c). Except for the 
static foundation effects by unavoidable friction, the experimental results validate that the fabricated 
metamaterial has a band structure of ideal elastic coiling-up space. Numerical and experimental investigations 
for the designed metamaterial show that elastic coiling-up space is actually realized with specific conditions. 
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Abstract: Metamaterials based seismic isolation concepts have evolved in the last decade. However, due to the 
larger size of resonators, the practical implementation remains a challenge. This research aims to develop 
clamped metamaterial with realistic resonator size to achieve low-frequency bandgap. Numerical simulations are 
used to determine the shape, geometry and material of the resonator. The proposed brick metamaterial with a 
resonator size of 2.5 m is shown to achieve a low frequency bandgap of 0-23 Hz through the local resonance. 
 
Seismic surface waves (Rayleigh waves) can travel a long distance and it may cause catastrophic failures related 
to mortality. Isolation of structures is therefore of great interest, especially from low frequency waves which can 
match the natural frequency of civil structures, causing structural damage and having a significant impact on 
mankind. With the rapid developments of elastic metamaterials, seismic metamaterials (SMs) based isolation 
concepts have evolved in the last decade. However, due to the larger size of resonators (>10 m), the practical 
implementation of seismic metamaterials remains a challenge. This research aims to develop a clamped seismic 
metamaterial with a realistic resonator size to achieve a low frequency bandgap.  
       Based on the layout, SMs can be divided into two categories: "Outer-shielded" and "Embedded." A 
vertical array of resonators, H-fractal form resonators [1], and an I-steel section [2] are built above ground in 
outer-shielded SMs, and they can trap surface waves or convert them to body waves. In the case of Embedded 
SMs, the resonators are buried into the Earth's surface around the structures to be safeguarded [3]. Marco 
Miniaci et al showed Largescale Seismic Metamaterials (LSMs) with different shape of holes, such as cross 
shape and hollow cylinder, and has shown complete bandgap in range of 1-10 Hz of Rayleigh wave [4]. 
 

 



 

      This research aims to develop feasible SMs unit cell consisting resonator height (H) 2.5 m and radius 
made of steel, partially clamped in concrete bed of thickness 1 m. The rest of resonator is clamped in Autoclaved 
Aerated Concrete (AAC) to complete the seismic metamaterial unit cell. The Floquet-Bloch theory, which can be 

applied to any form of wave travelling within periodic medium, accurately predicts the existence of stop-bands. 

Importantly, for practical implementation, periodicity need not be perfect to preserve existence of stop-bands [5]. 

Dynamic response and transient time analysis is carried out to demonstrate the effectiveness of the proposed SMs. 
Experimental verification of the results using a scaled-up laboratory set-up is ongoing. The findings of this 
research can be used to protect critical structures such as nuclear power stations, fracking sites, hospitals, and 
civil infrastructures from low-frequency seismic vibrations. 

References: 
[1] Du Q, Zeng Y, Xu Y, Yang H, Zeng Z. H-fractal seismic metamaterial with broadband low-frequency bandgaps. J Phys 

D Appl Phys 2018; 51(10): 105104 

[2] Muhammad, Lim CW, Reddy JN. Built-up structural steel sections as seismic metamaterials for surface wave attenuation 

with low frequency wide bandgap in layered soil medium. Eng Struct 2019; 188: 440–451 

[3] Meseguer F, Holgado M, Caballero D, Benaches N, Sanchez-Dehesa J, Lopez C, et al. Rayleigh-wave attenuation by a 

semi-infinite two-dimensional elastic-band-gap crystal. Phys Rev B 1999; 59(19): 12169–12172 

[4] Miniaci M, Krushynska A, Bosia F, Pugno NM. Large scale mechanical metamaterials as seismic shields. New J Phys 

2016; 18(8): 083041. 

[5] Achaoui Y, Antonakakis T, Brûlé S, Craster R V., Enoch S, Guenneau S. Clamped seismic metamaterials: Ultra-low 

frequency stop bands. New J Phys 2017; 19(6): 063022 

 

 

 

 

 

 

 

 

 

 

 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Refraction-type transmodal metasurface for broad-angle elastic mode conversion  
 

S. W. Lee1, H. M. Seung2,3, W. J. Choi2,3, M. Kim4, and J. H. Oh1* 
1School of Mechanical Engineering, Ulsan National Institute of Science and Technology, UNIST-gil 50, Eonyang-eup, 

Ulju-gun, Ulsan 44919, South Korea 
2Intelligent Wave Research Team, Korea Research Institute of Standards and Science, Gajeong-ro 267, Yuseong-gu, 

Daejeon, 34113, South Korea 
3Department of Science of Measurement, University of Science and Technology (UST), Gajeong-ro 207, Yuseong-gu, 

Daejeon 34113, South Korea 
4School of Advanced Materials Science and Engineering, Sungkyunkwan University, Seobu-ro 2066, Jangan-gu, Suwon, 

16419, Republic of Korea 
*corresponding author: joohwan.oh@unist.ac.kr 

 
Abstract: We suggest refraction-type transmodal metasurface which can totally convert longitudinal to shear 
wave for broad incident angle. According to the classical elastics, such total mode conversion is only possible at 
a certain incident angle. However, we achieved the broad angle total mode conversion through sufficiently large 
phase gradient which is realized under full transmission. By numerical and experimental validations, we showed 
that the proposed metasurface can provide the desired functionality for broad incident angles from -20.4 degree 
to 22.3 degree. 

  
Existence of various modes such as longitudinal and shear waves and their inevitable couplings are one of 

the unique characteristics that makes elastic wave different from acoustic or electromagnetic waves. Especially, 
at a certain incident angle, the whole incident longitudinal wave is totally converted into the reflected shear wave 
due to the mode coupling, which is called ‘total mode conversion’ [1]. This unique phenomenon has been 
eagerly studied due to not only its unique physical characteristics but also its fascinating functionalities in 
various ultrasonic applications such as non-destructive evaluation (NDE) applications. However, the classical 
total mode conversion has a critical limitation that the total mode conversion is only achievable with certain 
incident angle. In detail, the classical total mode conversion is achieved only with reflection and not with 
transmission. Moreover, since incident wave has broad incident angle in reality, so many undesired reflected 
longitudinal waves are generated.  

Here, we suggest the broad angle refraction-type transmodal metasurface to break through the limitation. 
This innovating device is based on the refractive elastic metasurface which anomalously steers the longitudinal 
wave direction according to the generalized Snell’s law [2]. During the steering, since both longitudinal and 
shear waves are coupled due to the tensorial characteristic of the elastic wave, shear wave is additionally 
generated at the metasurface. Assuming the full transmission, refracted angles can be modulated as: 

sin sin sini r r
l l l l s sk k k  + = =                            (1) 

where k  refers to the wavenumbers and / x =    is the phase gradient term. The subscripts l  and s  

belong to the longitudinal and shear waves, and the superscripts i and r belong to the incident and refracted wave, 

respectively. Since the longitudinal wavenumber lk  is smaller than the shear wavenumber sk , the longitudinal 



refracted angle r
l  is larger than the shear refracted angle r

s . Here, the main principle of the transmodal 

metasurface stems from this point; by imposing the sufficiently large phase gradient   which exceeds 

sin i
l l lk k +  , the corresponding longitudinal refracted angle r

l  becomes imaginary number. i.e. 

longitudinal wave is converted to surface wave and cannot propagate through [3]. However, since sk  is larger 

than lk , the real value r
s  satisfying Eq. (1) exists so that only shear wave can be refracted and propagates into 

the transmission field. As a result, only shear wave exists for the transmission field, indicating total mode 
conversion is achieved. Furthermore, the longitudinal surface wave cannot propagate along the boundary due to 
the boundary condition so that almost all incident wave energy is transferred to the refracted shear wave energy. 
Moreover, total mode conversion is achievable for various incident angles below a certain angle which satisfies 

sin i
l l sk k +  ; if the incident angle becomes larger than this angle, both longitudinal and shear wave cannot 

propagate into the transmitted field. i.e., the total mode conversion occurs with the various incident angles where 
the longitudinal wave becomes surface wave while the shear wave forms propagating waves. [3].  

Based on the theoretical findings, we designed and validated the proposed metasurface numerically and 
experimentally for 50 kHz elastic waves. The proposed metasurface can totally convert at broad angle from 
-20.4° to 22.3°. As can be seen in Fig. 1, for incident angles of -10° and 20°, the transmitted longitudinal wave 
cannot propagate, whereas the shear waves are obviously generated along the theoretically calculated angle 
according to the generalized Snell’s law. We expect various elastic wave devices can be newly proposed with 
our transmodal elastic metasurface.  

 

 
Figure 1. The field numerical simulation results of the suggested metasurface. 
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Abstract: Two parallel but opposing lines of equally spaced finite depth holes are shown to support coupled 
acoustic line modes. Imposing glide symmetry, the confined coupled acoustic line modes have hybrid character, 
combining symmetric and anti-symmetric properties. These hybrid coupled acoustic line modes have a near 
constant group velocity over a broad frequency range, forming no band gap at the first Brillouin zone boundary. 
The hybrid character of these confined modes is explored by changing the spacing between the two surfaces. 

Metasurfaces comprised of periodic resonators may support acoustic surface waves (ASWs) which are 
localised at the interface between the metasurface and the surrounding fluid. A simple 1D structure that support 
an ASW is a line of periodically spaced holes in a solid plate. Holes having radius r, and depth d, periodically 
spaced by λp support a low energy mode that disperses from zero-frequency to an asymptotic frequency, f, at the 
first Brillioun zone boundary (BZB), given approximately by f = c/4(d + ∆L/2), where ∆L represents the end 
correction. The waveguide-like modes supported on these systems are termed acoustic line-modes (ALMs)1. 
Two such lines of holes facing each other, in a mirror symmetric arrangement (see Fig. 1b), where holes lie 
exactly opposite one another support two distinct modes. At the 1st BZB these form an upper and lower energy 
pair of standing waves having zero group velocity (see Fig. 1e). If glide symmetry is imposed by applying an 
offset of half a unit cell (λp/2) along the propagation axis (see Fig. 1c), it effectively halves the periodicity of the 
structure2. In such a glide symmetric system, the pair of supported modes are fully degenerate at the BZB, 
closing the band gap without forming standing waves, instead the coupled mode disperses through the 1st BZB3 
(see Fig. 1e) with unchanged group velocity. Deviation from this exact λp/2 glide condition reopens the band gap 
at the BZB, see Fig. 1e. The dispersion of the confined ALM was experimentally obtained by mapping the 
acoustic pressure field within the formed cavity between two identical surfaces. A 26 mm acoustic source mounted 
inside a conical housing driven by a Gaussian envelope approximately single cycle pulse of centre frequency 20 
kHz was positioned to inject sound at a grazing angle along the sample and the local pressure field measured by a 
needle microphone positioned within the waveguide. By scanning the microphone along the propagation direction, 
a 1D map of the time-dependent signal as a function of position is collected. From this, the full dispersion relation 
can be produced through temporal and spatial Fourier analysis. Results were compared to Finite Element Method 
(FEM) eigenmode numerical simulations considering viscous damping. 

For the mirror symmetric case (zero x axis displacement), reducing the separation, h, between the two 
metasurfaces reduces the asymptotic frequency limit. This arises because the acoustic fields in the aligned 
cavities extend into each other changing the boundary conditions and effectively making two opposing cavities 
become progressively longer, thereby lowering the resonant frequency, see Fig. 2a-b for the h = 1.5- and 3-mm 
cases. For the glide symmetry case (λp/2 x axis displacement), the dispersion shows a low frequency ALM which 
differs from that formed in the mirror symmetric case, as at the BZB there is only a single mode with no bandgap. 
Further the mode appears to be dispersing towards a different asymptotic frequency to the mirror symmetric case. 
The ALM has a finite group velocity at the BZB and is found to extend in k∥ well beyond the BZB (Fig. 2c-d). 



Data for different separations show that the range of k∥ values over which data is obtained substantially reduces 
as the surface separation increases and the coupling of the two ALMs weakens. This study provides a 
demonstration of controlling sound within a waveguide using symmetry and translation conditions to produce 
tunable dispersion, which could be useful in designing acoustic devices for sensing and tailored sound absorption 
applications. 

 
Figure 1. (a) Photograph of one half of the aluminum sample. Schematics showing (b) cross sections of a 

unit cell with mirror symmetry, (c) glide symmetry and (d) plan view of c. (e) FEM calculated dispersion 
relations of eigenmode solutions showing the acoustic surface waves supported on a sample in mirror, glide, and 
displaced to λp/2 – 1 mm arrangements. 	 	

 
Figure 2. Experimental dispersion curves for (a) mirror symmetry with separation h = 1.5 mm, (b) 

separation h = 5 mm, (c) glide symmetry with separation h = 1.5 mm and (d) separation h = 5 mm. Fourier 
amplitude is shown as a function of frequency and in-plane wavevector k∥ with the grey scale representing the 
magnitude of the Fourier transform. Intensity data is normalised by dividing the integral of all intensity values 
for the range of k∥ at each separate frequency. Solid lines represent the sound-line (k0) with vertical dotted lines 
indicating the first BZB at k∥ = kg/2. Red points show eigenfrequency predictions from loss-inclusive numerical 
models. Horizontal red dashed lines indicate band edges. 
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Abstract: Metamaterial cavity has been highlighted due to its capability to localize the wave inside the cavity. 
However, technical problems, such as the lack of tunability in frequency and the lack of a method to optimize 
the performance prevent metamaterial from being used in practical applications. To solve these problems, we 
propose a highly tunable elastic metamaterial cavity which can easily tune the operating frequency and 
performance by adjusting simple geometry parameters. 
 

Among various wave modes existing in elastic medium, flexural wave is one of the most important and 
unique wave modes which covers various vibration applications. Recently, flexural wave localization has been 
highly focused due to the advances in vibration energy harvesting technologies. As a result, metamaterial cavity 
which localizes elastic waves between two bandgap metamaterials has been actively studied with flexural waves 
for vibration localization. However, despite the previous research, there are still obstacles preventing 
metamaterial cavity from being applied in practical applications. First, lack of tunability in the frequency of the 
cavity mode. While broad bandgap is required for high tunability of cavity mode frequency, previous attempts 
used metamaterial having somewhat narrow bandgaps. Thus, to adjust the cavity frequency, one should 
re-design the metamaterials and adjust cavities again, which is obviously nor preferred in real applications. 

Second, method of optimizing the performance of the cavity mode is required. The performance of the 
cavity mode could be affected by various environmental conditions, such as the number of unit cell, or location 
of the cavity, etc. Unfortunately, previous research has mainly focused on achieving vibration localization, not 
on optimizing its performance. Thus, the performance could be worse than the normal beam. Therefore, 
optimizing the performance of the cavity mode as cavity mode frequency changes also be an issue.  

In this work, we present the highly tunable elastic metamaterial cavity, which can solve the aforementioned 
issues. To solve these problems, we propose flexural metamaterial cavity which can tune the frequency and 
optimize the performance by adjusting simple geometric parameters with the broad bandgap in low frequency 
regime. To handle flexural waves, the extended mass-spring model by Oh et al. [1] is used to derive the 
condition for broad bandgap at low frequency regime. From the derived condition, it is revealed that to obtain a 
broad bandgap in low frequency regime, the ratio of the rotational inertia to the mass should be high, and the 
ratio of the rotational stiffness to the linear stiffness should be low, respectively [2]. Also, we figured out that the 
performance of the cavity can be optimized by adjusting the external structures due to the evanescent wave 
coupling. With this finding, we design the metamaterial cavity consisting of three components, side beam for 
optimizing performance, unit cell array for broad bandgap, and cavity for cavity mode as shown in Fig.1.  

To validate proposed metamaterial cavity system, experiments are carried out as in Fig. 2(a). The 



metamaterial is fabricated by water-jet cutting with aluminum block, whose one side is fixed while the other side 
is connected to shaker to induce excitation. The vibration at the excitation point and the middle of the cavity are 
measured by laser Doppler vibrometer. The measured amplitude of the vibration is obtained by FFT. Finally, the 
amplification ratio is calculated by dividing the amplitude at the cavity to the excitation as shown in Fig. 2(b). 
As shown in Fig. 2, the vibration is focused at the cavity mode frequency for each cavity length, and the 
amplification ratio shows better performance than the normal beam one.  

 
Figure 1. Scheme of metamaterial cavity system.  

 

 
Figure 2: (a) Experiment setup, (b) Experiment results of the metamaterial cavity 
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Abstract 

Time-varying elastic media show unusual wave propagation 
properties. A simple but generic 1D system is a taut string 
where wave propagation velocity is modulated in time by 
changing one of its constitutive parameters. It is shown that 
a wave propagating in such a spatially uniform medium is 
split into two scattered waves when an abrupt temporal 
interface is induced by an external action. Scattering 
coefficients are formulated in a transfer matrix scheme to 
predict the propagation of the waves. 
 

1. Introduction 

Recent advances in metamaterials have dramatically 
extended the range of modern metamaterial properties. Time-
varying metamaterials are materials that show new and 
unusual properties due to the temporal variation of some of 
their physical parameters, induced by an external source of 
energy. Here, we introduce a rigorous and systematic 
framework for the synthesis of a much simpler system, a 
string with a multi-step time-varying speed. The study of 
wave phenomena with time-varying media has recently 
gained interest in the emerging field of spacetime 
metamaterials [1,2]. Wave interactions due to spacetime 
modulations have received substantial attention in the 
scientific and engineering communities in several fields like 
electromagnetic [3,4], acoustic [5,6], and elastic 
metamaterials [7,8,9]. 
 
Spacetime metamaterials unveil multiple physics and 
applications that can be exploited. Many interesting 
phenomena have emerged in time-varying systems like  
amplification of waves [10], sound circulation with non-
reciprocal devices [11], asymmetric transmission [12], and 
non-Hermitian spacetime varying metamaterials [13]. 
A particular case of these spacetime metamaterials is the 
purely time-varying media in which only time and not space 
vary with time [14]. These systems represent the dual of 
purely spatial perturbation. An imaginary boundary separates 
spatially two different media. Analogously, a temporal 
interface is defined as an abrupt change of the properties of 
the medium [15] at a specific instant time. The switch of 

constitutive parameters in unbounded media enables 
interesting applications like enhancing the bandwidth of 
reflection of thin absorbers [16] and tailoring the energy flow 
between two coupled cavities [17]. As purely temporal 
modulated media are spatially homogeneous, they conserved 
momentum, but not energy. The energy of the field can 
increase leading to a new kind of amplification process [18]. 
We propose here the theoretical framework for wave 
propagation in an unbounded string with time-varying speed. 
A matrix formalism provides the scattering coefficients of a 
generic speed profiled defined as a set of temporal interfaces.   
 

2. String model 

We consider a string as an infinitely long, dispersionless, 
one-dimensional elastic system without losses. The wave 
equation is governed by the speed of the wave in the string, 
c(t). A single temporal interface is defined by an abrupt 
switch of the medium properties produced at time t = T, 
assuming the medium response is infinitely fast. We consider 
a harmonic transverse wave propagating in the unbounded 
string frequency w=2p/ce1, where c1 is the speed of the string. 
The wave is called here earlier wave as it propagates before 
the temporal interface. It is represented schematically in a 
spacetime diagram in Figure 1 with a green arrow. Note that 
the arrow does not represent the wavevector nor any other 
vectorial magnitude of the wave as the diagram is not in the 
reciprocal space. It is a graphic representation of the advance 
of the wavefront in space over time. A discontinuity in the 
properties of the string is produced by a sudden switch of the 
wave speed in the string from c1 to c2. Because of the speed 
change, two new waves are generated propagating in 
opposite directions, the later-forward wave, yf, and the later-
backward wave, yb. As the case represented is a slow-fast 
temporal interface, both later waves are faster than the earlier 
wave. 
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Figure 1: Space-time diagram of the wave splitting 

produce by a single temporal interface. 

 

3. Time Varying-Transfer Matrix Method 

The Time-Varying Transfer Matrix Method [19,20] is used 
here to evaluate the scattering behavior of a generalized 
temporal multilayer string. This formalism has been used to 
design impedance matching networks and anti-reflection 
coatings [21,15] with a cascade of N temporal interfaces over 
time. The ith temporal interface is produced at time Ti, and 
all the points of the string switch from ci to ci+1. This abrupt 
change of the medium properties is characterized by two 
parameters, the speed contrast gi = ci+1 / ci and the non-
dimensional time ti =wi · Ti, where wi is the angular 
frequency of the wave at the ith medium. The wave 
generation process is illustrated schematically in the 
spacetime diagram at Fig. 2, for N = 2, where two successive 
temporal interfaces are represented with two parallel 
discontinuous lines.  
 

 
 

Figure 2: Space-time diagram of the wave splitting 
produce by multiple temporal interfaces. 

Same as seen for a single interface, the backward, yb, and the 
forward, yf, waves split at each speed change, and generate, 
in turn, a forward and a backward wave leading to four new 
wave contributions: yff, ybb, ybf, and yfb. Note that ybb and yff 
propagate both in the same direction (shown in green) and ybf 
and yfb in the opposite direction (shown in brown) to the 
earlier wave at the time frame with speed ci+1. Assuming the 
string is spatially homogeneous, the momentum conservation 
imposes continuity conditions to the transverse amplitude 
and stress waves before and after t = Ti at the ith temporal 
interface. The scattering coefficients are defined as the ratio 
between the amplitudes of the waves after and before the ith 
temporal interface yx, where x indicates the type of wave. The 

forward scattering coefficients at the ith interface can be 
obtained as: 
 

!! =
"!!" #"##"
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and backward coefficient as  
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The set of forward and backward scattering coefficients 
before (Fi and Bi) and after (Fi+1 and Bi+1) the ith temporal 
interface can be arranged in matrix form in order to relate a 
through the 2 x 2 transfer matrix Mi,i+1: 
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the forward scattering coefficient is 
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and the is the backward scattering coefficient is 
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4. Temporal slab 

 
We consider the string in which an abrupt change of speed is 
produced and returns after some time to its initial state. This 
time-varying structure is composed of two reciprocal 
temporal non-simultaneous temporal interfaces with contrast 
speeds g and g-1 and it is known as the temporal slab [14, 22, 
15, 23]. We analyze here the propagation of an earlier wave 
through a slab of duration T with the same first and last 
medium and characterized by a speed contrast g and a time 
delay t. The TV-TMM is applied to the time slab with two 
matrices for each interface, the first at time t = 0 s and the 
second at time t = T, with contrast speeds g and  g-1, 
respectively. As the first and last media are the same, there is 
no frequency conversion at the end of the temporal slab.  

5. FDTD simulations 

Numerical simulations based on Finite-Difference Time-
Domain (FDTD) technique have been performed for wave 
propagation in a homogeneous medium with a time slab. In 
the numerical simulation, the interface is not perfectly abrupt 
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as the time step is not null. However, as it is significantly 
small compared to the other typical temporal scales (given by 
the period of the wave and time slab duration), it can be 
neglected. The string has a length of L = 500 m. The spatial 
step in the mesh is set to Dx = 1 cm. The sudden change of 
the medium properties may lead to numerical instability of 
the simulations. Therefore, to ensure convergence, the 
domain has been discretized in time with enough accuracy to 
represent the highest frequency in the domain. The spatial 
step in the mesh is assured to satisfy, at least, the Courant 
stability criterion, Dt = 5*10-6s (Courant number set to 0.5).  
 

 
 

Figure 3: FDTD simulations of a wave train in two 
different temporal slabs.  

 
First, a wave train propagating in a homogeneous 

medium with a time slab is analyzed. The excitation signal is 
a continuous wave with frequency f = 10 Hz windowed by a 
step.  The amplitude and the temporal part contribution of 
wave phase are represented in the spacetime diagram for a 
mountain slab, i.e. a time slab with a slow-fast-slow profile, g 
= 2, in Fig. 3a) and 2c) and a valley slab with a fast-slow-fast 
profile, g = 0.5, in Fig. 3b) and 3d).  In Fig. 3a), the amplitude 
of the wave train propagating through the positive direction 
of x in a string with contrast speed g  = 2 is shown. First, the 
wave is generated at t = 0 s and propagates freely with 
constant speed c1 = 1000 m/s. After some time, the speed is 
abruptly changed to c2 = 2000 m/s, two scattered waves are 
generated, and the backward wave interferes in space and 
time with the forward wave. The spatial and temporal 
extension of the interference fringes depends on the duration 
of both the train and the temporal slab and the speed contrast. 
The change of speed due to the temporal interface can be 
observed as a variation of the slope of the boundaries of later 
train waves with respect to the earlier train wave. After, a new 
switch of speed is produced in the second temporal interface 
of the temporal slab. The speed changes again to c1=1000 m/s 
and a new split of waves is produced leading to two backward 
waves, yfb and ybf, and two forward waves, ybb and yff. In Fig. 
3b) the same wave train propagates with the same initial 
speed c1  = 1000 m/s, but this time in a valley slab with 
contrast speed g = 0.5. Due to the slowness of the waves inside 
the slab, the interference pattern is more important than in the 
mountain slab. The phase of the wave is represented with a 

cyclic color scale between -p and p. For simplicity, the spatial 
variation of the phase has been eliminated and only the 
variation of phase due to the advance of time is considered. 
The temporal evolution of color with propagation is opposite 
for the forward waves (green-blue-red) than for the backward 
waves (red-blue-green) meaning an increase and decrease of 
phase with time, respectively. In the interference region, the 
phase of the resultant pattern is governed by the wave with a 
higher amplitude. Thus, the phase at the interference after the 
first temporal interface is increasing (as the forward wave), 
and after the second interface is decreasing for the backward 
wave (as the backward-forward) and is increasing for the 
forward wave (as the forward-forward wave).  

The propagation of a Gaussian wave with unitary 
amplitude through a valley slab is simulated and represented 
in the space-time diagram in Fig. 4 for different temporal 
slabs with contrast speed g . Note that the color of the signal 
is red for the positive phase and blue for the negative phase 
and it is darker for higher wave amplitudes. As the duration 
of the pulse is much smaller than the temporal slab, the 
superposition of waves is very short in time and space and the 
interference fringes are not present. In this case, it is more 
relevant to analyze the four waves generated by the temporal 
slab separately. The color of the signal represents the 
amplitude of the pulse. It is red for the positive phase and blue 
for the negative phase and it is darker for higher values of the 
amplitude module. Phase shifts are produced only for 
backward waves at fast-slow temporal interfaces, g < 1. 
Forward pulsating waves do not change the phase in a 
temporal slab.  

    

 

 

Figure 4: FDTD simulations of a Gaussian pulse in 
different temporal slabs. 

 

6. Conclusions 

 
A matrix formalism is proposed to account for the scattering 
coefficients of a homogeneous, dispersionless string without 
losses with a generic profile of temporal interfaces. The 
constitutive parameter is the speed of transverse waves. The 
temporal slab is analyzed for increasing and decreasing 
contrast speed. Numerical simulations for wave trains present 
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interference patterns in space and time between forward and 
backward waves. The space-time diagram shows the effect in 
amplitude and phase produced by different temporal slabs in 
short pulses is analyzed in the space-time diagram. 
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Abstract: We have proposed a Deep Learning (DL) approach for the inverse design of freeform metasurfaces. We 
first trained a Deep Neural Network (DNN) that can generate freeform meta-atom designs based on target 
electromagnetic (EM) responses. The generated design can be used to assemble large-scale meta-optical devices. 
Moreover, another DNN was constructed and trained to quantify the unavoidable mutual coupling effects between 
neighboring meta-atoms. Combining these two DNN approaches, freeform flat optical devices can be quickly 
designed and inversely optimized.  

1. Introduction 

Metasurfaces have shown great potentials in manipulating optical wavefronts while maintaining a flat and compact 
shape[1-6]. However, due to the highly non-linear relationship between the shapes of the meta-atoms (building blocks 
of metasurfaces) and their EM responses, the design process of meta-atoms/ metasurfaces typically requires a lot of 
full wave simulations and trial-and-error, which is often laborious and time-consuming. Moreover, the extra design 
degrees of freedom (DOF) introduced by complicated (freeform) shapes have further increased the design 
complexity. In recent years, various Deep Neural Network (DNN) approaches [7-10] were proposed to solve this 
problem.  

In this paper, we proposed a Generative Adversarial Network (GAN) for the design of freeform metasurfaces, along 
with a Deep Learning (DL) method to predict the accurate EM responses of meta-atoms that were placed among 
large arrays [11]. Using the fully-trained GAN, we can assemble a large scale metasurface device composed of 
freeform-shaped meta-atoms within a short time period (typically in minutes). We then show that the local response 
of each individual meta-atom in the metasurface can also be predicted with DNN, which enables the further 
optimization of the metasurface array’s overall performance.  

2. Freeform meta-atom inverse design 

To achieve meta-atom inverse designs with complicated (freeform) shapes, we employed a conditional Wasserstein 
GAN architecture [8, 12, 13] to generate the 2D cross sections of freeform meta-atoms with target EM responses 
(including phase and amplitude of transmission) as the input of the network. The schematic diagram of the proposed 
network is shown in Fig. 1. The two key components of this conditional Wasserstein GAN are the Generator and the 
Discriminator. The Discriminator network measures the Wasserstein distance between real samples (training data) 
and fake samples (generated by the Generator) and aims to maximize the distance between them. The Generator 
network attempts to confuse the Discriminator by transforming target conditions combined with noise prior to 
producing fake samples that resemble real ones. Both components approach the ground truth through parameter 
tuning during this adversarial process. 
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Fig. 1. Network architecture. 



Since the DNNs generated the designs based on a one-time-calculation-basis, the typical design time for one meta-
atom is only milli-seconds. With this fully-trained GAN, we can easily assemble large-scale meta-optic devices in a 
short time. It is noted, due to the inevitable mutual coupling effect between neighboring meta-atoms, the local 
response of each individual meta-atom will be different from the preset design target when it is placed in a large array 
among different neighbors, which will lead to performance drop. If we can accurately calculate the local responses 
of meta-atoms under the real boundary condition, we can further optimize the efficiency of meta-optics devices by 
selecting meta-atoms with local responses that are closer to the target phases.   

3. Meta-atom local response prediction 

To address the above issue, we constructed another DNN [11] to calculate the local responses [14] of each meta-
atom within the metasurfaces while taking the mutual coupling effects into consideration (Fig. 2a). The DNN takes 
the dimensions of target meta-atom and all its neighboring meta-atoms as input, and generates the accurate local 
response (phase and amplitude) of the target meta-atom as output (Fig. 2b).  

(a)

|E|
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source extraction 

Periodic 
boundaryx

y
z

(b)

DNN Local responses  
Fig. 2. Meta-atom local response prediction with a DNN. 

Since the mutual coupling effect tends to decrease with the increasing distance, we only considered two meta-atoms 
on each side during the data collection process. After training, the fully-trained DNN was able to predict the accurate 
local responses of target meta-atoms with almost no time cost. It is expected that, by carefully selecting meta-atoms 
that are less prone to the mutual coupling effects and with further optimizations, the efficiency of the assembled 
freeform meta-optical devices using the fully-trained GANs can be further improved.  

References 
[1] M. Y. Shalaginov et al., "Single-Element Diffraction-Limited Fisheye Metalens," Nano Letters, vol. 20, no. 10, pp. 7429-7437, 2020. 
[2] M. Y. Shalaginov et al., "Reconfigurable all-dielectric metalens with diffraction limited performance," Nature communications, vol. 12, 

p. 1225, 2021. 
[3] M. Y. Shalaginov et al., "Design for quality: reconfigurable flat optics based on active metasurfaces," Nanophotonics, vol. 1, no. ahead-

of-print, 2020. 
[4] X. Wang, J. Ding, B. Zheng, S. An, G. Zhai, and H. Zhang, "Simultaneous realization of anomalous reflection and transmission at two 

frequencies using bi-functional metasurfaces," Scientific reports, vol. 8, no. 1, p. 1876, 2018. 
[5] L. Zhang et al., "Ultra-thin high-efficiency mid-infrared transmissive Huygens meta-optics," Nature communications, vol. 9, no. 1, p. 

1481, 2018. 
[6] J. Ding, S. An, B. Zheng, and H. Zhang, "Multiwavelength Metasurfaces Based on Single‐Layer Dual‐Wavelength Meta‐Atoms: 

Toward Complete Phase and Amplitude Modulations at Two Wavelengths," Advanced Optical Materials, vol. 5, no. 10, p. 1700079, 
2017. 

[7] S. An et al., "A Deep Learning Approach for Objective-Driven All-Dielectric Metasurface Design," ACS Photonics, vol. 6, no. 12, pp. 
3196-3207, 2019. 

[8] S. An et al., "Multifunctional metasurface design with a generative adversarial network," Advanced Optical Materials, vol. 9, no. 5, p. 
2001433, 2021. 

[9] S. An et al., "Deep learning modeling approach for metasurfaces with high degrees of freedom," Optics Express, vol. 28, no. 21, 2020, 
doi: 10.1364/oe.401960. 

[10] W. Ma, F. Cheng, and Y. Liu, "Deep-learning-enabled on-demand design of chiral metamaterials," ACS nano, vol. 12, no. 6, pp. 6326-
6334, 2018. 

[11] S. An et al., "Deep Convolutional Neural Networks to Predict Mutual Coupling Effects in Metasurfaces," Advanced Optical Materials, 
vol. 10, no. 3, p. 2102113, 2022. 

[12] M. Arjovsky, S. Chintala, and L. Bottou, "Wasserstein generative adversarial networks," in International conference on machine learning, 
2017, pp. 214-223.  

[13] I. Gulrajani, F. Ahmed, M. Arjovsky, V. Dumoulin, and A. C. Courville, "Improved training of wasserstein gans," in Advances in neural 
information processing systems, 2017, pp. 5767-5777.  

[14] L. Hsu, M. Dupré, A. Ndao, J. Yellowhair, and B. Kanté, "Local phase method for designing and optimizing metasurface devices," Optics 
express, vol. 25, no. 21, pp. 24974-24982, 2017. 

 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Accurate Inverse Design of Fabry-Perot-Cavity-Based Transmissive Color Filter 
via Deep Learning 

 
Peng Dai1, Kai Sun1, Xingzhao Yan1, C.H. (Kees) de Groot1, Otto L. Muskens1, Huigao Duan2, 

Ruomeng Huang1* 
1Faculty of Engineering and Physical Sciences, University of Southampton, Southampton, SO17 1BJ, United Kingdom 

2College of Mechanical and Vehicle Engineering, Hunan University, Changsha, 410082, China 
*Corresponding author: r.huang@soton.ac.uk 

 
Abstract: Deep learning approaches have been applied to achieve the fast and accurate inverse design of 
F-P-cavity-based structural color. The trained networks cover a large gamut (215% of sRGB) while allowing 
multiple designs identification for each color. 
Introduction 

Structural color filters can present various colors by selectively transmitting or reflecting by changing the 
structural geometries [1]. The Fabry-Pérot (F-P) resonator is a structure that can serve as a color filter candidate 
technology [2]. The function of color filtering is obtained by multiple round-trip phase delays of electromagnetic 
waves in the F-P cavity [3]. One challenge for the structural color is the inversely retrieving of the structure. The 
conventional strategy relies on numerical simulation parameter sweepings. This could be prohibitive difficult 
when the multiple parameters are optimized.  

Deep learning is a subset of machine learning in which artificial neural networks (ANNs) are employed to 
realize predictions and classifications with high accuracy. The tandem network is an ANN model proposed by 
Liu in 2018 [4], which has been widely used in different nanophotonic applications. However, the tandem 
network is confused by the dead zone problem. Here, we adopted the conditional generative adversarial 
networks (cGAN) to inversely design the Ag-SiO2-Ag F-P-cavity-based transmissive color filters. The cGAN 
achieved the ΔE of 0.44 while providing multiple solutions for each color. 
Results and Discussion 

 
Fig. 1. (a) The schematic of the Ag-SiO2-Ag structure. (b) The color coverage (black dots) of the Ag-SiO2-Ag structure, wherein the red 

triangle is the boundary of sRGB color space. 

The schematic of the F-P-cavity-based transmissive color filter is illustrated in Fig. 1a. Through randomly 
sampling the thicknesses of Ag layers within the range of 0-50 nm, and the SiO2 layer within 0-1000 nm, 
respectively, 101,000 different thickness combinations D (d1, d2, d3) were obtained. The corresponding colors 
were then calculated from these thickness vectors. The achieved colors covered an area of 215% sRGB color 



space, which is displayed in Fig. 1b as black dots. 
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Fig. 2. (a)The schematics of the tandem network, in which the green and yellow parts are the INN and the FNN, respectively. (b) The original  image and (c) 

the reproduction of “Haystack, end of summer” by Claude Monet, permitted by the Musée d’Orsay, Paris (RF 1975 3). 

The tandem network architecture is presented in Fig. 2a. The networks were trained with the tandem strategy. 
The trained INN achieved a design accuracy ΔE of 1.18 in the testing set. The INN was also evaluated by 
designing “Haystack, end of summer” by Claude Monet [5]. The similarity between the two pictures suggests the 
high design accuracy of INN (shown in Fig. 2b and 2c). However, the tandem network can only output one 
design for each color, though the color may have multiple solutions. This is known as the dead zone problem. 
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Fig. 3. The schematics of the generator (a) and discriminator (b). (c, d) Two examples of the cGAN obtained multiple solutions. 

Fig. 3a and 3b illustrate the schematics of cGAN in this work. The networks were trained by the iterative 
adversarial strategy. Compared with the tandem network, the generator can produce different F-P structures with 
different latent vectors input. This property makes it tackle the dead zone problem that the tandem network faces. 
Fig. 3c and 3d show the multiple solutions when the cGAN inverse design two given colors. The cGAN 
performance in the testing set is the ΔE value of 0.44, which is much superior to the tandem network. 
Conclusion 

This work reports the F-P color filter inverse design using cGAN. The tandem network obtains the testing 
ΔE of 1.18 and only gives a single solution for each color. In contrast, the cGAN not only achieved a lower ΔE 
(0.44) but tackled the dead zone problem faced by the tandem network. The superior solution quality and 
diversity project that cGAN can resolve the inverse design problem better than the tandem network.  
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Abstract: Deep Learning has proven successful in accelerating electromagnetic simulations of complex 
structures thus greatly reducing the computational burden of inverse-design problems. Exploiting this 
acceleration allows for exhaustive sensitivity analysis of candidate designs that would otherwise be intractable to 
perform. When combined with multiobjective optimization, this enables a framework where meta-device 
performance and robustness to fabrication uncertainties can be simultaneously optimized. 
 

Deep Learning (DL) has made tremendous inroads towards advancing electromagnetics design an 
optimization in recent years [1]–[3]. For design problems which demand full-wave simulations, DL offers a path 
toward accelerated optimization methods in the form of surrogate modelling [4]. In our recent work [5], we 
consider the design problem of robust metasurfaces—structures which will preserve their diffraction 
performance despite fabrication inaccuracy. Indeed, tolerant metasurface designs can both save cost and time in 
nanofabrication, as well as provide a path toward wafer-scale optical metasurface systems [6]. 

In the context of existing robustness inverse-design methods from the area of Topology Optimization, our 
approach our method differs in that it is applicable for a more general class of global optimizers [7]. Employing 
a dual network design incorporating U-Net and CNN topologies, we train a model for predicting diffraction 
efficiencies for freeform metasurface supercells which incorporates knowledge of erosion and dilation. We rely 
on the metasurface geometric parameterization discussed by Whiting [8] which provides sufficient structural 
flexibility to support highly performant supercell designs. We found that not only does this method provide a 
powerful way to reliably distinguish between sensitive and insensitive designs, but for a substantial performance 
boost over what would be possible without the introduction of deep learning. 
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Abstract: A genetic algorithm (GA) has been developed to design three different multi-layered radiative cooling 
metamaterials. Under direct sunlight, the best structure theoretically achieves a net cooling power above 61 
W/m2 with 24 layers and a total height of no more than 5 µm. This design method is cost free due to the use of 
analytical computations for the metamaterials. Moreover, automated design of multi-layered metamaterials in the 
infrared range can be developed based on this approach. 
 

Consequences of climate change are already a problem for society. Energy efficiency is becoming one of the 
most important ways to solve this problem. The greenhouse effect is raising the demand for cooling systems like 
air-conditioning, which present both a considerable energy inefficiency and expense. This creates a vicious cycle 
when the energy production for these systems damages the environment. A solution for reducing such energy 
expenses called radiative cooling [1] has been widely researched recently. It exploits the combination of 
blackbody radiation theory, which allows any body to lose heat in the form of radiation, with the atmospheric 
window, a frequency band at which electromagnetic waves can cross freely to outer space. This allows a direct 
heat transfer between earth and space, resulting in passive cooling devices. Several radiative cooling solutions 
have been presented in the literature such as structural materials, polymers, paints and metamaterials, among 
others [2]. In this work, we apply genetic algorithms to the design of thin-film metamaterials for radiative 
cooling. More broadly, such approach can be used for multi-layered metamaterials in the infrared range. A 
prototype will be manufactured and measured in the future to check the validity of this method. 

The structure design is done to enhance as much as possible the cooling capacity of the devices, i.e. the net 
cooling power. It is measured in Watts per square meter, and it is computed using Eq. 1:  

                            Pnet(T,Tamb) = Prad(T) – Patm(Tamb) – Psun – Ploss                    (1)  

where Prad is the radiated power by the metamaterial, Patm is the energy received from the atmosphere, Psun is the 
absorbed power from the sun and Ploss are the thermal losses of conduction and convection with the environment. 

The device temperature T is set to 20ºC and the ambient temperature Tamb to 27ºC. The metamaterial is 
desired to have maximum emission in the atmospheric window (8-13 µm) and minimum solar absorption (0.3-4 
µm) and thermal losses (thermal losses have been neglected in the calculation for simplicity). Atmospheric 
transmittance has been calculated for Navarra using [3] and, taking into account the Kirchhoff’s law of thermal 
radiation, the emissivity is calculated using Eq. 2: 

                                      ε(λ) = 1 – R(λ) – T(λ)                              (2)  

where ε defines the emissivity, R the reflectance and T the transmittance, all wavelength dependent. Such 



emissivity is calculated using the method of [4].  

To optimize the structure a GA has been designed with the following parameters: Population Size = 200, 
Descendants Number = 200, Crossover Probability = 0.8, Mutation Probability = 0.35, Recombination = 
Mixture, Selection = Tournament and Gray codification for the individuals. Three different simulations have 
been performed considering N (maximum number of layers) equal to 10, 20 and 30. Hmax (maximum total height) 
is set to 5 µm, Hn (each layer thickness) takes a value among 60 equally spaced numbers between 10-1000 nm 
for the first simulation and between 10-300 nm for the remaining two. Adjacent layers can be merged if they are 
of the same material, thus, metamaterials with less than N layers are considered. The GA uses SiO2, Al2O3, MgF2 
and TiO2 for the thin-film layers due to being at disposal for future manufacturing and having interesting 
properties in the working frequencies. Hence, each layer is coded with 8 bits, 2 for the material and 6 for its 
thickness. So, each individual, or solution, is represented by a vector of 8×N bits length  

 
Figure 1. Three structures designed by the GA with N equal to 10, 20 and 30 respectively. 

The designed thin-film multi-layered metamaterials are depicted in Fig. 1. Such designs achieve theoretically 
a net cooling power under direct sunlight of 40 W/m2, 58 W/m2 and 62 W/m2, respectively. To conclude, this 
design flow has the advantage of being automatable in the future as well as it can be applied to other infrared 
applications. Considering that the sample space should be large in order to include the best solution and it has a 
direct relationship with computational cost, devising a method to have a good starting point for the GA is 
essential to further develop this design approach. Also, a prototype test will be done in the near future to verify 
this work.  

This work has been performed in the frame of the project “Algoritmos EVOlutivos aplicados a dispositivos 
de enfriamiento radiativo pasivo ultracompactos basados en METAsuperficies” (AEVOMETA II), funded by the 
Government of Navarre. 
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Abstract: All dielectric Fibonacci quasi-periodic and hybrid periodic/quasi periodic photonic crystal has been 
numerically studied. Omnidirectional reflection properties in the infrared region is compared and discussed. Our 
results show the promise of using hybrid photonic hetero structure for extending the omnidirectional reflection, 
which has various application in photovoltaic and sensing devices.  
. 
 
Introduction: Since their inception by Yablonovitch, photonic crystals (PC) have emerged as a promising 
artificial structure for controlling electromagnetic fields propagation in various photonic applications [1]. 
One-dimensional (1D) photonic periodic structure is the simplest photonic crystal form consisting of a stacked 
two-dielectric materials AB with alternating high/low refractive index profile. These photonic crystal structures 
are well known for their omnidirectional reflection (ODR) properties where incident photon light of certain 
frequency bands cannot propagate [2]. Quasi-periodic photonic crystal has attracted a great interest due to their 
unique optical characteristics and considered an intermediate medium between periodic and random crystals. In 
the paper, using Transfer Matrix Method, omnidirectional filtering properties of Fibonacci Quasi-periodic and 
hybrid periodic/quasi-periodic photonic crystals are studied and compared in the infrared region, this region 
holds great importance for various photonics application including, Photovoltaics, sensing and optical 
communications.  
 
Results and Discussion: In a 1D Fibonacci quasi-periodic made of two dielectric materials AB, the layers 
sequence is constructed recursively. In this study, we considered a Fibonacci multilayer stack with S7 sequence [3]. 
Here A and B represent Ge/ZnS as high-low refractive index materials, respectively. The thickness of the layers 
were chosen according to quarter-wavelength condition. Central wavelength was chosen as 3µm, thicknesses and 
refractive index values for Ge/ZnS are nH=4.22 dH=177nm and nL=2.26 dL=331nm, respectively. The Transfer 
Matrix Method was employed using an online tool [4]. In the hybrid structure, we stacked 12 periodic pairs of 
Ge/ZnS next to the Fibonacci structure. Figure. 1 shows the ODR in all polarization conditions. The upper half 
shows the results for the Fibonacci structure, multi-filtering properties is observed with several ODR regions 
emerging, primarily we see two interesting stopbands where one is larger than the other but shifted towards 
longer infrared wavelengths, the values for small stopbands are 2200nm -2431nm for the TE case and an upper 
limit of 2395 for the TM case. The larger stopband extends from 3483nm to 4470nm for TE and reaches 4198nm 
for TM. Furthermore, the lower part of the figure 1 given here shows the reflection properties of the hybrid 
structure, where the ODR window is significantly increased, covering most of the infrared region under 
consideration in this study. The ODR windows extend from 2200nm to 4474nm for TE and from 2200nm to 
4195nm for TM. In conclusion, our results show the promise of using a hybrid PC structure to obtain enlarged 
ODR window.  



 
 

  

  
Figure 1: Omnidirectional reflection as a function of incident angel for both polarization conditions. Upper half is Fibonacci 
Quasi-periodic while the lower shows the hybrid periodic/quasi periodic structure.  

 
.  
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Abstract: Wave propagation through a photonic hypercrystal containing periodic arrangement hyperbolic metamaterial is 
investigated theoretically. The hyperbolic metamaterial exhibits anisotropic epsilon near zero (ENZ) behaviour in different 
frequency regions. The transmission gaps appear around such a behaviour in photonic hypercrystal. The characteristics of these 
gaps are elaborated by curve plotting and their dependence on different parameters of the structure are studied.  
 
 
     The symbol epsilon is conventionally used to represent the electric permittivity of a certain material. The epsilon-near-zero 
(ENZ) materials, as the name suggests is a class of materials including both natural and artificial materials that have a certain 
specific frequency where the permittivity becomes zero, so the range of frequencies in the neighbourhood of that particular 
frequency where the absolute value of the real part of permittivity is nearly zero corresponds to ENZ behaviour. The resulting 
optical properties are much intriguing that include super coupling phenomenon, tailoring of radiation patterns and unprecedented 
enhancement of nonlinear optical response [1-6]. Photonic hypercrystal is a periodic arrangement of hyperbolic metamaterial 
containing the frequency regions where the metamaterial shows the anisotropic ENZ behaviour of the components of the frequency 
tensor. Here, the transmission characteristics of the gaps near ENZ behaviour in a periodic arrangement of photonic hypercrystal 
are theoretically investigated. Since the hyperbolic metamaterial under consideration is a stack of periodic arrangement of sub 
wavelength metal and dielectric layers, there are two scales of periodicity involved here, on the larger scale, the period consists of 
two layers one of which is a isotropic dielectric medium whereas the other is an effective anisotropic medium with permittivity 
tensor having parallel and perpendicular components that have opposite signs in different frequency regions. The incident radiation 
is considered unpolarised, the transmission coefficients of TM and TE components are calculated by using the Transfer matrix 
approach suitable for anisotropic medium [7].  
 
        We investigate wave propagation in the periodic arrangement of ENZ metamaterial that has been realised experimentally [8]. 
It consists of alternate layers of silver and silica. Silica is used because of its transparency in the visible region and silver is chosen 
because of its low losses. Here we have considered the stack of five layers of sub wavelength widths, the width of the sixth layer 
is changed to break the periodicity (assumed to be doubled) and this pattern is repeated to form a periodic arrangement. For a finite 
periodic structure, the transmission characteristics are studied at epsilon near zero of transverse component of effective permittivity 
i.e at εt-ENZ region and at epsilon near zero of normal component of effective permittivity i.e εn-ENZ region. As the best fit with 
the experimental values was obtained for the choice of parameters of metallic layer width dm = 16nm; dielectric layer width dd = 
56nm and no. of layers is five i.e the first and fifth layers are taken to be silver layers, the width of the ENZ stack being represented 
as DENZ = 360nm. In the periodic arrangement the sixth layer is that of silica with its width represented as Dd = 112nm. This 
makes a unit cell with width D = DENZ + Dd = 472nm. 
 

                         
 

Fig.1. The behaviour of the gap near εt zero, red, blue and green correspond to one, six and twelve periods in the arrangement, (a) for TM polarisation 
(b) for TE polarisation  

 



 
For this choice of parameters, the ENZ behaviour of the transverse component of effective permittivity falls in the neighbourhood 
of wavelength O= 500 nm that lies in the optical range. In this range the normal component is positive and greater than 1, so in this 
frequency range, the ENZ stack behaves as type II HMM. The normal component of wavevector become imaginary in the 
hyperbolic metamaterial so that the transmission through the photonic crystal is not possible here as shown in Fig.1(a) for both 
types of polarizations 

                     

Fig.2.  The plasmlon-polariton gap near εn zero, the black, red, blue and green plots correspond to zero,𝜋
6
 , 𝜋

5
 , 𝜋

4
 radians respectively for (a) five 

periods (b) ten periods in the photonic hypercrystal. 

Now we consider the behaviour of wave propagation in the neighbourhood ENZ of εn . This behaviour takes place in the 
neighbourhood the plasma frequency of the metallic layer. This frequency corresponds to the excitation of longitudinal bulk 
plasmon in the metallic layer. For the normal wave propagation and for TE polarised incident radiation, the propagation is not 
effected in this frequency range as there is no component of the incident electric field in the longitudinal direction but for TM 
polarised radiation, the normal component of electric field i.e. En couples with the longitudinal bulk plasmon mode and opens up 
the so called plasmon-polariton gap. The widening of the gap increases as the angle of incidence increase due to increase in the 
magnitude of En giving rise to strong coupling. The interesting phenomenon associated with this gap is that its edges shifts in 
opposite directions to widen the gap, the lower edge blue shifts as it lies in the wavelength region where the HMM layer no longer 
shows hyperbolic dispersion but becomes ordinary anisotropic effective medium with both of its orthogonal components of the 
permittivity tensor having positive values. So this edge shows the same shifting effect in response to increasing the angle of 
incidence as that of the Bragg gap in conventional photonic crystals. The upper edge of this gap lies in the region where the HMM 
layer shows type 1 behaviour and so the edge red shifts in response to the increase in the angle of incidence. As in this case, the 
losses of the metallic layer are taken into account, the Fabry-Perrot resonances at the edges are not prominent whereas in the second 
choice of parameters in semiconductor PHC, the losses are neglected just to see the effect of coupling, the edges of the plasmon-
polariton gap show very narrow Fabry-Perrot resonances. The presences of transmission gaps around ENZ behaviour can be a 
focus of some further investigation e.g. for nonlinear enhancement of gap soliton formation. Some preliminary work in this regard 
is under way. 
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Abstract: We report the generation of nonclassical states of light through parametric fluorescence in a silicon photonic crystal 
cavity with equally spaced resonances. A bichromatic cavity design was adopted to obtain a comb-like resonance spectrum, 
while mode-selective tuning by laser-assisted local oxidation was used to fine adjustment of the resonance frequencies after 
fabrication, thus achieving almost perfect equally-spaced modes. Both stimulated and spontaneous four-wave mixing were 
observed. The generation of correlated single photon pairs was confirmed through coincidence measurements. 

 
The generation of nonclassical states of light on a chip and their use to encode quantum information resource is of crucial 
importance for photonic quantum technologies1. In this respect, parametric processes such Spontaneous Four-Wave Mixing 
(FWM) represent one of the most popular strategies to efficiently generate heralded single photons and correlated pairs on a 
chip. Microring resonators are routinely used to enhance the efficiency of these nonlinear processes, thanks to their 
compatibility with the silicon and silicon nitride photonic platforms, to their naturally phase-matched resonance spectra, and 
to the high field enhancement achievable2. On the other hand, photonic crystal (PhC) cavities offer the possibility to reduce 
the mode volume (V) in an all dielectric structure, with a micrometer-scale footprint3, thus improving the efficiency of 
nonlinear interacions dramatically while ensuring a comparable Q-factor,. The recent observation of optical parametric 
oscillations in InGaP PhC cavities4 with a microwatt-level threshold proved the potential of these structures for quantum 
photonics applications. However, despite these important results, III-V based structures lack compatibility with CMOS 
fabrication processes and with the silicon photonic platform in general. Here we present a PhC cavity device realized in a 
silicon membrane, and we show its potential for classical and quantum nonlinear applications through the demonstration of 
stimulated and spontaneous FWM. The device (Fig. 1a) is based on the bichromatic cavity design5, which allows for the gentle 
light confinement through an effective approximately harmonic potential originating from the superposition of two non-

 
Figure 1: (a) Scanning electron micrograph of the device with ridge waveguides coupled to the suspended membrane (inset). The defect 

line of holes has slightly mismatched periodicity, resulting in a bichromatic effective potential, which yields (b) equally spaced modes 

in frequency, with Hermite-Gauss envelope profile along the line defect direction x. (c) Transmission spectrum showing equally spaced 

resonances.  

(a)  (b)  (c)  



commensurate dielectric lattices. This leads to equally spaced modes in the frequency domain, as illustrated in Fig. 1b. The 
structures were engineered for efficient in- and out-coupling through lateral W1.05 PhC waveguides, and through standard 
silicon photonic coupling structures, such as ridge waveguides and grating couplers. A transmission spectrum is shown in Fig. 
1c, where a “comb-like” set of 6 almost equally spaced resonances is clearly recognized. The resonances have a free-spectral 
range around 1 THz and a mode-dependent Q ranging between 5,000 and 60,000, mainly associated to coupling losses. Q-
factors exceeding 1 million were indeed demonstrated on identical devices without lateral waveguide coupling6. Due to the 
narrow resonance linewidth, precise and mode-selective tuning of the resonances was required to compensate for the 
inevitable imperfections associated with fabrication. This was achieved by laser-assisted local oxidation of the silicon 
membrane6: due to the different spatial profiles, each mode is subject to a different blue-shift of the resonance, and this offset 
is used to permanently tune the resonances in the desired fashion. Further fine tuning (up to 3 GHz) of the modes was achieved 
in a reversible way by thermal-pulling4, although the effect was observed to be modest due to the high thermal conductivity 
of silicon. We performed stimulated and spontaneous FWM by designating resonance P (λp=1530.3 nm) as a pump mode, and 
resonances S (λs=1541.2 nm) and I (λi=1519.4 nm), the ‘signal’ and the‘idler’ modes respectively. Fig. 2a shows quadratic 
the scaling trend for the stimulated idler field intensity as function of the input pump power while the ‘signal’ input power is 
kept fixed at 5mW. Fig. 2b shows a spontaneous FWM spectrum achieved while driving the pump resonance with an intense 
laser field, associated with a coupled power of approximately 250 μW. The generated signal and idler photons were then 
spectrally filtered, separated and and routed to a pair of superconducting single photon detectors for time-correlated single 
photon counting (TCSPC). A histogram of coincidences is shown in Fig. 2c, where a clear peak is observed at a time delay of 
about 40 ns, confirming the time-correlated nature of the generated quantum optical state. 
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Figure 2:(a)  Scaling trend of the generated idler power as a function of the pump power during the stimulated process.  (b)  

Spontaneous FWM spectrum. The pump field was attenuated for clarity. (c) Coincidence histogram for the generated signal and idler 

photon pairs. 
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Abstract: Hyperuniform disordered (HuD) photonic materials have recently been shown to display several 
localized states with relatively high Q factors. However, their spatial position is not predictable a priori. Here we 
experimentally benchmark through near-field spectroscopy the engineering of high Q/V resonant modes in a 
defect inside a HuD pattern. These deterministic modes, coexisting with Anderson-localized modes, are a valid 
candidate for implementations in optoelectronic devices due to the spatial isotropy of the HuD environment upon 
which they are built. 
 
Located in-between random structures and perfectly ordered photonic crystals, there is a special class of 
disordered photonic heterostructures, called hyperuniform disordered (HuD) photonic structures [1,2].  They 
have recently been shown to display large isotropic band gaps (BG) as well as optical transparency, to mention 
two of the most fascinating and promising features. Among the several experimental photonic realizations of 
HuD structures [3,4], also HuD systems on dielectric slabs have been recently proposed [5] and characterized as 
photonic materials capable of combining the small spatial footprint typical of random modes with Q/V ratios 
comparable with photonic crystal cavities for the Anderson-localized modes naturally occurring at the BG edges. 
These modes with relatively high Q, however do not have predictable spatial locations in the whole structure. 
Here, we take advantage of the same slab technology with embedded Quantum Dots, that act as internal light 
source, to engineer a defect inside the HuD luminescent pattern and deterministically control its spatial location 
in a correlated disordered environment and optimize the light confinement (as it has been recently proposed only 
theoretically in [6]). The design of the structure is reported in Fig.1a; the central defect is designed in order to 
support several modes that are labelled accordingly with the Finite Element Methods (FEM) distributions of the 
magnetic field component Hz: dipole-like (D), hexapole-like (H), quadrupole-like (Q) and octupole-like (O) and 
so on [6]. By tuning the structural parameters such as the width of the dielectric veins in the HuD network and 
the radius of the central hole of the defect, we achieve a fine control over every spectral resonance to find the 
best condition that maximizes the Q factor for every mode. We experimentally benchmark this engineering 
through Near-field scanning microscopy (SNOM), used in illumination-collection configuration and capable of 
subwavelength resolution in the near-IR range. The typical SNOM PL spectrum of the defect modes is shown in 
the bottom panel of Fig.1b, where D, H, Q and O are detected. The near-field PL map of mode H is reported in 
Fig.1c, and nicely agree with the FEM electric field intensity map. Thanks to the engineering of the structural 
parameters, we experimentally detect in a disordered system, modes with Q factors of the order of 6000.  
All the defect modes, being inside a correlated disordered system, will coexists with all the other localized 
modes supported by the HuD network. A remarkable example of this innovative feature can be seen in the design 



(Fig.1a), where the central defect is spatially near to an accidental topological defect (here, a cell of the HuD 
network with four edges, rather than the average six), typical of stealthy HuD systems [5]. This is an unavoidable 
defect that depends on the tiling protocol employed to generate the pattern, and it is the first of many tightly 
localized modes occurring at the PB edge. The SNOM PL spectrum displaying the peak of this mode is shown in 
the upper panel of Fig.1b, and the correspondent PL map is reported in Fig.1d, again in a fairly good match with 
the FEM electric field intensity distribution. The possibility of an experimental deterministic control of a defect 
inside a correlated disordered environment such as HuD therefore open the way to many applications for which 
guiding light through modes with different localization properties, a high spectral and spatial density of modes is 
required as well as a high Q/V ratio. Moreover, the average isotropy of HuD pattern in which the defects are placed 
makes them more adaptable in optoelectronic devices.  

 
Figure 1. (a) Design of the engineered defect in a HuD pattern. (b) Bottom panel: SNOM PL spectrum acquired on 
the engineered defect displaying four modes. Upper panel: SNOM PL spectrum acquired on the accidental four-fold 
defect. (c) SNOM PL map centered around 1326 nm, corresponding to mode H, whose FEM map of the electric field 
intensity is shown in the inset. (d) SNOM PL map centered amount 1339 nm, corresponding to the hyperuniform 
accidental four-fold defect. The inset reports the relative FEM electric field intensity map. 
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Abstract: 

In this conference, we will present 2D PCs consisting of materials with TPA property (ZnO 

defects) to obtain an efficient all optical limiter in the visible range. Both triangular and 

hexagonal 2D PC are studied to facilitate its robustness to a variation of the incidence angle due 

to the symmetry of the structures. The TPA nonlinear properties of ZnO material are issued 

from a 1D PC experimental study in [1]. We have chosen to numerically model a 2D PC using 

the nonlinear multi scattering method [2], a method that has been successfully compared to a 

differential method [3]. This method was previously applied to study the nonlinear Kerr effect 

on photonic bands of 2D PC [3] and the bistability of a mode with the same Kerr effect by 

comparing two methods to calculate the electric field. It should be noted that no super cell is 

applied. The method allows a knowledge of the average of the electric field behind the structure, 

that can be assimilate to the transmission [2]. 

Our structures are based on a 2D TiO2 PC with different defects made of ZnO to model an 

efficient all optical limiter in the visible range, with triangular or hexagonal lattice. Our simplest 

structure is a single defect for the triangular lattice, presenting a single mode in the band gap, 

which is strongly attenuated with the increasing incident laser beam intensity. The others 2D 

PC studied consist of several centered defect (5 for the triangular lattice, Fig.1), optimized to 

obtain a wide quasi band pass in the band gap of the perfect structure. This band is strongly 

attenuated as the incident light increases. We then obtain an efficient optical limiter working on 

a cavity mode or over a wide wavelength band invariant to the incidence angle (Fig.2). To our 

knowledge, this is a new design that highly performs neither only at the band edge nor only of 

the incident beam wavelength. 
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Figure 1: The modeled structure with 5 defects, for the triangular lattice. 

  

Figure 2: Transmission in dB versus the wavelength for the 5 nonlinear TPA defects structure 
of Fig.1, for increasing intensity of the Super Gaussian beam, for the normal incidence angle 
of 0°. The number of points in wavelength is 20, the computation time is about 2 hours and a 

half for the highest intensities for an Intelcore i7 – 8665u at 1.9GHz RAM : 8Go. The 
computation time increases drastically with the number of nonlinear defects. 
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Abstract: We explored a system supporting low-energy excitations, in particular, mid-infrared localized 
plasmon modes and phonon polaritons that are tuned to be strongly coupled. We studied the coupled modes by 
using far-field infrared spectroscopy, state-of-the-art monochromated electron energy-loss spectroscopy, 
numerical simulations and analytical modeling. We demonstrated that the electron probe facilitates a precise 
characterization of polaritons constituting the coupled system, and enables an active control over the coupling 
and the resulting sample response both in frequency and space. 

 
 

Plasmonic or generally nanophotonic systems have been usually investigated by optical [1] and electron 
beam [2] spectroscopic methods. However, as a rule, each of them have been applied for individual samples 
separately without direct comparison of their results. In this presentation we take up this challenge and report on 
the correlative electron and optical spectroscopy applied for an exploration of fundamental phenomena 
associated with nanostructured systems possessing both infrared phonon polaritons (PhPs) and plasmon 
polaritons (PPs). More specifically, we have studied an electromagnetic coupling between MIR PhPs in a silicon 
dioxide membrane and low-energy localized surface plasmon (LSP) modes formed by the confinement of PPs in 
micrometer-long gold antennas. We have found that far-field IR spectra can be substantially different from EEL 
spectra, which we confirm by experiments supported by numerical simulations and analytical modeling. We 
show that by precisely positioning the electron beam, the coupling between the polaritonic excitations can 
selectively trigger either uncoupled PhPs or coupled LSPs/PhPs. Based on our understanding of the 
focused-beam excitation of the polaritonic system, we also present a post-processing analysis in the EEL spectra 
that facilitates identification of the new hybrid modes and allows an easier comparison to the far-field optical 
spectra [3]. 

 
In addition to this study, we will present a complementary analysis of the electromagnetic coupling between 

localized surface plasmons in gold rectangular antennas and MIR PhPs in a silicon dioxide thin film on a 
semi-infinite silicon substrate. Even though the underlying principles in this system have been previously 
described [4, 5], we complement these results by a detailed analysis of the resultant hybrid modes based on a 
coupled oscillator model, realistic SiO2 dielectric function, as well as on the calculation of the Hopfield mixing 
coefficients [6]. 



 
Figure 1. Coupled system response as a function of the plasmonic antenna length. Simulated pseudo-dispersions 
for (a) optical scattering and (b) reference-subtracted EEL spectra. 
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Abstract: We report on observation of Bloch surface wave polaritons (BSWP) in samples consisting of a distributed 
Bragg reflector with a thin ZnO top layer. By extracting mode energies from polarization-resolved reflectivity 
measurements, it was possible to detect BSWP up to 430 K. Within a coupled oscillator model corresponding Rabi 
splittings between 100-192 meV at 294 K are derived. Combining stable polaritons at high temperatures with the low-
loss nature of Bloch surface waves is useful for on-chip polaritonic devices.  
 

Exciton polaritons, i.e. bosonic quasi-particles comprised of strongly coupled excitons and photons, display a 
wide variety of interesting physical phenomena, for example Bose-Einstein condensation or low threshold lasing 
[1-3], that are relevant for spinoptronic devices [4]. This contribution focuses on the observation of interacting 
excitons in ZnO and Bloch surface waves (BSW) resulting in the formation of Bloch surface wave polaritons 
(BSWP). The BSW comprises a photonic surface mode that can exist along the ambient interface of a truncated 
distributed Bragg reflector (DBR). Its evanescent character entails a high surface sensitivity and low loss leading 
to macroscopic propagation lengths. These properties are not only interesting for sensing and on-chip applications 
[5-7] but also carry over to the Bloch surface wave polariton (BSWP). 

In this contribution, we report the temperature-dependent dispersion of BSWP in a ZnO-based structure for a 
temperature range of 290 – 430 K [8]. The sample consists of 6.5 pairs of Al2O3 and yttria-stabilized zirconia 
(YSZ) with a ZnO top layer with a thickness of about 60 nm. Due to the large exciton binding energy in ZnO (~60 

Figure 1: a) BSWP dispersion for different temperatures. Dashed lines correspond to the bare BSW modes and EX 

denotes the exciton energy. b) and c) display the temperature evolution of fit parameters EX and coupling strength V, 
respectively. 



meV) polaritons are stable above room temperature. The sample is placed on a resistive heating plate and BSWP 
are excited using a prism coupler in Kretschmann-Raether configuration. Measuring polarization-resolved 
reflectivity spectra, the mode energies and broadenings of the BSWP can be extracted from Fano-type resonances. 
The experimental data is modelled using two coupled oscillators and a transfer matrix approach. This allows the 
determination of the temperature-dependent Rabi-splitting, which amounts to 180 meV at room temperature and 
120 meV at 430 K, and confirms that the system is in the strong-coupling regime up to 430 K.  

The formation of stable polaritons at such high temperatures is of importance for the realization of polaritonic 
devices reliably operating above room temperature in integrated optical circuits. Furthermore, the high in-plane 
momentum and low loss of BSW, that constitute also its polaritonic counterpart, provide a high lateral propagation 
length, which in conventional microcavity geometries usually requires cryogenic temperatures and large quality 
factors. BSWP require considerably less fabrication effort compared to microcavities. Also, they can be easily 
guided, e.g. in a ridge waveguide [9] and along with their high surface sensitivity they offer a versatile platform 
for both the study of fundamental light-matter interactions as well as low-loss on-chip applications.  
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Abstract: For realization of ultracompact lasers, we propose a new design principle for laser oscillators requiring lower 
threshold gain as reducing the cavity length. We explain the inverse-gain mechanism and show nanophotonic and plasmonic 
cavity structures applying inverse-gain mechanism. Using numerical analyses, our proposed cavity structures show 
significant reduction of threshold gain constants by one or three order of magnitude compared to conventional laser cavities. 
 
Miniature lasers have led to promising technological advances for variety of application areas [1]. Since the invention of 
vertical-cavity surface-emitting laser (VCSEL), extensive studies on small lasers have been conducted to create innovative 
dielectric- and metal-cavity designs toward enhancing properties and shrinking the device size below the diffraction limit. 
However, compact lasers have continuously raised chronic challenges, especially high threshold gain. In a conventional 
laser cavity scheme (Fig. 1(a)), micro and nano lasers unavoidably require very high material gain in order to compensate 
higher radiative losses as the cavity gets shorter. 

Here, we propose an inverse-cavity structure for efficient laser operation in shortest laser cavity regimes. The proposed 
inverse-cavity structure consists of a passive cavity enclosed by coherently amplified-feedback mechanisms as shown in Fig. 
1(a). For assumption that the amplified feedback mechanism provides feedback efficiency f = R0R1 > 1 and light is 
attenuated by exp(–2Lc) within the passive cavity, the threshold condition for amplified reflectance R1 is R1=R0

1exp(Lc). 
Thus, the required optical gain G0 implicitly related to R1 should also decrease for smaller Lc, as schematically illustrated in 
Fig. 1(b). Amplified feedback mechanism as the essential part is readily realized by using Fano resonances with net modal 
gain [2]. So, we provide numerical analyses for conceptual nanophotonic and plasmonic architectures for experiment. 

Through rigorous numerical analyses on both nanophotonic and plasmonic laser cavity configurations, we demonstrate 
that our proposed inverse-gain cavity oscillators perform low-threshold laser operation as cavity size decreases. As shown in 
Fig. 2(a), a photonic inverse-gain cavity configuration involves a GaAs guided-mode-resonance (GMR) reflector instead of 
the top distributed-Bragg-reflection multilayer in the conventional VCSEL structure. The GMR reflector provides amplified 
reflection toward the AlAs passive cavity. For a further compact device scheme, another proposed inverse-cavity 
configuration consists of metal-insulator-metal plasmonic guided modes as cavity modes and surface-plasmon polaritons 
resonance on the Au-InGaAs interface which transfers stimulated emission energy into cavity modes, as shown in Fig. 2(c). 
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Figure 1. Inverse-gain cavity concept in comparison of the conventional cavity configuration. (a) Lasing mechanisms for an 

inverse cavity and a conventional cavity. (b) Relation between cavity length limit Lc and required threshold gain constant G0 for 

inverse cavity and conventional cavity. 



For both inverse-gain cavity designs, we optimize structure parameters such that radiative decay toward the cover vanishes 
at the internal reflectance maximum condition during passive operations. Then, as material gain constant G0 in the GMR- or 
SPP-supporting layer increases, internal reflections are amplified to result in the desired amplified feedback. 

Using a G0-dependent resonance-excitation spectrum analysis, we numerically obtain threshold gain constants for lasing 
as changing the cavity length, as shown in Fig. 2(b) and (d). For both inverse-cavity configurations, threshold gain constant 
GIC decreases for smaller cavity length L. In contrast, Gconv for the conventional VCSEL structure increases as reducing the 
compact device size. For the lowest-order inverse-cavity mode at L = 214 nm for the photonic scheme and L = 130 nm for 
the plasmonic scheme, GIC = 0.48 cm–1  10–3Gconv and GCP = 3.52103 cm–1  1/5.5GSPP. Considering the both results 
above, the inverse-cavity approach can create remarkably efficient nanophotonic and plasmonic lasers under appropriate 
design schemes. 

In conclusion, we numerically demonstrate intriguing low threshold-gain characteristics for the inverse-cavity laser 
structures in the compact cavity regime. The proposed inverse-cavity amplification mechanism produces thousand times 
lower threshold gain in a conceivable VCSEL structure than the conventional approach and reduces threshold gain of a 
lattice plasmonic nanocavity laser by almost one order of magnitude. Although the key essential component of 
inverse-cavity oscillators demonstrated here is the amplified-feedback mechanism using periodic-surface resonances, 
non-periodic-surface resonances can be used in the identical manner and it potentially opens up efficient ways for direct 
laser-beam engineering and extremely low lasing threshold in remarkably reduced in-plane footprint-size conditions. 
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Figure 2. Experimentally conceivable nanophotonic and plasmonic architectures employing an inverse-gain cavity scheme. 

(a) Schematic illustration for a GaAs-AlAs-based inverse-cavity structure in comparison with a conventional VCSEL structure. 

Optical gain is applied to the GaAs GMR reflector for the inverse-cavity structure and GaAs active cavity region for the 

conventional VCSEL structure. (b) Calculated threshold gain constants GIC for the inverse-cavity structure and Gconv for the 

conventional VCSEL structure as functions of cavity optical path length nL. (c) Schematic illustration for an Au-InGaAs-based 

plasmonic inverse-cavity structure where periodic nanoslits function as plasmonic nanocavities and resonant grating for SPPs on 

the Au-InGaAs interface. (d) Calculated threshold gain constants GCP for the plasmonic inverse-cavity structure as functions of 

cavity length L. GGMR (GSPP) is threshold gain constant for the GMR (SPP resonance on the Au-InGaAs interface) for open cavities. 
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Abstract 
A high-Q factor 1D photonic crystal cavity (PhC) based on 
Silicon Nitride is presented, achieving calculated Q-factors 
above 106 over a wide range of upper-cladding refractive 
index values (1 to 1.45), angle sidewalls (0º, 5º and 7º) and 
stick widths. The 1D PhC devices experimental results 
demonstrate their suitability in external cavity laser 
configuration for integrated sensing platforms for gases and 
liquids at telecom wavelengths (1.4-1.6 µm).  

1. Introduction 
Ultra-sensitive and rapid detection of nanoscale analytes is 
crucial for plenty of applications such as security, quality 
food, environmental monitoring, and early-stage disease 
diagnosis, where the monitoring of lethal infectious bacteria 
and viruses is key, including severe acute respiratory 
syndrome (SARS) [1]. Moreover, optical sensing 
technology based on nanostructures have paved the way to 
build compact and reliable tools based on light [2]. 
Consequently, numerous optical sensors based on optical 
cavities have become excellent platforms due to their high-
quality factor (Q) and small modal volumes (V). Hence, 
cavities confine the light in a tiny volume, leading to 
significant enhancement of light–matter interaction. Thus, 
when there is a slight environmental change in the 
surrounding volume of the device, the spectral properties 
change, e.g., resonator wavelength shift and linewidth [3-5], 
acting as a transduction phenomenon for refractive index 
sensing. Additionally, this kind of resonator can be also 
used as a wavelength selective (resonant) mirror for a 
Hybrid External Cavity Laser (HECL) [6]. 
 
One dimensional (1D) PhC, are attracting interest due to 
their high-Q factor, reduced footprint, design resiliency and 
relatively easy fabrication [3-5]. Moreover, to take 
advantage of the mature CMOS technology for low-cost 
manufacture of photonic integrated circuits (PICs), a lot of 
effort is being conducted to include compatible material 
such as Silicon Nitride (Si3N4). Particularly, Si3N4 1D PhC 
offer broader range of operating wavelengths, spanning 

from VIS to NIR spectrum which provides more stable 
operation due to the absence of two-photon absorption 
(TPA) at telecom wavelengths.  
 
In this work we numerically study the influence of oblique 
sidewalls and width segments (Wx) on the Q factor and 
sensitivity of a Silicon Nitride nano-“stick” based 1D PhC 
[3] through 3D-FDTD method [7]. The device incorporates 
a reflective semiconductor optical amplifier (RSOA) edge-
couple to an S-bent waveguide, offering a good coupling 
efficiency, clean excitation of the optical resonant modes in 
the structure, and allowing its fabrication through a single 
etch of a deposited and uniform Si3N4 layer, then cladded in 
oxide. Numerical and experimental results of the 1D PhC 
are shown for devices operating in the 1550 nm range. The 
high experimental Q factors associated in all the different 
upper-cladding configurations open the possibility to use 
this device as a building block for novel configurations in 
trace analysis for both gases and liquids where refractive 
index sensing is required. 
 

2. Design 
Figure 1(a) show the sketch for the 1D PhC stack mode-
gap cavity considered in this work where the vertical widths 
(Wy(i)) of the dielectric blocks are quadratically modulated 
(Wy(i) = Wy(0) + i2(Wy(imax)-Wy(0))/imax

2), from the center 
to both sides where i increases from 0 to imax. The imposed 
electric field polarized along y-axis (Ey) shows a highly 
localized optical resonance suitable to interact with low 
sensing volumes. The angled sidewall introduced on Figure 
1(b) once is immersed on different surrounding media, (na), 
demonstrates good robustness, resilience and enhancement 
in terms on Q-Factor with respect to vertical sidewalls. 
 
The refractive indices of the Silicon Nitride “sticks” (nSi3N4) 
and the silica substrate (ns) are 2 and 1.45, respectively. 
Figure 1(c) shows that the Q-factor is always above 106 
over a wide range of upper cladding indexes from 1.05 to 
1.45, mimicking different analyte solutions.  
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Figure. 1. (a) Top view schematics of proposed cavity and mode profile when of the electric field (Ey) component. (b) Lateral 
view of segment shape of picture (a) where a = 496 nm (lattice period), Wx = 308 nm and Wy parabolically modulated from Wy 
(0) = 2.8a in the center to Wy (92) = 4.0a on either side. (c) Q-factor (red) and spectral wavelength sensitivity (blue) for 
different analyte refractive indexes (na= [1 to1.45]). 
 
Moreover, the spectral sensitivity (S𝜆), here considered as 
the shift of the resonance in the presence of the analyte, is 
found to be in the order of hundreds of nanometers per RIU 
resulting in a device with high Figure of Merit (S𝜆Q/𝜆res) 
also in the order of 106 and above. 
 

3. Experiment 
Experimental RI sensing measurements of NaCl and sucrose 
(C12H22O11, most common form of sugar) solutions at 
different concentrations have been conducted to validate the 
working principle of the proposed device. First, a drop-cast 
of the target analyte with a fixed concentration is deposited 
on to the air-cladded Nano-Stick device (7º) by a µl pipette. 
Then, the optical response of the micro-cavity is collected 
from a waveguide side-coupled to the microcavity and 
processed to extract the main spectral features of the 
fundamental resonant mode. Finally, a rinse and dry cycle 
with de-ionized water (DIW) and acetone is performed. 
Consequently, the three steps process was repeated for each 
concentration of the target solutions, averaging each point 
over several measures.  
 
In the Figure 2 (a) the normalized transmission power of the 
collected optical microcavity spectra at different 
concentration of NaCl (from 5% to 25% with step of 5%) is 
presented. The resonance mode, shown as a spectral dip, is 
red shifted when the NaCl concentration increases. 
Therefore, Figure 2 (b) (red) show a linear dependence 
between the wavelength of resonant mode along the NaCl 
concentrations mapped. Thus, the associated refractive index 
is calculated [8], and plotted in Figure 2 (b) (blue) to 
contrast the linear behavior observed in the calculated 
refractive index (from 1.33 to 1.375) with respect to the 

concentration of the NaCl, resulting in a sensitivity of  ~220 
[nm/RIU], demonstrating the sensing operation of the 
proposed device. 
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Figure. 2. (a) Measured transmission spectra of the 
proposed cavity for different concentration of NaCl from 5% 
to 25% in steps of 5%. (b) The resonant wavelength of the 
fundamental optical mode (red) and associated refractive 
index (calculated) against the NaCl concentration.   
 

 
Figure. 3. (a) Measured transmission spectra of the 
proposed cavity for different concentration of C12H22O11 
from 0% to 20% in steps of 5%. (b) The resonant 
wavelength of the fundamental optical mode (red) and 
associated refractive index (calculated) against the 
C12H22O11 concentration. 
 
In order to further demonstrate the behavior of the proposed 
sensor with other analytes, similar measurements were 
repeated with different concentration of sucrose (C12H22O11). 
In the Figure 3(a) it is possible to observe the optical 
spectra of the 1D PhC drop-cast with solutions of C12H22O11 
at different concentrations (from 0% to 20% in steps of 5%). 
As demonstrated with NaCl, a red shift in the fundamental 
resonance mode is observed. As for NaCl, the resonance 

wavelength of the fundamental mode is varying linearly 
with respect to the different concentrations of C12H22O11, as 
shown in Figure 3 (b) (red). Here, the calculated refractive 
index also follows a linear tendence (from 1.33 to 1.375) 
which represent a sensitivity of ~150[nm/RIU].  

4. Discussion 
The experimental results confirm the trends predicted from 
combination of oblique angles and width of segments 
allowing to achieve functional devices with measured Q-
factors up to 105, over all the upper-cladding refractive 
index range. Moreover, the reduced footprint on chip of the 
1D photonic crystals, ~100 μm long by ~2 μm wide, makes 
this type of device compatible with high integration 
densities and compact packaging solutions. 
 
An active sensor device based on a HECL, using these 
Si3N4 1D PhC cavities (already working as a passive 
sensors) as resonant mirrors, is proposed and their lasing 
operation is demonstrated obtaining output powers of 
milliwatts with clear wavelength shift under different 
analyte concentrations (read as refractive index change in 
the upper-cladding). Therefore, the proposed approach, as 
an active (or passive when and active medium is not added) 
sensor, could be very attractive to be use as a sensitive 
transducer in photothermal sensing schemes for gases and 
liquids. 
 

5. Conclusions 
A novel refractive index sensor based on a high-Q factor 1D 
Si3N4 photonic crystal is demonstrated. The proposed 
device can achieve calculated Q-factors in the order of 106 
over a broad range of gas and liquids refractive indexes 
(1.05 to 1.45). The operating principle in a Hybrid External 
Cavity Laser (HECL) configuration confirm the flexibility 
of the device to be employed in optical sensing in the NIR 
spectrum. 
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Abstract: We demonstrated that 3D quasiperiodic structures with optimal number of overlapping gratings result 
in more than 10 dB emission suppression. We show this significant emission suppression for refractive-indices 
of 1.38, 1.43 and 1.58 by numerical simulations. 

 
1. Introduction 

Photonic crystals (PhCs) have gained special interest over the past decades due to the formation of photonic 
band gaps (PBGs), which inhibit the wave propagation in specific frequency ranges1. In contrast to PhCs, 2D 
photonic quasicrystals (PQCs) demonstrate more isotropic pseudo Brillouin zone resulting from the higher 
number of rotational symmetries and thus show complete photonic bandgaps (CPBGs), bandgaps in all 
directions, at relatively low-refractive-index contrast2,3. 3D PQCs have not only failed to achieve the CPBG but 
the appreciable suppression of emissions at low-refractive-index was not demonstrated. 

In our recently published work, a quasiperiodic structure was presented with equidistant distribution of 
Bragg peaks in reciprocal space3. An analytical model estimates the optimal number of gratings required to open 
the CPBG for a given refractive-index contrast. Here, we show the significant reduction of emission inside the 
3D structures for different refractive-indices with the optimal number of gratings.  

2. Modelling 

The 3D quasicrystal model is generated by spreading the optimized number of Bragg peaks over a sphere 
with icosahedral distribution in a reciprocal space as shown in Fig.1 (b). This distribution of Bragg peaks would 
result in a random graded structure in real space which is then binarized: 

     

 
Fig.1 (a) Binarized quasiperiodic structure composed of 81 gratings (b) Icosahedral symmetric reciprocal space 
with 162 Bragg peaks 



                                               Δn(r⃗) = n̅ + Δn ∙ sgn {∑ Δni cos(b⃗⃗i ∙ r⃗ + ϕi)
N

i=1

}                                             (1) 

where Δn is the refractive-index perturbation from the mean value n̅, N is number of gratings which are 
used to generate the structure, Δni is the refractive-index (RI) amplitude of a single grating, the b⃗⃗i are the wave 
vectors defining the grating periods which are kept the same and ϕi are the corresponding random phases. 

3. Results and Discussion 

The simulations were carried out with time domain solver of CST studio suite in which a constant current 
dipole was placed exactly at the center of the structure and the power P emitted by dipole was obtained. A 
similar simulation for homogeneous medium containing mean refractive-index n was done to find power P0. 
As the normalized emitted power in logarithmic scale saturates with increase in side length L of structure, we 
could not verify the existence of CPBG. The finite leakage from the quasiperiodic structure was approximated 
by interpolating the emission into infinite structures for three different numbers of gratings, N = 46, 61 and 81 
(only two are shown here). Each optimum number of gratings calculated from ref. 3 gives maximum emission 
suppression of approximately 10 dB for specific RI contrasts of 1.38, 1.43 and 1.58. 

 
Fig.2 (a) Normalized emission suppression for 81 gratings with 1.38 RI (b) Normalized emission suppression for 
46 gratings with 1.58 RI, the side length L of simulation volume is normalized to grating period a=220 nm and 
the structure size is varying from 20 to 115 lattice constants 

4. Conclusion 

We can conclude that emission suppression of 10 dB can be achieved for different refractive-index contrast 
of 1.38, 1.43 and 1.58. We can envisage the reduction of emissions inside the 3D quasiperiodic structure for any 
refractive-index contrast with optimal number of gratings. Further work is required to understand the appearance 
of approximate limit of 10 dB and the possibility to improve the suppression further. Still presented results are 
first time demonstration of significant emission suppression in low contrast media. 
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Abstract: We developed hybrid silicon nitride photonic crystal cavity devices, which strengthen the 
emission of the integrated carbon nanotube resulting in generation of an enhanced signal in telecom 
wavelength band.  
 
1. Introduction 
 

The strongest challenge of advanced quantum applications nowadays is the realization of scalable array of 
integrated single-photon sources that efficiently interface with nanophotonic circuits on-chip due to high 
requirements for the complete hybrid device merits as brightness, efficiency and reproducibility [1]. The 
Single-walled Semiconductor Carbon Nanotube (sCNT) is one of perspective nanoscale photon sources due to 
remarkable emission properties, stable excitonic emission, which shows quantum behavior at cryogenic and at 
room temperature [2,3], which makes sCNT an attractive integrated light source.  
Thus, we demonstrate in this work scalable realization of a hybrid device with an integrated sCNT which 
overcomes above mentioned challenges exceeding it without the need of optical filtration.   
 
2. Photonic crystal cavity with coupled CNT 
 

Electrically driven sCNTs were deposited on top of the hybrid photonic crystal cavity (PHCC) in between 
transparent electrodes, where we benefit from controllable precise site-selective sCNT deposition [4]. We 
developed and optimized tailor-made PHCC fitting to the emitting wavelength of sCNT via iterations of 3D Finite 
Difference Time Domain (FDTD) and further fabrication. The nanophotonic devices were realized on silicon 
nitride platform via a specially designed and optimized multi-step electron beam lithography recipe.  

The maximum enhancement of sCNT emitted light was obtained by placing it in the center of PHCC cavity 
region, as was determined via 3D FDTD simulation of coupling efficiency spectra (βλ), which is the ratio of the 
flux of enhanced emitted light outcoupled from both ends of the cavity to the total amount of light emitted by the 
source, as shown in (Fig. 1 a)). 



 

 
 
Fig. 1. Simulations and experimental results. a) 3D FDTD simulated coupling efficiency βλ spectrum in case of 
emitter (sCNT) placed in the center of the cavity. b) Experimentally acquired enhanced emitted signal of biased 
sCNT coupled to hybrid Si3N4 PhC cavity, detected at the output coupler. Resonance modes are labelled in Roman 
numbers (I-XIII). Experimental measurements of developed PHCC with integrated sCNT on the chip were 
performed in cryostat cooled down to 77 K at vacuum conditions. 
 
Experimentally acquired spectrum of enhanced emitted sCNT signal detected at the end of the cavity via coupler 
is shown in Fig. 1 b), and it is in a good agreement with simulated coupling efficiency spectrum. Experimentally 
determined enhancement factors of spontaneously emitted sCNT light coupled into I- and III-order modes obtain 
FI =10 and FIII =22, respectively. 

 
3. Conclusion 
 

Thus, we realized hybrid silicon nitride PhCC device with integrated semiconductor CNT emitting in the 
telecommunication E-band. High enhancement factor and coupling efficiency were obtained due to precise and 
side-selective sCNT deposition and tailor-made cavity design, perfectly matching emitting characteristics of 
sCNT. 
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Abstract: Inverse diamond lattice is one of the photonic crystal structures with potentially widest photonic band 
gaps. We use a DNA origami approach to self-assemble monomers which polymerize into an inverse diamond 
lattice with a periodicity of 160 nm. With co-crystalization of extension struts the unit cell can be expanded to at 
least 400 nm. The DNA origami lattice can be chemically modified to adjust the refractive index and the volume 
fill ratio to tune the photonic properties of the structure. 

 
DNA origami is an ingenious approach of using the selective hybridization of deoxynucleic acids to 

programmably assemble long strands of DNA into almost arbitrary shapes on the scales of tens of nanometers 
[1,2]. These self-assembled particles can be then polymerized into crystalline lattices of different symmetries 
with periodicities on the scale of up to 100 nm [3-5]. The lattices can serve as scaffold for organization of 
particles [4,6], they can be modified by wet chemistry [7] or reductions [8] or could be even used as photonic 
materials if their periodicity could be expanded to length scales comparable with wavelength of light. The 
inverse diamond lattice is one of the crystal systems which can open the widest photonic band gaps and therefore 
a prime candidate for realizing DNA origami-based photonic crystals [9]. 

 
We have developed a tetrapod DNA origami monomer which polymerizes into a directly rod-connected 

diamond lattice with a lattice constant of 160 nm. The tetrapod monomers co-crystallize with long DNA origami 
extension struts into a lattice with a 400 nm unit cell. In both cases the crystallites grow to sizes on the order of 
several microns. We can dry the DNA origami lattice as is, or use sol-gel chemistry to coat it in various 
thicknesses of silica. After drying, the silica can be coated by various metal oxide materials or reduced to silicon 
or silicon carbide. With these procedures we can control the material properties of the lattice needed to achieve a 
full photonic band gap. 

 

 
Figure 1. Left: Silica-coated diamond lattice with 160 nm periodicity. Inset: model of the structure. Right: Silica-coated 
co-crystalized lattice with 400nm unit cell. 
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Abstract: Slow light is emerging as an exciting route to improve long-distance communication, optical sensors 
and signal processing. We show the effects of self-similar features at different length scales in the dielectric profile 
of the unit cells of one-dimensional photonic crystals on the photonic bandgaps and group refractive indices. We 
achieve group refractive indices as large as one thousand. This work is a contribution towards realization of 
designable slow light photonic crystals. 
 
Slow light can be classified as light for which the group refractive index - 𝑛𝑔 is much greater than the 
refractive index of the material in which the light propagates 1. 
Slow light has been an interesting area of research since the late nineties, when it was first predicted 2 and 
later discovered in a system with electromagnetically induced transparency 3 Due to interesting properties 
of slow light such as spatial signal compression in systems with minimal dispersion, and spatially dispersed 
in slow light systems with strong dispersion 1, there has been extensive research and interest in slow light 
systems and their applications in the fields of long distance telecommunications 4,5, waveguides 6, optical 
signal processing 7 and optical sensors 8. Due to potential applications of slow light, there has been a lot of 
research in how to create slow light systems in solid state matter 9. Photonic crystals have proven to be a 
class of materials where it is possible to engineer the structure so that it will exhibit high group refractive 
indices 1,10–15. Theoretical predictions of flat bands with low band widths and slow group velocities have 
been reported in dual periodic dielectric multilayer structures 12,16. However, the proposed setup, in addition 
to precise fabrication of thicknesses of dielectric layers also requires careful selection of dielectric 
permittivity value in each layer. Therefore, many different materials with very specific optical properties 
are needed, which complicates possible experimental realization. 
 
We present a family of one-dimensional photonic crystals, which exhibit prominent flat bands and high 
group refractive indices using only two dielectric materials. Latter is achieved by use of dual periodic unit 
cells comprised of self-similar dielectric layers. Such structures allow for rather simple explanation of the 
flat band origin and consequently enable precise design of flat bands with high group refractive indices at 
desired frequencies by only varying the thicknesses of the layers. Consequently, such structure are good 
candidates for creating designable slow light photonic crystals. 
 
The dielectric functions of our structures can be described with relatively simple parametric analytical 
dielectric functions, for which we can vary the thicknesses of layers and the lengths scales at which the 
structures are self-similar with a single parameter. Calculations of the band diagrams and group velocities 
of optical states in the band diagrams for specific dielectric structures were performed numerically using 
open source FDFD methods. We have found that group refractive indices of certain modes can be as large 
as one thousand, for specific layer thicknesses and realistic dielectric contrasts of the dielectric structures.  



Peter Ropač, Urban Mur, Miha Ravnik; Slow light by dual periodic self-similar dielectric multi-layered films; to 
be submitted (2022). 
 
Authors acknowledge funding from Slovenian research agency ARRS grants P1-0099 and N1-0195 
 
References 
1. Baba, T. Slow light in photonic crystals. Nature Photonics 2, 465–473 (2008). 
2. Harris, S. E. Electromagnetically Induced Transparency. Physics Today 50, 36 (2008). 
3. Kasapi, A., Jain, M., Yin, G. Y. & Harris, S. E. Electromagnetically Induced Transparency: Propagation 

Dynamics. Phys. Rev. Lett. 74, 2447–2450 (1995). 
4. Zhang, L., Luo, T., Yu, C., Zhang, W. & Willner, A. E. Pattern Dependence of Data Distortion in Slow-Light 

Elements. J. Lightwave Technol. 25, 1754–1760 (2007). 
5. Gehring, GeorgeM., Boyd, R. W., Gaeta, A. L., Gauthier, D. J. & Willner, A. E. Fiber-Based Slow-Light 

Technologies. J. Lightwave Technol. 26, 3752–3762 (2008). 
6. Ebnali-Heidari, A., Prokop, C., Ebnali-Heidari, M. & Karnutsch, C. A Proposal for Loss Engineering in Slow-

Light Photonic Crystal Waveguides. J. Lightwave Technol. 33, 1905–1912 (2015). 
7. Sun, D. & Ku, P.-C. Slow Light Using P-Doped Semiconductor Heterostructures for High-Bandwidth Nonlinear 

Signal Processing. J. Lightwave Technol. 26, 3811–3817 (2008). 
8. Bravo, M., Angulo-Vinuesa, X., Martin-Lopez, S., López-Amo, M. & González-Herráez, M. Slow-Light and 

Enhanced Sensitivity in a Displacement Sensor Using a Lossy Fiber-Based Ring Resonator. J. Lightwave 
Technol. 31, 3752–3757 (2013). 

9. Riboli, F., Bettotti, P. & Pavesi, L. Band gap characterization and slow light effects in one dimensional photonic 
crystals based on silicon slot-waveguides. Optics Express 15, 11769 (2007). 

10. Grgić, J., Pedersen, J. G., Xiao, S. & Mortensen, N. A. Group index limitations in slow-light photonic crystals. 
Photonics and Nanostructures - Fundamentals and Applications 8, 56–61 (2010). 

11. Mookherjea, S., Park, J. S., Yang, S. H. & Bandaru, P. R. Localization in silicon nanophotonic slow-light 
waveguides. Nature Photonics 2, 90–93 (2008). 

12. Shimada, R., Koda, T., Ueta, T. & Ohtaka, K. Strong localization of Bloch photons in dual-periodic dielectric 
multilayer structures. Journal of Applied Physics 90, 3905–3909 (2001). 

13. Skolianos, G., Arora, A., Bernier, M. & Digonnet, M. Slow light in fiber Bragg gratings and its applications. 
Journal of Physics D: Applied Physics 49, 463001 (2016). 

14. Khurgin, J. Light slowing down in Moiré fiber gratings and its implications for nonlinear optics. Physical Review 
A 62, (2000). 

15. Janner, D. et al. Slow light in periodic superstructure Bragg gratings. Phys Rev E Stat Nonlin Soft Matter Phys 
72, 56605 (2005). 

16. Shimada, R., Koda, T., Ueta, T. & Ohtaka, K. Energy spectra in dual-periodic multilayer structures. Journal of 
the Physical Society of Japan 67, 3414–3419 (1998). 

  
 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Microstructured photonic crystal fibers infiltrated with metallic nanoparticles-doped liquid 
crystals for promising sensing and tunable photonic devices applications 

 
T. R. Woliński1*, K. Orzechowski1, W. Lewandowski2, O. Strzeżysz3, M. Tupikowska2,  

Ch.-T. Wang4, T-M. Feng4, W.-Y. Chen4, and L.-Y. Wu4 
1 Faculty of Physics, Warsaw University of Technology, Koszykowa 75, 00-662 Warsaw, Poland 

2 Faculty of Chemistry, University of Warsaw, Pasteura 1, 02-093 Warsaw, Poland 
3 Institute of Chemistry, Military University of Technology, Kaliskiego 2, 00-908 Warsaw, Poland 

4 Department of Photonics, National Sun Yat-Sen University, No. 70 Lien-hai Rd., Kaohsiung 80424, Taiwan 
*corresponding author: tomasz.wolinski@pw.edu.pl 

 
Abstract Spectral properties of microstructured photonic crystal fibers filled with metallic nanoparticles-doped 
liquid crystals in nematic or blue phases are demonstrated. It is presented that the investigated complex photonic 
systems can provide promising tunable properties for particular wavelengths in the visible light spectrum. 
Importantly, the presence of gold nanoparticles with an appropriate organic coating and mesogenic ligands in a 
blue phase liquid crystal matrix can enhance the external electric field sensitivity and temperature stability of the 
examined photonic liquid crystal fibers. 

 
Microstructured photonic crystal fibers filled with nematic liquid crystals (LCs) offer a high level of tunability 

due to significantly improved control of their spectral, polarizing, and guiding properties [1, 2]. LC-filling, 
characterized by high electric field sensitivity caused by dielectric anisotropy and temperature dependence, 
resulting in a refractive index change, makes them promising material for developing modern photonic sensors 
and in-fiber telecommunication devices, providing simultaneously interesting tunable properties. Nevertheless, 
photonic LC-based structures still have significant limitations, especially in optical communication, such as not 
fast enough response times under applying an external electric field and a necessity to use high driving voltage 
due to a relatively large cladding diameter of the fiber. However, metallic nanoparticles-doped liquid crystals may 
significantly lower the threshold and speed up response times of the PLCFs from tens up to a few milliseconds [3]. 
Importantly, considering chiral liquid crystals in blue phases (BPs) as a filling to PCFs can improve electro-optical 
parameters of the photonic system lowering sub-millisecond response times [4] due to the short coherent length in 
orientational order and highly twisted molecular alignment of the self-assembled nano-structured BP LC. 
Moreover, nanoparticles-doped BPs (Fig. 1) were found to be promising LC-composite with tunable optical 
properties and widened operation temperature range [5]. 

 
Fig. 1 Scheme of molecular ordering in cubic structures enriched with nanoparticles, corresponding to a unit cell 
of (a) BP I and (b) BP II. Green molecules mean connected helices in neighboring double-twist cylinders, and red 
rods correspond to an array of liquid-crystalline disclinations in a unit cell. 



In our work, we demonstrate spectral properties of microstructured PCFs infiltrated with metallic 
nanoparticles-doped liquid crystals in nematic or blue phases. A comparison of light guidance and its spectral 
characteristics on applying an external electric field to PLCFs based on either nematic or blue phase liquid crystals 
is presented. Moreover, doping LCs with metallic nanoparticles can tune optical properties of the PLCF enhancing 
its external electric field sensitivity and temperature stability. Significantly, the most promising results have been 
obtained for a BP LC infiltrated PCF showing - under the influence of an external electric field - tuning of a range 
of wavelengths that correspond to photonic bandgaps dependent on the input light polarization. However, doping 
PLCFs with metallic nanoparticles enables controlling of the light intensity for specific wavelengths, in the 
presence of an external electric field and significantly improves the light guidance (Fig. 2). 

 
Fig. 2 The spectral characteristics of BPLC-filled PCF under applying an external electric field for (a) undoped, 
(b) doped with gold nanoparticles (2% by wt.). 
 
The examined complex LC-based photonic systems are very attractive in electro-optical modulation, switching, 
sensing, and tunable filter applications, especially those providing better transmission properties due to the 
existence of optical isotropy in BP LCs. 
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Abstract: The present work focuses on the development of a point of care testing unit for non-invasive 
screening of cervical cancer from the urine sample of the targeted patient. Here, a plasmonic immunobiosensor 
has been fabricated using gold nanoparticles immobilized with antibodies specific to a potential biomarker of 
cervical cancer, Protein-Phosphatase-1-gamma-2. The developed device is capable to identify the positivity of the test 
from crude urine sample of the affected patient. 

Cervical cancer (CaCx) is presently one the most common forms of carcinoma among women. Nearly 2.8 
billion females aged ~15 years or older are at risk of developing this dreaded disease. Till date, the available 
techniques, such as pap-smear test1, Lugol’s iodine test (VILI)2, acetone treatment (VIA)2 on cervix among 
others, for cervical cancer detection in women is painful, invasive, and not instant. The need of painless and 
non-invasive cervical cancer detection has vital societal importance and the present study works in the same line. 
Precisely, this work was based on plasmonic gold nanoparticle (Au NP) based portable detection of cervical 
cancer from urine sample of the patient3. A potential cancer antigen (Ag), Protein-Phosphatase-1-gamma-2 
(PP1ϒ2) with a restricted expression in testis and sperms was identified as a biomarker specific to cervical 
cancer (CaCx). Extensive validation of the appearance of PP1ϒ2 in the cervical cancer affected patients’ urine 
and pap smear has been performed using western blot analysis. After that, the antibody specific to PP1ϒ2 was 
grown in rabbit. Detection of this novel cancer biomarker antigen (NCB-Ag) in human urine opened up the 
possibility of non-invasive detection of CaCx to supplement the dreaded and invasive Pap-smear test. 
Absorption based colorimetric response of an assembly of Au NPs was employed for the quantitative, 
non-invasive, and point-of-care-testing (POCT) of CaCx in the urine. In order to fabricate the immunosensor, Au 
NPs of sizes ~5–20 nm have been chemically modified with a linker, 
3,3'-di-thio-di-propionic-acid-di(n-hydroxy-succinimide-ester) (DTSP) to attach the antibody (Ab) specific to the 
NCB-Ag. An in-house prototype has been assembled by integrating a light emitting diode (LED) of a narrow 
range wavelength in one side of a cuvette in which the reaction has been performed while a sensitive 
photodetector to the other side to transduce the transmitted signal associated with the loading of NCB-Ag in the 
Ab-DTSP-Au NPs composite. Interestingly, the addition of Ag to the composite of Ab-DTSP-Au NPs leads to a 
significant change of absorption along with hypsochromic shift due to localized surface plasmon resonance 
(LSPR) phenomenon, which originates from the specific epitope-paratope interaction between the NCB-Ag and 
Ab-DTSP-Au NPs. The variations in the absorbance and wavelength shift during such attachments of different 
concentrations of NCB-Ag on the Ab-DTSP-Au NPs composite were employed as a calibration to identify 
NCB-Ag in human urine. The proposed immunosensing platform was tested against other standard proteins to 
ensure non-interference alongside proving the proof-for-specificity of the NCB detection. Furthermore, real 
patient samples were also tested and the same shows high efficacy of cervical cancer screening. A huge number 
of sample tests and device optimization bears the potential of developing a useful POCT device for cervical 
cancer detection. 

 



 
 

 
Figure 1. (a) UV-Vis absorbance of the response of sensor. (b) schematic and TEM image for reduction in interparticle 
distance on immobilization of Ab. (c) schematic and TEM image for increase in interparticle distance after the attachment 
of NCB-Ag on Ab-DTSP-Au NPs. 

 
Figure 2. (a) UV-Vis spectra of Ab-DTSP-Au NPs attached NCB-Ag in urine sample. (b) change of UV-Vis absorbance 
with blue shifts on successive additions of CaCx urine.  

 

Figure 3: (a) schematic diagram of the portable point of care prototype. (b) results obtained from the proposed portable 
POCT device for CaCx identification in urine samples. 
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Abstract: A nanosensor based on two parallel high-refractive index nanowires has been designed. The high 
sensitivity of the scattered field on the inter-distance between the nanowires provides a remarkable sensing 
parameter of any mechanical vibration of the nanowires. The proposed sensor has been designed such that it 
works at a wavelength of commercial lasers (e.g. 1310 nm). and the sensing point avoids the incident field, 
strongly reducing the complexity of the illumination and detection systems.    
 
The strong dependence of the scattered field of high-refractive-index (HRI) nanostructures [1] on the 
surrounding medium make them suitable for a large variety of nanosensors [2,3]. From chemical [4] to 
biological [5] nanosensors, these structures are currently present in a myriad of photonic devices. The aim of this 
work is to evaluate the potential application of these nanooptical sensors to detect vibrations in mechanical 
systems using an all-optical signal.  
  
In this work, we have considered two parallel silicon nanowires (see scheme in Fig.1a) with a diameter (d) of 
140 nm and a length large enough to be considered as semi-infinity (L >5·λ). The system is illuminated from the 
top (red arrow in Fig.1a) with an incident beam in the near-infrared region (λ = 1310 nm corresponding to a 
commercial laser). The scattered field is then measured in the middle region in an orthogonal direction to the 
illumination one (green arrow in Fig. 1a) to avoid the incident field. The variation of the distance between the 
nanowires due to mechanical vibrations (D) produces a remarkable variation of the optical resonant coupling 
between them (Fig. 1b) producing a detectable variation of the scattered field at the detection point.  

 
Figure 1. (a) Scheme of the proposed sensor based on two parallel silicon nanowires. (b) Scattered field of the 

nanosensor in a plane parallel to its main axis and in the middle region. The gap distance is 360 nm. 



 
Using COMSOL Multiphysics, we have been able to accurately reproduce the evolution of the scattered 

field in the far-field of the nanosystem as a function of the gap distance (D). This is the light intensity that would 
be measured by an optical fiber in the middle region of the nanowires. The geometrical properties of the 
nanowires as well as the incident wavelength have been optimized to observe a strong variation of the scattered 
field as the gap distance changes.  

Any vibrational movement or the excitation of a mechanical resonance will produce a periodic change of the 
gap distance and then a detectable change in the scattered field. The optical response presents a global maximum 
and a global minimum such that it allows a qualitative analysis of the vibration. Additionally, if a quantitative 
analysis is required to obtain a detailed information, we have observed a quasi-linear response on the scattering, 
allowing an easier data processing.   
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Abstract: Optical techniques have achieved significant contributions to modern healthcare, where lasers and 
optical devices have been daily used in clinical practice to diagnosis and treat disease. Recent development of 
plasmonic and photonic structures has enabled numerous high-tech applications ‒ in particular, the integration 
with biochemical sensors. A facile and efficient holographic photolithography technique has been developed to 
fabricate photonic crystal sensors with quantitative and continuous response to chemical analytes and physical 
changes in aqueous solutions.  

Summary: Optical sensing has been recognized as one of the most promising academic and technological 
applications for plasmonic and photonic materials.1 Holographic sensors are photonic crystals that diffract 
narrow-band light in the visible spectrum to quantify chemical analytes and physical changes in aqueous 
solutions.2 Holographic sensors have been achieved through a range of techniques including photolithographic 
recording of nanocomposites,3 and inorganic nanoparticles (NP)4 to incorporate diffraction gratings and embed 
the refractive index (RI) variations within functionalized polymers or natural organic polymer matrices. The 
critical function in the optical sensor operations is the light interaction with the holographic structures, which has 
been described by Braggs law.5 Compared to other optical sensors, holographic sensors demonstrate their 
advantages in the ability to produce three-dimensional (3D) images, the amenability to mass manufacturing at 
low-cost, and the capability to continuously monitor biomarker variations.6 Recently, continuous monitoring of 
physiological conditions and biomarkers via holographic sensors has attracted extensive attention to facilitate the 
personalised diagnostics and medicine. Holographic sensors have emerged as an excellent platform for cheap, 
quantitative and real-time colorimetric analysis of key biochemical analytes to reduce the hospital workload and 
healthcare cost. The most prominent technique to produce photonic holographic structures is in-situ 
photo-reduction of metal ions such as silver to form NP fringe structures (i.e. AgNP).7 Metal NPs deliver the 
change in RI required for holographic sensors, but improvements are required for mass production and 
application to biological sensing. The complex chemistry used in the reduction and fixing of metal NPs mandates 
complex processing steps, which has been a major hindrance to mass production and widespread application. 

Herein, our recent developments in holographic sensors based on a facile and efficient photolithography 
technique will be demonstrated; a key focus will be directed to verify their applications in biochemical analytical 
and diagnostic devices. Laser lithography of holographic gratings was achieved via a single Nd:YAG laser pulse 
(355 nm) to initiate the in-situ doubly photopolymerisation of ultrafine hydrogel fringes in a functional polymer 
matrix. The fabrication and characterisation techniques to adjust and improve the sensor performance of 
holographic structures will be showcased. Diffraction efficiency and wavelength shifts of holographic Bragg 
peaks in response to biochemical analytes were measured by self-assembled optical setups. The obtained 
holographic sensors displayed continuous, reversible and rapid colorimetric response to the biochemical targets 
without hysteresis. Computational modelling was applied to simulate the recording and swelling characteristics 
of developed holographic sensors. Hydrogel parameters, including film thickness, refractive index changes and 
the numbers of layer were examined for their effect on reflectance spectra. Holographic sensors as real-time 



analytical devices have advanced applications in benchtop in vitro diagnostic instruments, wearable devices and 
implantable probes to monitor at-risk patients in clinical and point-of-care settings. 

 

Figure 1. Holographic sensors fabricated from double photopolymerization of hydrogels.8 a) Reversible 
interaction and the optical response of holographic sensors to the specific analytes; b) Incident and reflected 
coherent laser light with the hydrogel sample raised to 50 during laser interference lithography; c) Effective laser 
light intensity passing through the film from constructive and destructive interference and its polymerisation 
effect on the hydrogel film.  
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Abstract:  We demonstrate the concept of optical spin wave XNOR gate based on the interference of spin waves 
excited via inverse Faraday effect (IFE) in multiple points in a bismuth-substituted yttrium iron garnet (BIG). The 
logical output of the gate is determined by constructive and destructive interference controlled by the laser source 
helicity. Numerical simulations provide an excellent agreement with the experimental results and are further used 
to design magnon logic gates based on optically excited spin waves interaction. 
 

With growing demand on computational power, the magnon logic devices based on spin wave interference 
become promising [1]. Among the key advantages of spin wave Boolean logic are Ohmic heating-free operation, 
various nonlinear phenomena and large propagation distances in specific materials [2]. Moreover, the technique 
of ultrafast coherent control with circularly polarized femtosecond laser pulses [3] paved the way for making 
magnon deviсes highly tunable with various parameters of spin waves that are controlled by aperture and 
polarization of the laser pulses. The new approach may provide the solution to overcome the principal challenge 
of applied magnonics: manipulation of sub-100 nm wavelength spin waves at nanoscale [4]. In this work we 
demonstrate the concept of the XNOR logic circuit built on the basis of ultrafast optical excitation technique.  

We utilized in-plane magnetized 46 µm-thick bismuth-substituted yttrium iron garnet (BIG) film for spin wave 
propagation. Spin waves were excited via inverse Faraday effect by 200-fs laser pulses of circularly polarized 
beams, arrangement of the beams (Fig. 1a) was controlled by a variable platform with a spatial light modulator 
(SLM). Probing was performed with single linearly polarized beam via Faraday effect. Circularly polarized pump 
beams of opposite helicities excite oscillations with a phase difference of π [3]. Thus, when the spacing between 
local sources is equal to an integer number of wavelengths, excited spin waves would interfere constructively or 
destructively depending on the polarization of laser pump beams. The logical output of the gate would be 
determined by constructive and destructive interference, while the beam helicity acts as a logical input. As a result, 
we observed experimentally optical excitation and, subsequently, robust interference of backward volume 
magnetostatic spin waves (BVMSWs). Numerical model of our system constructed in the micromagnetic 
simulation framework Mumax3 [5] provided an excellent agreement with the experimental data. The confirmation 
of the optically excited interfering spin waves allowed us to use that approach and to model the possible 
implementation of the logic gates - a functional XNOR logic circuit based on a thinner 1 µm film. Studying (σ +; 
σ−) and (σ +; σ −) pump beam configurations we revealed the opposite interference patterns with high interferential 
contrast, meaning that we can effectively control the “sign” of the spin-wave interference and recreate the XNOR 
gate truth table. 

 



 
Pic. 1 a) The pump and probe beams were focused at the sample surface with a micro-objective lens in 6-µm and 4-µm 

spots, respectively. The center of the probing spot was at zero; the center of the first pumping spot was shifted along the x-
axis by 12 µm in the negative direction. During the experiment, the first pump beam and the probing beam were fixed in 
place, while the second pump beam was shifted along the x-axis. b) 0-order BVMSW amplitude at zero in a 1.1-µm BIG 

film as a function of the second pump position shift. The first pump was constantly located at -12 µm. The result for the two 
σ+ polarized pump beams (red color line), two pump beams of the opposite polarization (blue color line) and for one σ+ 

polarized pump beam (gray dotted line). 
 

 
In conclusion, we confirmed the constructive interference of the lowest orders of BVMSWs in in-plane 

magnetized thin BIG film when the spacing between local sources was equal to an integer number of wavelengths. 
Further, the constructed numeric model was verified by observing robust interference of the lowest orders of 
BVMSWs in the experiment and simulation. Utilizing the numeric model, we designed an ultrafast magnon logical 
gate XNOR, based on the spin-wave interference. The proposed concept of the XNOR gate can be further 
implemented as a building block leading to a realization of more complex magnon logic operations.  
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Abstract: This work presents experimental results on fabrication and characterization of an electro-optical 
modulator in the form of metal-oxide-semiconductor multilayer structure that exhibits refractive index change 
under applied external voltage. This variation in optical properties is enabled by the changes in the carrier 
density present in the vicinity of the indium-tin-oxide layer – fused silica interface. In our investigations, we 
identify the critical electrical and morphological parameters of the e-beam deposited semiconductor film that 
govern the process of accumulation/depletion layer formation. 

 
 

Electro-optical modulators are an inherent part of modern telecommunication systems, which struggle to 
keep up with the demand for ever-increasing data transfer speed and power efficiency, determining current limits 
on transmission rate [1]. It is clear then that every advance in this field is highly anticipated and will be quickly 
adapted in various applications such as biosensing, medicine, military, and astronomy [2,3]. One of the recent 
breakthroughs in the optical response of the modulators was based on the idea that the external voltage can 
locally vary the free carrier density across the semiconductor film [4]. As demonstrated for transparent 
conducting oxides, the direct consequence of such modification is the change in the refractive index value. 

We explore this effect in a metal-oxide-semiconductor layered structure with indium tin oxide (ITO) serving 
as an active material. The fabricated nanodevice works in MOS capacitor-like configuration with silver layers 
acting as metallic electrodes to apply external field and fused silica acting as an insulation layer. When an 
external voltage is applied to the electrodes, free carrier density changes at the interface between ITO and silica 
interface, resulting in the formation of the accumulation or depletion regions. To achieve significant changes in 
the optical response of ITO, the initial electron concentration in the material must be on the order of 1021 cm-3. 

The central part of the presented work was focused on establishing deposition process conditions to obtain 
the optimum electrical and optical properties of the ITO, leading to the enhancement of the carrier-induced 
electro-optic effect. ITO is notorious for its sensitivity to deposition process conditions and requires high 
temperatures to obtain low electrical resistivity and high transparency at the same time [5, 6]. To alleviate these 
drawbacks, we have incorporated oxygen plasma during the deposition process, which improved electrical, 
morphological, and optical properties. Furthermore, this approach made it possible to lower the deposition 
temperature substantially, making the fabrication process compatible with temperature-sensitive materials, such 
as, e.g., polymers. 

Next, we have used the improved ITO deposition process conditions to fabricate a functional nanodevice. 
We have confirmed its operativity with spectroscopic ellipsometry in UV/VIS/NIR range. Due to the excellent 
quality of ITO film and high initial carrier density, we have demonstrated that the device can work in an 
accumulation and depletion regime, contrary to results reported in the original work [4]. 



  
Fig. 1. a) SEM image of the ITO layer deposited with oxygen plasma assistance. The sheet resistance of the layer was noted 
in the upper-right corner. b) Working principle of the fabricated nanodevice in accumulation regime (under negative bias) 
and depletion regime (under positive bias). 

 
 

Acknowledgments. This work was supported by National Science Centre, Poland, under research project 
2018/31/D/ST7/02266. 
 
References 
1. Sinatkas, G., Christopoulos, T., Tsilipakos, O. and Kriezis, E. E., “Electro-optic modulation in integrated photonics” J. 

Appl. Phys., Vol. 130, No. 1, 010901-1–010901-35, 2021. 
2. Reed, G. T., Mashanovich, G., Gardes, F. Y. and Thomson, D. J., “Silicon optical modulators” Nat. Phot., Vol. 4, No. 8, 

518-526, 2010. 
3. Ferrera, M., Kinsey, N., Shaltout, A., DeVault, C., Shalaev, V. and Boltasseva, A., “Dynamic nanophotonics”, J. Opt. 

Soc. Am. B, Vol. 34, No. 1, 95-103, 2017. 
4. Feigenbaum, E., Diest, K. and Atwater, H. A., “Unity-Order Index Change in Transparent Conducting Oxides at 

Visible Frequencies”, Vol. 10, No. 6, 2111-2116, 2010. 
5. Ma, Z., Li, Z., Liu, K., Ye, C. and Sorger, V. J., “Indium-Tin-Oxide for High-performance Electro-optic Modulation”, 

Nanoph., Vol. 4, No. 2, 198-213, 2015. 
6. Cleary, J. W., Smith, E. M., Leedy, K. D., Grzybowski, G. and Guo, J., “Optical and electrical properties of ultra-thin 

indium tin oxide nanofilms on silicon for infrared photonics”, Opt. Mater. Express., Vol. 8, No. 5, 1231-1245, 2018. 

a) b) 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Ionic plasmon-polariton model of the saltatory conduction in myelinated axons  
 

M. Laska1, Z. Krzemińska1, J. E. Jacak1*, and W. A. Jacak1 
1Department of Quantum Technologies, Wrocław University of Science and Technology, Wyb. Wyspiańskiego 27, 50-370 

Wrocław, Poland 
*corresponding author: janusz.jacak@pwr.edu.pl 

 
Abstract: The microscopic theory of ionic plasmon-polariton kinetics in periodically myelinated axons is 
developed in order to explain the high speed signal transduction in such axons not available to diffusive ion 
currents in nerve cells. The model takes advantage from the plasmon-polariton dynamics observed in metallic 
nano-chains.  

 
 

Plasmonics of finite ionic systems has been developed in analogy to electronic plasmonics in metallic 
nanoparticles. Exchange of charge carriers from electrons in metals to ions in aqueous electrolytes causes a shift 
of plasmonic bulk resonance from UV region to much lower frequencies because of ca. 104  times greater mass 
of ions in comparison to electrons and of typically by orders lover ion concentration (molarity of electrolytes) in 
comparison to concentration of free electrons in metals. The application of microscopic theory of type of 
Random Phase Approximation (RPA) occurs useful for both metallic plasmonics and for ionic soft-plasmonics 
to determine the so-called plasmonic size of confinement where plasmon interaction with photons or with 
absorbing media is optimized. The latter is related with maximum of plasmon damping via Lorentz friction of 
charge oscillations [1] and in the case of metals prefers the nanoscale, but for electrolytes the microscale, which 
agrees with the size-scale of cells in bio-matter organization.  

The RPA theory of surface and volume plasmons in micro-scale confined electrolytes has been developed [2] 
in analogy to the RPA model of plasmons in metallic nanoparticles, including, however, some important 
differences (an absence of the rigid jellium in electrolytes and Boltzmann statistics of ions in contrary to metals 
with positive immobile jellium and degenerated quantum statistics of fermions). Despite differences the plasmon 
behavior of electrolytes repeats majority of electronic properties, though in another scale of size and energy. The 
energy of soft-plasmonics effects occurs sufficiently low to contribute to vital functions of living organisms.  

In the submission we present the soft-plasmonic model of ionic plasmon-polariton dynamics in the 
periodically corrugated axon cord (Fig.1), in analogy to metallic nano-chains with electronic plasmon-polariton 
propagation [3,4]. The main objective is to elucidate the mysterious in electrophysiology high speedy signal 
conduction in myelinated axons (so-called saltatory conduction) with velocity 100-200 m/s, by two orders of the 
magnitude larger than the upper limit of conventional diffusive current velocity (up to 1 m/s) in nonmyelinated 
axons and in dendrites. This is a significant problem because the reduction of the speedy saltatory conduction by 
only 10% ceases life functions (as happens at demyelination syndromes like Multiple Sclerosis), and deciphering 
of proper mechanism of such malfunctions would help in better understanding of these diseases.  

The ionic plasmon-polariton model satisfies requirements of signal velocity (cf. Fig. 1, Right panel) and 
supply a new mechanism of the regulatory role of the myelin [5] different than previously was thought. The 
plasmon-polariton is the synchronized by dipole interaction of plasmon oscillations in chain segments collective 
oscillation of the whole chain. It can propagate in the form of a wave packet with the expected speed of 100-200 
m/s for realistic axon parameters of size and geometry and of its chemical composition. Ionic plasmon-polariton 



in myelinated axon propagates in the chain immersed in the absorbing intercellular electrolyte surroundings. 
This causes additional no-radiative energy losses, which must be balanced in order to assure long range 
communication. The role of the action potential formation according to so-called Huxley-Hodgkin cycle at nodes 
of Ranvier (breaks between segments in axon chain) is to residually cover energy losses of plasmon-polariton 
wave packet, provided, however, the synchronization of frequency of plasmon-polariton with time scale of 
activation of Na+ channels. The thickness of the myelin sheath precisely tunes this frequency (and related speed) 
of plasmon-polariton wave packet [5].        

   
Figure 1. Left panel: myelinated axon is a chain of 100 μm long segments of electrolyte under the myelin   
sheath in which a longitudinal mode of plasmon-polariton can propagate if synchronized to Huxley-Hodgkin 
cycles at nodes of Ranvier with Na+ and K+ gates to balance Ohmic energy losses (plasmon-polariton does not 
radiate any energy). Right panel: Numerical simulation for the energy band of longitudinal modes of 
plasmon-polariton in axon and corresponding group velocity of these modes (speed of 100-200 m/s is achieved 
for realistic size and chemical composition of axon electrolyte).   
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Abstract: Chiral structures are ubiquitous in nature. In life, pairs of anti-symmetric chiral molecules – 
enantiomers are intriguing microscopic examples. They are identical in atomic composition and therefore 
indistinguishable in scalar physical properties. Yet, one enantiomer may be therapeutic while the other toxic [1]. 
In this work, we demonstrate the feasibility of electrical detection of chiral molecules by optical rectification at 
the molecular-plasmonic interface via spin-momentum locking and dynamic symmetry-breaking.  
 
Summary: Though indistinguishable in composition and scalar properties, chiral enantiomers may differentiate 
themselves through interactions with their environment. Surroundings of a certain chirality, or more generally, 
broken mirror-symmetry can distinguish one chirality over the other. In this work we report on an effort to create 
and intensify such chiral-selective interaction at a molecular-plasmonic interface. We describe the experimental 
design and validation of its deployment in chiral molecule detection and electrical read-out via optical 
rectification in the so-called ‘spin-momentum locking’ regime.   

To highlight the underlying concept and principle, we opted for a standard plasmonic platform – a simple 
Au-coated grating for its large optical coupling efficiency and field-intensification in the plasmonic near-field 
zone on the surface.  

Further, to ease the fabrication and control, and to facilitate future scalability, we chose to extract from a 
commercially mass-produced polycarbonate DVD base and evaporated an ~80 nm thick gold layer atop. (Fig. 1).   

In this system, the mirror symmetry is broken dynamically by incidence of circularly polarized light along 
the grooves. The incident circularly polarized light selectively induces a unidirectional surface plasmon polariton 
(SPP) wave, which has a spin-momentum (i.e. chirality) and propagates along a direction transverse to the 
grooves (or, the incidence plane) and to that of the incident light, as defined by spin-momentum locking (Fig. 1) 
[2, 3]. The field of this SPP wave can be orders of magnitude greater than that of the incident light [4] and 
localized in the near-field zone (~10 nm). As such, it interacts or probes the molecules immobilized on the 
grating surface greatly more so than those in the volume, thereby enhancing the sensitivity of the system.  

Additionally, the unidirectional SPP wave enables electrical read-out via optical rectification, a 
second-order nonlinear optical effect which converts high frequency electron oscillations in the SPP wave into a 
measurable DC current across the device (Fig. 2). This is advantageous for practical applications in terms of size, 
cost, portability, speed, and convenience for interfacing with on-site mobile data processing, when compared to 
the more traditional tools of liquid or gas chromatography/mass spectrometry, circular dichroism 
spectrophotometry, optical rotation, nuclear magnetic resonance spectroscopy, x-ray crystallography, etc. 
 A set of experiments have been conducted in this concept exploration phase, to determine optimal 
conditions and setups for maximizing the chiral and molecular-concentration sensitivities with respect to 
incident light wavelength, angle, and intensity, as well as the grating period, topology, material, etc. A rich set of 
detailed findings under these varied conditions will be presented.  



In one experiment, the grating platform is submerged in a solution of L or D arabinose where circularly 
polarized light produced from a pulsed Alexandrite laser with a vacuum wavelength of 750 nm (effectively 555 
nm in the solution) is obliquely incident to the grating. Enantiomer pairs are compared under identical settings 
while the handedness of the circularly polarized light is varied. 

The obliquely incident light generates SPP modes in an anisotropic system which give rise to the observed 
rectified current, as shown in an example single-pulse response (Fig. 2). The steep profile is indicative of a fast 
response time, demonstrating another advantage of this optical rectification detection mechanism – inherently 
ultrafast signal response with effectively no limitations associated with recombination and RC time delay as in 
the case of a diode.  
 

 
Figure 1: The grating considered in our analysis — a thin (80 
nm) layer of gold upon a polycarbonate substrate derived 
from commercially available DVDs. Unidirectional SPP 
modes are excited through the spin-momentum locking of 
circularly polarized light obliquely incident to the grating, 
along the grooves. The grating is submerged in a solution of 
chiral molecules: L or D Arabinose. 

 
Figure 2: Optically generated current produced from SPP 
waves. The laser pulse was produced using a pulsed 
Alexandrite laser operating at a wavelength of 750 nm. 
This data was obtained from linear, p-polarized light at a 
40-degree incidence angle. 

 
In sum, we present a novel method by which chiral molecules may be electrically detected from a DC 

current induced on the surface of a metallic diffraction grating through the dynamic symmetry breaking of 
incident circularly polarized light and unidirectional SPP waves. These methods offer a new means for chiral 
molecule detection, opening the door to more cost-effective and space efficient solutions. 
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Abstract: Photonic information processing benefits from high speed, parallelization, low communication losses,

and high bandwidth. Fully functional photonic neurons, including spiking neurons, as well as neural networks,

have been already realized in laboratories. We show why using the exceptionally strong interactions, such as in

polariton systems in place of standard nonlinear optical phenomena can help allow to achieve exceptionally high

performance in terms of computational speed, energy efficiency, and latency. 

Recent  years  have  witnessed  remarkable  developments  in  big  data,  arti�cial

intelligence and neural networks. Machine learning has found wide applications in both

research and the industry. This comes at the cost of high levels of energy consumption

that are necessary to process large amounts of data. It is expected that over 20% of

global electricity use by 2030 will be used for information processing. The performance of

complementary metal-oxide semiconductors (CMOS) no longer follows Moore's law [1]. In

result, much research has been aimed at �nding an alternative platform for information

processing, characterized by high performance and energy e/ciency. 

Photonic  information  processing  bene�ts  from  high  speed,  parallelization,  low

communication losses, and high bandwidth. Fully functional photonic neurons, including

spiking neurons, as well as neural networks, have been already realized in laboratories.

Several networks achieved high performance in challenging machine learning tasks, such

as image and video recognition.

We recently  demonstrated  hardware  neural  network  systems where strong optical

nonlinearity results solely from interactions of exciton-polaritons, quantum superpositions

of light and matter [4,5,6]. Such superpositions, in the form of mixed quasiparticles of

photons  and  excitons,  are  characterized  by  excellent  photon-mediated  transport

properties and strong exciton-mediated interactions.  These semiconductor  microcavity

systems  can  be  used  to  construct  fully  all-optical  neural  networks  characterized  by

extremely high energy e/ciency [7]. We show why using polaritonics in place of standard

nonlinear  optical  phenomena  is  the  key  to  achieving  such  a  high  performance,  and

discuss the scalability of polariton neural networks. 
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Abstract: We report on an ongoing effort to develop optical sensors based on biologically inspired 
microstructures for the detection of chemical vapors. We focus on a design inspired by the periodic 
nanostructure found on the morpho rhetenor butterfly wing. Microstructures were fabricated by multiphoton 
lithography and designed to have a strong optical response in the near infrared and visible wavelengths. The 
optical performance of these structures was predicted via simulations using Meep. The results are being 
referenced against experimental data. 

 
Some naturally occurring structures have proven to be remarkably capable in the optical detection of 

chemical vapors. Two examples include the hercules beetle1, with its color-shifting elytra providing a convenient 
indicator of the environmental humidity, and the morpho butterfly, which has shown the ability to detect a 
variety of vapors (including methanol, ethanol, benzene, and others) simultaneously and with a unique chemical 
functionalization to discriminate between them2. This paper reports on an ongoing effort to develop synthetic 
microstructures, with designs inspired by naturally occurring structures, for application as optical sensors for 
vapor detection. Synthetic mimics offer the benefits of controllability, repeatability, and reliability without the 
need to procure or disturb natural wildlife specimens. 

 
First, we present the baseline structural design, optimized for reflection around 1500 nm. Next, we discuss 

the microfabrication of these via multiphoton lithography (MPL), including notes on recent progress and 
discoveries. We then discuss simulations of these using the open-source software Meep3. Finally, we briefly 
discuss potential directions in which these developments can be further matured. 

 

 
Figure 1. (Left) The baseline butterfly-inspired cell. (Middle) Fabricated structures were scaled up by a 

factor of three to obtain a response at 1500 nm. (Right) Meep simulations were used to predict the optical 
response. 

 
Our baseline design (Figure 1, left) builds on the simplified, butterfly-inspired structure by Steindorfer et al4. 



Their design is the result of an optimization study – observing the impacts of ridge separation, lamellae width, 
lamellae staggering, and more – to maximize reflections around the blue wavelength range. Our design scales up 
these dimensions by a factor of ~3x to obtain a response around 1500 nm. 

 
Figure 1, middle, shows a scanning electron microscopy (SEM) image of a test structure prepared by MPL. 

During fabrication, a microscope objective lens tightly focuses light into a photopolymer ("IP-Dip," Nanoscribe) 
to activate polymerization at the desired focal spot. The focal spot is scanned within the 3D volume of the 
photopolymer to define the pattern of the butterfly-inspired structure. A microcomputer is used to coordinate the 
movement of the stage (50 μm/s) and adjustments to the write-power during patterning. The ridges, for instance, 
are fabricated at a higher average power than the lamellae. Horizontal support rods were ultimately added to 
improve the mechanical stability of the structures. In early fabrication efforts, we noted issues with structural 
stability due to shrinkage and deformation effects from capillary forces acting on the structures during 
development. These support rods connect a group of three cells, and their height, width, and separation distance 
were selected to minimize the impact on optical performance. 

 
Figure 1, right, shows a 3D “supercell” modeled in Meep, comprising three baseline cells and their 

interconnecting support rod. The support rods necessitate a full 3D model to account for periodicity into the page 
and the support rod separation distance. Simulations helped to inform on the optimal support rod width, height, 
and separation to minimize the optical performance while providing structural support. Preliminary simulations 
of the fabricated structures, modeled by measurements taken from SEM images, predict strong reflection around 
1500 nm, with lower-intensity reflection peaks in the visible wavelengths, presumably due to higher-order 
harmonics. 

 
Experimental optical characterization efforts are currently ongoing, which will assist in validating our 

simulation methods. After the optical response has been confirmed, the structures will be subjected to a variety 
of vapor environments. Their optical spectrum will again be measured to investigate their capability to detect a 
variety of vapors. Plasmonic enhancements, in the form of metal nanoparticle and/or thin film additions, are also 
being investigated. It is well known that a properly tuned plasmonic/photonic response can greatly enhance 
signal detection and improve sensitivity, an especially important feature when dealing with potentially volatile 
compounds. 

 
This work was sponsored by the United States Air Force Research Lab.  
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Abstract: In this work, we demonstrate that by bringing together optical and mechanical resonances in single 
sensing platforms, their performances are significantly enhanced. In particular, we use nano-optomechanical 
disks, which simultaneously support high quality optical and mechanical modes. First, we apply the 
simultaneous or dual optical and mechanical sensing technique for monitoring environmental changes. Then, we 
employ it for detecting individual bacteria, accessing to its optical and mechanical properties. 

A variety of optical and mechanical resonators have been successfully employed in a diversity of sensing 
applications. Typically, optical resonators stand out for being extraordinary sensitive, while mechanical 
resonators are highly reliable. In this sense, optomechanical devices are unique platforms, since they support, at 
the same time, high quality optical and mechanical modes. Here we highlight the advantages of combining 
optical and mechanical resonances in a unique sensing platform, improving the sensor assets, together with its 
reliability and robustness. In particular, we apply nano-optomechanical disks fabricated out of gallium arsenide 
(Figure 1), which have already shown excellent capabilities when operating in liquids and for 
biosensing applications [1, 2]. We first apply them for monitoring environmental changes. Notably, the 
dual sensing approach allows decoupling relative humidity and temperature changes, reaching 
extraordinary precision, 0.01 % and 100 µK respectively (Figure 2). To further prove the capabilities of this 
novel method, we employ it for detecting individual bacteria (Figure 3). The technique allows to simultaneously 
access the bacterium optical and mechanical properties, such as its refractive index, absorption coefficient, mass, 
rigidity and viscosity [3]. 

Figure 1: a. Scanning electron microscopy image (SEM) of an array of nano-optomechanical disks of radius 5 µm. b. 
Optical spectrum of a microdisk. Each deep corresponds to a whispery gallery mode (WGM) labeled by its (p,m,l) integer 
numbers. c. Mechanical spectrum of the same microdisk showing the resonances corresponding to the fisrt three radial 
breathing modes (RBMs).  



 
 
 
 
 
 
 
 
Figure 2: a. Optical resonant wavelength of a nano-optomechanical disk (2.5 µm in radius) WGM and b. mechanical 
resonant frequency of its first RBM, both as a function of temperature, at constant relative humidity 55%. The device shows 
a responsivity of 106 pm/ºC and -35 kHz/ºC for the optical and mechanical modes, respectively. c. Optical resonant 
wavelength of the same WGM and d. mechanical resonant frequency of its first RBM, both as a function of the relative 
humidity, at constant temperature of 23 ºC. The device shows a responsivity of 5 pm/% and -2.5 kHz/% for the optical and 
mechanical modes, respectively. 

 
Figure 3: a. SEM image of a nano-optomechanical disks with an adsorbed Staphylacoccus Epidermidis bacterium on its 
top surface. The inset shows a zoom of the bacterium. b. Optical spectra and c. mechanical spectra of the 
nano-optomechanical disk before and after the adsorption of the bacterium.  
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Abstract: Copper (Cu) is an earth abundant element and widely used in different areas of research. 
Nanostructured Cu thin film possesses multifunctional characteristics such as luminescent down shifting, UV 
protection and hydrophobicity, a few to mention amongst others. Here in this work, we have fabricated ultrathin 
layer of Cu on glass substrate by direct current sputtering technique. Optical, structural and topographical 
investigations have been carried out thoroughly. A series of characterization techniques were carried out to 
confirm the multifunctional characteristics. 

 
Down-shifting materials convert higher-energy photons such as ultraviolet (UV) photon into lower-energy 

photons [1]. The process not only supports the increased photocarriers generation, but also deals with UV 
protection of the photoactive devices [2-3]. Copper (Cu) is one of the most commonly utilized materials, as it is 
simple to acquire both chemically and through sputtering [4]. Cu film quality can be significantly improved, 
particularly for ultra-thin films in the tens of nanometers range. To the extent, due of its practical or potential 
uses in anticorrosion, fluid drag reduction, lossless transportation, and so on, the surface wettability of Cu has 
been intensively explored, and fabrication of hydrophobic Cu surfaces has gained a lot of attention [5]. 

In this work, we have reported a simple and one-step process to fabricate an ultrathin layer of Cu thin film 
on a glass substrate through a direct current (DC) sputtering technique (model: Nanomaster NSC3000, USA). Cu 
target with a size of 5 cm in diameter (99.99% purity) purchased from ACI alloy, Inc. was used as received 
without any further treatment. The vacuum in the sputtering chamber (base pressure) and working pressures 
were about 1.7×10-5 torr and 2.8×10-3 torr, respectively. The deposition power was maintained at 30 W and an 
in-built thickness monitor was set to 50 nm. Afterward, the deposited films were annealed in a tube furnace 
(model MTI Corporation OTF-1200X) at 200, 400, and 600 °C for 2 hrs each with a heating rate of 20 ⁰C/min. 
The samples were fabricated at an Ar flow rate of 30 SCCM. Morphological characteristics of the individual 
specimens were thoroughly investigated using a Scanning Electron Microscope (SEM) and SEM-aided energy 
dispersion spectroscopy (EDS). 

The SEM micrograph revealed that the as-developed Cu thin film was very smooth as shown in Fig. 1a. A 
zoom-in view of an area as marked by the white dotted square therein was shown in the inset of Fig. 1a. 
Elemental composition was confirmed by SEM-aided EDS as shown in Fig. 1c. On the other hand, the treated 
Cu thin film was found to consist of small clusters along with tiny voids therein as shown in Fig. 1b. A zoom-in 
view of an area as marked by the white dotted square therein was shown in the inset of Fig. 1b. Fig. 1d shows the 
SEM-aided EDS of the treated Cu thin film along with the weight percentage of the constituent elements. 
Luminescent down-shifting (~765 nm) and hydrophobicity (~95O) were confirmed by photoluminescence and 
wetting contact angle (WCA) measurements respectively. Due to space constrain, detailed optical, structural, 
electrical and WCA measurements are out of this context due to space constrain and will be presented in the 
event and in the full manuscript. 



 
Fig.1 (a) SEM micrograph of as-developed Cu thin film on glass substrate; inset: Zoom-in view (1 µm × 1 µm) 

of the area marked by the white dotted square therein, (b) SEM micrograph of treated Cu thin film on glass 
substrate; inset: Zoom-in view (1 µm × 1 µm) of the area marked by the white dotted square therein, (c) 
SEM-aided EDS of as-developed Cu thin film; inset: weight percentage of constituent elements and (d) 

SEM-aided EDS of treated Cu thin film; inset: weight percentage of constituent elements. 
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Abstract: The proposed Resonance Scattering Spectroscopy (RSS) technique is fully automated, non-invasive, 
and high throughput wafer scale characterization system. In the RSS technique, a laser broadband light source of 
fixed polarisation is tightly focused on the device under test. Light with a wavelength matching that of the 
device’s resonance wavelength is scattered into the orthogonal polarisation giving a signal that is characteristic 
of the resonator which can be rapidly acquired. Using this prototype, several Photonic Crystal L3 cavities have 
been studied and we achieved a Q-factor of the order of tens of thousands for an optimised L3 cavity, which 
compares well with the design and simulation results. 

 
High-Q nanophotonic resonator devices such as gratings, planar photonic crystal (PhC) cavities and ring 
resonators are increasingly gaining importance in various research areas like nanophotonics, biological sensing, 
non-linear optics, cavity quantum electrodynamics etc. One of the bottlenecks in commercially deploying such 
resonators is the lack of wafer-scale characterisation techniques. The other large-scale approaches for such 
characterisation are internal light source method [1], evanescent coupling to an optical waveguide [2], grating 
couplers [3]. However, they are limited by the optical absorption and the pump-induced losses of the active 
medium in the first case and complicated experimental geometry and the induced loading effect on the cavities in 
the latter cases. To overcome these challenges, we are developing a wafer scale optical characterisation of PhC 
cavities based on Resonant Scattering (RS). This is a fast and non-destructive technique and allows to determine 
the Q-factors of the resonators without loading effect [4]. Moreover, it does not require extra fabrication steps, 
thus making highly suitable for wafer scale characterisation.  

 
Figure	1.	a)	Schematic	of	Resonant	Scattering	experimental	set	up	b)	Resonant	spectra	of	a	PhC	L3	cavity	

 



 
The resonant scattering set-up is illustrated in Fig. 1. Light from a tuneable laser is passed through the polarizing 
beam splitter (PBS) and tightly focused on the sample by a means of polarization-preserving objective lens of 
high numerical aperture. The light scattered backwards is collected by the beam splitter and analysed in crossed 
polarization by analyser (A). This technique is so far implemented in the lab-scale characterization of the 
nanophotonic devices. To scale this set-up for wafer scale characterisation, high-accuracy translation stage 
controls and image recognition programs are being developed which can achieve testing of thousands of cavities 
in a day, thus solving an important bottleneck characterising these devices.  
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Abstract: Donor doped CdO films demonstrate excellent mid-infrared optoelectronic behavior due to tunable 
transport properties which enable low-loss plasmon resonances between 2-9 μm wavelengths. While doping 
during deposition determines optical properties throughout the entire film or within film layers, in-plane 
permittivity control is possible by locally inducing native donor defects through ion irradiation patterning. This 
novel method creates lateral patterns which are free of physical interfaces but exhibit sharp contrast in 
permittivity. 

 
Cadmium oxide (CdO) thin films are one of the most promising materials for mid-infrared (IR) plasmonics. 

Tunable carrier concentrations between 1019-1021 cm-3 while maintaining mobilities between 300-500 cm2/V-s 
facilitate narrow, low-loss plasmon resonances spanning the mid-IR.[1], [2] Low-loss optoelectronic behavior is 
further enhanced by advanced synthesis techniques which yield thin films with excellent crystallinity, which in 
turn enables high mobilities. In this work, CdO films are deposited using high-power impulse magnetron 
sputtering (HiPIMS) which consistently yields single-phase epitaxial films with qualities comparable to that of 
films grown by molecular beam epitaxy, but with much faster deposition rates (roughly 25 nm/min). 
Co-sputtering HiPIMS-grown CdO with a donor dopant (using radio frequency sputtering) enables fine carrier 
concentration control. The material’s Drude metal dielectric function is largely governed by carrier density, 
enabling permittivity engineering via dopant flux control.[3] Further, fabricating layered CdO structures with 
varying thickness and carrier density in each stack has given way to interesting nanophotonics phenomena such 
as multiple epsilon-near-zero (ENZ) resonances in a single structure[4], strong coupling between ENZ and 
surface plasmon polariton modes[5], and hyperbolic behavior in homoepitaxial structures. By controlling dopant 
levels in individual layers, one controls how permittivity changes within a structure in the out-of-plane 
dimension. Here, we extend this principle to the in-plane dimensions by ion irradiation patterning to locally 
induce donor defects and achieve lateral permittivity control. Current methods to achieve similar lateral control 
require lithographic approaches that almost always introduce physical boundaries, roughness, or interface defect 
densities that interfere with high fidelity plasmonic modes. This work aims to fabricate optical “structures” 
which are free of physical interfaces but exhibit sharp permittivity contrast across patterned regions. This would 
have powerful implications for the future of plasmonic waveguides and beam steering devices and could be 
adapted for other material systems as well.  

Several reports have demonstrated that irradiating CdO with various ions induces oxygen vacancies which 
act as donor defects and increases carrier concentration.[6], [7] Preliminary experiments using several ions show 
that increasing damage dose results in increasing carrier concentration and decreasing mobility. The decreased 
mobility is caused by oxygen vacancies acting as charge scatterers. Atomic force microscopy indicates that ion 
irradiation at these doses does not cause significant changes to film microstructure, indicating that physical 
interfaces in patterned structures will be negligible.  



 
Further, a preliminary demonstration of ion irradiation patterning was conducted by masking a section of a 

CdO film with tape prior to ion irradiation with 1 MeV Ar+ ions, shown in the schematic in Figure 1a. 
Nano-FTIR measurements rastered across the non-irradiated and irradiated regions indicate a very sharp 
interface (Figure 1b). Current efforts focus on depositing photoresist masks using a polymer thick enough to 
shield ion irradiation, which would enable more complex patterning with μm-scale feature sizes.  

  

 
Figure 1 - (a) Schematic of tape mask method used to selectively irradiate CdO sample. (b) Nano-FTIR 

measurements rastered across ion irradiation interface. 
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Abstract: Nano-gratings enable matter-wave diffraction similarly to light in optics and allows us to explore the 
Casimir Polder potential when atoms come close to the surface. This atom-surface interaction originates from the 
quantum fluctuations of the vacuum and enlarges drastically the envelop of the diffraction pattern. We focus on 
the fabrication method to achieve over a million of nano-slits etched into SiN membrane. We report an extreme 
sensitive measurement of the CP interactions and discuss the applications in regards to metrology. 
 

Introduction 
 
  The interaction between an atom or molecule and polarizable matter [1] has been intensively studied 
theoretically as a fundamental electromagnetic dispersion force [2]. However, it has not been yet measured with 
an accuracy better than 10% whatever the experimental approach [3-5]. Our unique experimental setup relies on 
a slow beam of metastable Argon atoms passing through the nanograting. The recorded atomic diffraction 
pictures are directly linked to the grating design in order to maximize the signal, keep atomic beam source 
spatial coherence and make atoms at adequate distances to surfaces, in our case below 51 nm. An accurate 
control of nano-grating geometry down to one nanometer is one of the keys to achieve relevant results. In this 
work, the grating structure is created directly in the SiN layer. Different etching techniques were used for the 
process: Reactive Ion Etching (RIE), and silicon Deep Reactive Ion Etching (DRIE). High resolution E-beam 
lithography (EBL) was also required due to the subwavelength slit dimension for the metastable Argon 3P2 

atomic line at λopt~811.5 nm.  
 

Fabrication and Results 
 
 A 100 nm thin SiN layer is deposited by LPCVD on a 50 nm SiO2 layer thermally grown on a silicon wafer. 
The SiO2 is a sacrificial layer and acts as a stop layer during the etching process of Si. Due to the fragility of the 
SiN membrane and its nano-scale dimension, we have developed a process in two parts. The first consists in 
fabricating the grating into a SiN layer. The grating geometry with a support mesh was designed to minimize 
mechanical stress. A pitch of 200 nm, a slit width of 100 nm and length of 1 µm are chosen to be patterned over 
a millimeter scale aera with a EBPG 5000plus (100kV) E-beam lithography under AR-P6200 positive tone resist 
[6]. Then, the pattern is transferred using a RIE with fluoroform (CHF3) and tetrafluormethan (CF4) plasma 
mixture.      
The combination of 100 kV e-beam lithography and anisotropic RIE ensures parallel walls with deviations 
smaller than 0.5 degrees from the vertical. The SEM image of a cleaved nano-grating shows smooth and 
anisotropically etched walls, rounded with a 21 nm radius of curvature along the atom propagation axis x (Fig. 



1(a) and inset). Statistical analysis of SEM images reveals a slotted hole geometry of the slits (with straight 
section along 90% of the total slit length), with a main width w = 102.7 ± 0.3 nm and a FWHM distribution of 7 
nm. The second part of the process is to back etch through the silicon wafer to the silicon nitride layer, which 
produces a membrane window. On the upper side, the grating bars are fragile. Therefore, a protective coating is 
required for subsequent fabrication steps to remove Si. The process comprises a DRIE and a XeF2 etch of Silicon 
followed by a HF Vapor etch of the sacrificial SiO2 layer. Figure 1.b shows a top view of the grating into a 
damage free membrane.  

 
In our experiment, we push an atom cloud at a chosen velocity in the range of 10 to 150 m/s at 13 Hz 

repetition rate. The atoms cross the transmission nano-grating in a free flight. A time/position detector is used to 
record the diffracted atoms. We demonstrate a 15% difference between non-retarded (van der Waals) and 
retarded Casimir-Polder potentials thanks to the precise control of nano-grating geometry and experimental 
parameters related to the atom beam. This result paves the way to accurate CP potential measurements that can 
be compared against detailed theoretical models [7].   

 

 
Figure 1. SEM images of (a) a cleaved nanograting on a substrate and (b) a free standing membrane. (c) 

Experimental set-up. Distance between MOT/nano-grating L1 = 56 cm, Time-position detector/nano-grating L2 = 
308 mm. Blue arrows shows the position of light choppers for accurate velocity measurement. 
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Abstract: This work demonstrates a method which is essential to build up an experimental setup for the 
up-conversion luminescence photolithography system. Core-shell structured NaYF4 nanoparticles (core NaYF4 
doped with Tm3+ and Yb3+) mixed with negative SU8 photoresist with/without organic compounds allows to 
expose photosensitive material in volume. This is highly perspective for the fabrication of various types of 
microstructures from such hybrid systems as organic-chromophores/nanoparticles/SU8, without damaging the 
light sensitive organic compound, demanded in photonic applications. 

 
For a while photolithography is one of the ways how microstructures are made in thin films and bulk 

material. One of the most common photolithography methods is when exposure is performed through the sample 
surface, mostly by i-line UV radiation. Method is limited due to the thickness of a photo sensitive layer. In thick 
samples, UV radiation is mostly absorbed in the upper layers of sample, as the results deeper layers are 
unexposed. This results as strong partial distortion or fully washing off all recorded structures upon development 
process. 

Such a problem with unexposed structures in photoresist volume can be solved in case when light emitting 
sources are placed into photoresist. Such an approach ensures a uniform absorption of required blue or UV-light 
in all photoresist volume. This obstacle can be overcome if photoresist is doped with such light sources - 
inorganic nanoparticles [1], which emit light (luminescence) in an appropriate spectral region after excitation 
with external energy source (laser). 

Nanoparticles in which up-conversion luminescence can be observed (UCNP's) could be used as such light 
emitting sources. Up-conversion luminescence is a process in material where absorbed light with low photon 
energy (infrared light) emits luminescence with higher photon energy (blue light or UV) [2]. Up-conversion 
luminescence can be observed in variety of materials doped with rare-earth elements, such as Er3+, Tm3+. 

Photosensitive materials like SU8 photoresists and variety of organic materials are transparent to infrared 
light, but strongly absorb blue and UV light. Photoresist can be mixed with organic materials and UCNPs; as the 
result, such system is exposed to blue- and UV light-emitting structures in volume. That allows to create systems 
containing organic chromophores for possible application in medicine, telecommunications and other 
technologies demanding light-emitting micro-structure creation. 

This work focuses on performing and studying photolithography process in system consisting of UCNPs 
mixed with SU8 photoresist with/without organic compounds. For photolithography process, a fully new 
experimental setup in a laboratory was built and improved to achieve the best result. The developed method 
demonstrates an innovative approach for recording of high-resolved three-dimensional structures in negative 
photoresists as SU8 by Yb3+- and Tm3+-doped core-shell structured nanoparticles.  

NaYF4 nanoparticles with a hexagonal core-shell structure (size ~35 nm) was synthesized by thermolysis 



method in two-day long process. Shell part of nanoparticles is made from undoped NaYF4, while core part is 
made from NaYF4 doped with Yb3+ and Tm3+. Intensive blue and UV up-conversion luminescence could be 
observed from nanoparticles under IR (976 nm) excitation. 

UC luminescence was excited by 976 nm using Thorlabs L975P1WJ CW laser diode mounted on TCLDM9 
- TE-Cooled Mount from Thorlabs or femtosecond tunable laser source (ORPHEUS-HP + PHAROS PH2 laser, 
Light Conversion). Laser beam was focused onto the sample surface area using anamorphic prism pairs 
(Thorlabs N-SF11 Mounted Prism Pair, ARC: 650 - 1050 nm, Mag: 4.0) and objective lens (Thorlabs 
High-Power MicroSpot Focusing Objective, 5X, 980 - 1130 nm, NA = 0.13). Samples were mounted on 
computer controlled xy-stage. 

Several aspects have been considered to successfully develop and improve photolithography experimental 
setup to record structures in system of UCNPs with SU8 photoresist with/without organic compounds. The 
developed method is an alternative of a traditional i-line lithography. It is an innovative approach for recording 
of high-resolved three-dimensional structures. 
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Abstract: Conductive ink patterning process was developed for mass production of ultra-bandwidth microwave 
absorbing metamaterial. Effects of patterning parameters including blade type, ink viscosity, pattern depth, and 
blade speed were experimentally characterized to achieve uniformly filled double square loop array. Based on 
optimized conductive ink patterning process, ink-filled 200mm x 200mm scale microwave absorbing 
metamaterial was fabricated. 

 
In this research, mold-based mass replication manufacturing process was developed for microwave 

absorbing flexible metamaterial. Micro-structured flexible film was prepared based on UV imprinting process 
with precisely machined master mold. For uniform filling of conductive ink, each conductive ink filling 
parameters were experimentally optimized. Feasibility of enlargement of developed process was attained with 
500 mm length curved surface application. 

 

 
Figure 1. Ink-filled double square loop array 
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Abstract: Due to high expectation to increase inherent characteristics there is a major challenge to dope Zinc 
Oxide (ZnO) with metal as well as replace Oxygen sites with Nitrogen (N2). Therefore, acceptor and donor 
doping simultaneously are one of the recent interests in ZnO thin film research. A simple and one-step process to 
fabricate N2-rich Copper -doped ZnO ultrathin layer through a co-sputtering technique has been reported in this 
study. Optical, structural and topographical investigations have been carried out thoroughly. 

 
Zinc Oxide (ZnO) is a natural n-type material and II-IV semiconductor that makes it perfect for a wide range 

of applications ranging from detectors to sensors, transistors, lighting and solar cells [1-6]. In terms of 
conducting characteristics, ZnO has a wide band-gap of 3.35 eV and conductivity of 0.23 x 103 Ω-cm [7]. 
Therefore, there were several physical depositions and wet chemical processes reported to fabricate ZnO thin 
film suitable for particular applications. However low cost, scalable and single-step processes are expected to 
fabricate ZnO thin film [8]. Metal-doped Zinc oxide (MZnO), particularly Gadolinium (Gd), Indium (In), and 
Aluminum (Al)-doped ZnO has been emerged as efficient transparent conducting oxide (TCO) to facilitate high 
mobility and transparency as needed for photo-active devices such as solar cell, and a light-emitting diode. Most 
of these metals are scarce and such MZnO thin film requires special care to fabricate and achieve the best 
optoelectronic properties suitable for solar cell applications. ZnO exhibits n-type conductivity due to asymmetric 
doping limitations and that shows a high electron concentration of about 1019 cm−3 [9] along with native defects 
such as O vacancies and Zn interstitials. Therefore, ZnO is known to be n-type material, whereas such defects 
can be modulated and further conducting characteristics can be achieved, although such an area of interest 
remains a major challenge. 

Here in this work, we have reported a simple and one-step process to fabricate a Nitrogen (N2)-rich Copper 
(Cu)-doped ZnO (ZnO:Cu) ultrathin layer through a co-sputtering technique. The weight percentage (wt%) of 
Cu was varied from 50% to 100% to 150% with respect to the reference specimen. Different percentages of 
pristine ZnO:Cu specimens were fabricated in Ar environment only as a reference. It was observed that ZnO:Cu 
lost its transparency with increasing wt% of Cu inclusion. On the other hand, N2 doped pristine ZnO:C was 
observed to be more transparent compared to that fabricated in an Ar environment and without N2. To the extent, 
with increasing wt% of Cu inclusion in N2, the specimens remained transparent and reduced in transparency 
gradually. Morphology of the individual specimen was thoroughly investigated using Field Emission Scanning 
Electron Microscope (FESEM) and FESEM-aided EDS. The specimens were annealed further at 200, 400, and 
600 oC for 2 hrs, and a detailed comparative study has been carried out. FESEM micrographs of pristine ZnO:Cu 
revealed that the surface showed up with small grains before the annealing. On the contrary N2 doped ZnO:Cu 
films were found to be consisted of small pores and higher roughness compared to pristine ZnO:Cu. 
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Abstract: This work presents a short summary of glass poling and electric field dissolution as techniques that 

can be employed for fabrication of micro and nanostructures not only consisting of metal nanoparticles, but of 

conductive metal films as well. Although the use of alkali containing glass is pre-condition for these two 

processes, it is not necessary that the resulting structure is supported exclusively on glass 

 

 

There is a great interest for simple and affordable techniques for micro and nano fabrication of plasmonic 

materials due to the high demand for production of photonic micro and nano devices in industry. Glass poling 

(GP) and electric field assisted dissolution (EFAD) seem to be promising in this sense, but they still attract only 

a limited interest for such applications. Purpose of this work is to draw attention to the possibilities and 

advantages offered by these techniques in micro and nano structuring of conductive metal thin films (CMF). 

GP is applicable to glasses containing alkali ions with relatively high mobility in glass matrix, such as Na, K, 

Ca and Mg. These ions drift toward cathode upon application of electric field on moderately heated glass 

[200-300 oC]. As a consequence, subanodic region depletes from alkalis that are partially substituted by H+/H3O
+ 

from the environment, if available [1]. Depleted region has lower refractive index than bulk glass [2]. Due to 

restructuring of the matrix during GP, depleted regions volume reduces, so relief surface is obtained at glass if a 

patterned anode is used [3].  

Selectively poled glass can be used for fabrication of micro and nano structures consisting of areas with high 

and low content of metal nanoparticles obtained by reduction of metal salt solution [4]. GP prevents unwanted 

ion exchange of alkali from glass with metal ions from the solution, so generally it is useful to pole alkali 

containing substrates prior to coating in order to increase localized surface plasmon resonance intensity in such 

obtained layers.     

In the case when metal is present within or on glass, simultaneously with GP, metal atoms are ionized and 

drift towards cathode dissolving metal from the sample in such way. Application of micro or nano patterned 

anode to metal island films (MIF) enables selective EFAD resulting in micro or nano structured MIF [5]. 

Structured CMF can be obtained as well, by EFAD of metal layer deposited onto selectively poled glass. In this 

way only the part of the layer above non-poled regions dissolves, while the rest of it remains conductive [6]. It is 

important that EFAD is effective also for CMF embedded in dielectric multilayer systems [7]. This means that it 

is possible to obtain micro/nano structures in multiple metal layers contained in thin film stack in a single step. 

All the mentioned cases assume that metal is supported on alkali containing glass due to the nature of GP. 

However, many applications require CMF on silicon wafers. It was demonstrated that GP and EFAD can 

fabricate such structures as well. Application of selectively poled glass as cathode brought in contact with CMF 

deposited on silicon wafer results in dissolution of metal only above non-poled regions during EFAD, although 

the layer is supported at another substrate [8]. 



GP and EFAD technique for fabrication of micro and nano structures consisting of MIF or CMF use the 

same inexpensive equipment: power supply, furnace and cathodes. Although structured anode is the most 

demanding part, it can be re-used many times. No chemicals for masking or etching have to be used. The 

processing time is up to couple of hours, depending on the thickness of metal layer that should be dissolved. In 

principle, duration of the process does not depend on the required surface, but it is still difficult to realize good 

electrical contact of the sample and cathode over large area. In the case of silver, total layer thickness can be 

couple of hundreds of nanometers. This technique for micro/nano fabrication is limited to layers which 

properties do not change significantly after exposing to moderately increased temperatures and structures not 

much smaller than 150 nm [9].   
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Abstract: Epitaxially grown strained semiconductor films are the building block of state-of-the-art strained fin 
field-effect transistor devices. The reliable characterization of the local stress state in these films is important to 
ensure quality of the manufacturing processes. Tip-enhanced Raman spectroscopy (TERS) can map the material 
stress with nanoscale spatial resolution. We apply TERS to study local stress relaxations in strained films and 
combine the technique with atomic force microscopy (AFM) and electron channeling contrast imaging (ECCI), to 
understand the underlying relaxation mechanisms.    
 
Summary: 
 
Strain engineering continues to drive the performance in semiconductor devices [1]. For pseudomorphically grown 
strained layers, defect generation through lattice and thermal expansion coefficient mismatches can be detrimental 
to the stress state and eventual device performance [2]. Metrology techniques like AFM can map the defect-
induced surface morphology, while ECCI gives information about sub-surface defects like misfit dislocations and 
stacking faults [3]. However, such techniques lack the sensitivity to the local stress state of the material which is 
possible through Raman spectroscopy. Due to the diffraction-limited spatial resolution of Raman microscopes, 
nanoscale stress analysis is not possible. TERS utilizes the plasmon-based enhancement of the electric field from 
a scanning probe microscopy tip to boost its sensitivity and resolution, allowing Raman analysis at the nanoscale 
[4]. In this study the local stress state of the epitaxial strained germanium (Ge) films (30 nm thick) is determined 
through spatially resolved TERS peak position maps. By comparing TERS results with AFM and ECCI, the 
relaxation mechanism of the strained film is deduced. Specifically, we observe a clear correlation between the 
peak position of the near field contribution from the Raman mappings and the channeling contrast in the ECCI 
profiles. Assuming a uniform phase throughout the layer, local fluctuations in the peak position are associated 
with variations in mechanical stress [5], representing nanoscale stress relaxations. As such, we demonstrate that 
the stress relaxation is caused by the underlying misfit dislocations that inevitably form during epitaxial growth. 
This relaxation is confined to the nanoscale regions significantly below the diffraction limit and is captured 
exclusively by the near field contribution of the TERS measurement. Our results highlight the importance of TERS 
as a non-destructive stress metrology tool for semiconductor research and development.  
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Figure 1: (a) ECCI image of a strained Ge layer showing varying contrast due to misfit dislocation clusters. (b) 
Schematic showing the material layer stack. Raman peak position maps for the Ge peak in the (c) near field and 
(d) far field configurations (e) Comparing the average profiles extracted from the ECCI image, far field and near 
field Raman maps  

 
 

References 
 
[1] C.-F. Lee et al., “Strain Engineering for Electron Mobility Enhancement of Strained Ge NMOSFET with 

SiGe Alloy Source/Drain Stressors,” Microelectron. Eng., vol. 138, no. C, pp. 12–16, Apr. 2015. 
[2] E. Simoen et al., “(Invited) On the Electrical Activity of Extended Defects in High-Mobility Channel 

Materials,” ECS Trans., vol. 69, no. 10, pp. 119–130, Sep. 2015. 
[3] P. C. Hsu et al., “Observation of the Stacking Faults in In0.53Ga0.47As by Electron Channeling Contrast 

Imaging,” Phys. Status Solidi Appl. Mater. Sci., vol. 216, no. 17, Sep. 2019. 
[4] G. M. Vanacore et al., “Hydrostatic strain enhancement in laterally confined SiGe nanostripes,” Phys. Rev. 

B - Condens. Matter Mater. Phys., vol. 88, no. 11, pp. 1–15, 2013. 
[5] I. De Wolf, “Relation between Raman frequency and triaxial stress in Si for surface and cross-sectional 

experiments in microelectronics components,” J. Appl. Phys., vol. 118, no. 5, 2015. 
 
 

150 nm

 

-0.3 0.3 0.8 1.30.0 0.5 1.0 1.5

60

80

100

120

140

160

180

 ECCI cross section

 

 

gr
ay

 v
al

ue
 (a

rb
. u

.)

position (mm)

304

305

306

307

308
 Near field peak position
 Far field peak position

po
si

tio
n 

(c
m

-1
)

(a) (b) 

(c) 

(d) 

(e) 



All-on-fiber generation of higher-order Poincaré sphere beams via 3D laser-
nanoprinted metasurfaces 

Chenhao Li1, Markus A. Schdmit2,3,4, Stefan A. Maier1,5,6, Haoran Ren7 
1 Chair in Hybrid Nanosystems, Nanoinstitute Munich, Faculty of Physics, Ludwig-Maximilians-

University Munich, Munich, 80539, Germany.  
2 Leibniz Institute of Photonic Technology, 07745 Jena, Germany. 

3 Abbe Center of Photonics and Faculty of Physics, FSU Jena, 07745 Jena, Germany. 
4 Otto Schott Institute of Material Research, FSU Jena, 07745 Jena, Germany. 

5 Department of Physics, Imperial College London, London SW7 2AZ, United Kingdom. 
6 School of Physics and Astronomy, Monash University, Clayton, Victoria 3800, Australia 

 7 MQ Photonics Research Centre, School of Mathematical and Physical Sciences, Macquarie 
University, Macquarie Park NSW 2109, Australia.  

ChenhaoLi@physik.uni-muenchen.de 
 

Abstract: We present a new metafiber platform for all-on-fiber polarization manipulation 
through implementing 3D laser-nanoprinted metasurfaces on the end face of polarization-
maintaining fibers. The unlocked height degree of freedom in 3D polymer meta-atoms eases 
the simultaneous polarization and phase control, leading to the generation of arbitrary higher-
order Poincare sphere beams carrying different orbital angular momentum modes.  
 
1. Introduction  
Spin angular momentum (SAM) and orbit angular momentum (OAM) represent the 
polarization and phase degrees of freedom of light, respectively. High-order Poincaré sphere 
(HOPs), which generalizes arbitrary SAM and OAM superposition states by positions on the 
sphere, has played an important role in many photonic applications, including optical tweezers 
(1), nonlinear optics (2), high resolution imaging (3, 4)and information multiplexing (5). The 
HOPs generation has been well understood (6, 7) and achieved from the conventional 
interferometric method (8, 9) and recently ultrathin metasurfaces (10, 11). However, 
conventional metasurface fabrication (e.g., electron- and ion-beam lithography) is not 
compatible with optical fibers due to its high cost and complexity. Alternatively, 3D laser 
nanoprinting offers a flexible and cheaper method to interface 3D refractive optical elements 
(12, 13), diffractive elements (14) and recently 3D metasurfaces (15) with optical fibers, 
opening an unprecedented opportunity to functionalize optical fibers. Undoubtedly, on-fiber 
polarization control and the generation of structured vector beams will find widespread 
applications, including optical trapping (13), nanoscale sensing and imaging (16) and optical 
communication(17). However, to date, it is still elusive to realize flexible polarization control 
on-a-fiber.  
2. Results 
Here we present the design and fabrication of new metafibers for all-on-fiber generation of 
arbitrary HOPs beams carrying different OAM modes. We used 3D laser nanoprinting 
technology to fabricate vectorial metasurfaces, consisting of 3D nanopillar meta-atoms with 
independent polarization and phase control of transmitted light, on expanded sections of 
commercial single-mode polarization-maintaining fibers. The unlocked height degree of 
freedom of 3D nanopillar meta-atoms largely expands the dynamic ranges of both the 



polarization and phase responses of a metasurface. As a result, we experimentally demonstrate 
all-on-fibre generation of arbitrary HOPs including azimuthally and radially polarized beams, 
as well as SAM beams carrying different OAM modes. 
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Abstract: The tunability of propagating surface plasmons in optical range is limited by the available materials 
supporting strong plasmon resonances. Alloying is an alternative viable method for increasing the materials 
library available for tuning the plasmon resonance. We show that immiscible Ag-Cu alloy provides multiple 
degrees of freedom to tune the plasmon resonance by controlling the composition, microstructure, and phase 
morphology of thin films. The implications of various parameters on the microstructure and the plasmon 
resonance behavior are investigated in detail.  
 
Summary: 
Controlling the dielectric function of plasmonic materials allows us to tune surface plasmon resonance for a 
desired application. In the visible spectral range Ag, Au, and Cu support strong plasmon resonances. However, 
the range over which they can support plasmons for a given incidence condition are limited by the intrinsic 
dielectric function. Alloying has been the traditional approach extensively undertaken by materials scientists to 
engineer and custom tailor the material properties. The dielectric function of alloy is composition dependent at a 
fixed wavelength.1 The work by Gong and Leite showed the tunable range of plasmon resonance angle as a 
function of composition for Ag-Au, Au-Cu, and Ag-Cu alloy systems.2 Among these alloys, Ag-Cu is an 
immiscible system and forms Ag-rich and Cu-rich phases under equilibrium processing conditions. However, an 
in depth understanding of the two-phase microstructure on the propagating surface plasmons has not been 
carried out. 

 
Figure 1: (a) and (b) are bright-field TEM micrographs of as-deposited and annealed (400˚C for 2 hr) alloy thin films. 
(c) Reflectance of as-deposited and annealed thin films as a function of incidence angle. The dip in reflectance 
corresponds to surface plasmon resonance. (d) EDS map of annealed thin film shows Ag-rich and Cu-rich phases. (e) 
Electric field norm of the surface plasmons at 2 nm above the alloy-air interface. 



 
In the present work, we focus on the tunability of surface plasmon resonances in Ag30-Cu70 alloy thin films. We 
fabricated the metastable Ag30-Cu70 alloy (FCC solid solution) thin films with sub 10 nm grains using 
co-sputtering process. The TEM micrograph of as-deposited alloy with the corresponding diffraction pattern is 
shown Fig. 1(a). The metastable phase is achieved by using the high sputtering rates that reduces the surface 
diffusion of adatoms to form equilibrium phases.3 Furthermore, we annealed the as-deposited films at 400˚C for 
2 hrs to obtain the phase separated Ag-rich and Cu-rich microstructure. During annealing, simultaneous phase 
separation and grain growth is observed. The annealed alloy thin film TEM image and its corresponding 
diffraction pattern are shown in Fig. 1(b). The diffraction pattern shows FCC rings corresponding to Ag-rich and 
Cu-rich phases. The reflectance spectrum of as-deposited and annealed alloys as a function of incidence angle at 
wavelength 680 nm using the Kretschmann configuration for TM polarization are shown in Fig. 1(c). The 
annealed alloy shows a narrower resonance in comparison to as-deposited alloy. The higher losses in 
as-deposited alloy is probably due to the nanocrystalline grains and the presence of a metastable phase.4 On 
annealing, the FWHM of the plasmon resonance is reduced due to increase in the grain size and the formation of 
two distinct phases. The STEM-EDS map of annealed alloy is shown in Fig. 1(d) exhibiting the presence of 
Cu-rich and Ag-rich phases. The microstructure consists of elongated Ag-rich domains in a Cu-rich matrix. We 
have simulated the propagating surface plasmon response in the representative microstructure geometry of this 
alloy in COMSOL. The plasmons are excited on alloy microstructure in Kretschmann configuration at 43o 
incidence angle. The electric field amplitude at the surface plasmon resonance wavelength of 744 nm is shown in 
Fig. 1(e). The electric field amplitude is non-uniform and the amplitude is higher on the Cu domains in 
comparison to the Ag domains. The non-uniform field is due to the mismatch in the dielectric function of Ag and 
Cu as well as the plasmon propagation across multiple interfaces. The present work opens up new avenues to use 
the microstructure of alloy thin films to tune the plasmon behavior of these alloy thin films. 
 
In conclusion, we have demonstrated that the surface plasmon resonance in Ag-Cu alloy thin films can be tuned 
by controlling the formation of metastable and equilibrium phases along with the grain size. The heterogenous 
near-fields can be potentially used for enhancing the spin-orbit coupling of light and for controlling light 
emission from quantum emitters for various applications. 
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Abstract:  In this study we try to reduce the thickness of the residual layer, specific for the nanoimprint 
lithography processes, using different resists and UV-NIL machines. The results show that passing from the 
classical UV-nanoimprint machine with rigid mask to an automated one that uses a flexible backplane, the 
meta-atoms with height of 1.2 µm can be reproduced with more accurate fidelity.  
 

1. Introduction  
Wafer-level nanofabrication technologies pave the way for many commercial devices and products that 

uses both planar or non-planar surfaces [1]. To date, there are studies on OLEDs, display, solar cells, laser 
diodes with significantly enhanced performance due to the use of different types of micro/nano patterning 
designs [2–5]. Moreover, the ability to produce large-area micro/nano structures on different types of surfaces 
have gained special attention for many applications such as: optics, nanophotonics, imaging technology 
microfluidics, etc. Speaking about nanophotonics, lately, the photonic crystals, metamaterials and plasmonics 
fields have had an accelerated development from both theoretical and experimental point of view due to the 
highlighting of unprecedented optical phenomena [6]. With the transition from metamaterials to metasurfaces, 
their planar equivalent, a way of miniaturizing optical devices with exiting new optical properties and tunability, 
was created [7]. The prerequisites for metasurfaces fabrication, made from subwavelength-scale unit cell 
(meta-atom) that can control the phase shift of the optical wave from 0 to 2π, in order to be used for high volume 
nanomanufacturing of optical devices are: (i) high resolution, (ii) high throughput, (iii) low cost, (iv) large area 
and (v) the capability of patterning on flat or curved surfaces [8]. 

2. Fabrication and conclusion 
Among the many large-scale manufacturing techniques, in this study we focused on one of the most 

studied technology as promising candidate to move the flat optics from laboratory experiments to commercial 
devices–Nanoimprint lithography [9].Within the ElastoMETA project, several approaches have been tried 
regarding the manufacture of metasurfaces with metalens properties that work in the IR field in order to increase 
efficiencies [8,10]. In our case, the metalenses fabrication by UV-NIL can be divided in 2 major steps as follows: 
(1) the UV-Nanoimprint process which imprints the negative copy of the stamp in a liquid resist sensitive to the 
UV-light and (2) cryogenic-DRIE process which gives the final form of the metasurface, etching the silicon 
wafer. For the UV-NIL lithography we use the both approaches: rigid or flexible back-plane, using a standard 
UV-NIL machine (EVG 620 mask aligner) or an automated one (EVG®7200 automated UV Nanoimprint 
System). The metasurface lens fabrication by conventional UV-NIL was made using a PDMS (KER-4690 A/B 



stamp made on rigid backplanes (4” glass wafers). The metalenses were fabricated on 4 inches (100) p type 
silicon wafers, with a resistivity of 5-10 Ω·cm and 525 µm thickness. The mr-NIL210 resist at two standardized 
versions – 200 nm and 500 nm was used after prior deposition of an adhesion layer mr-APS1. The spincoating 
process parameters were the ones provided by the supplier. The exposure was taken at 22 mW/cm2 for 100 sec., 
with a vacuum contact of 50 mbar for the samples made with 200 nm mr-NIL210 and of 150 mbar for the 500 
nm mr-NIL210.  

For the soft UV-NIL process, the stamp was made by drop-casting the working stamp material the EVG 
NIL UV/AF. The imprints were made using the EVG UV-NIL A2_300nm resist, which is found that found that 
can reach a thickness of 276 nm at 2000 rpm for 60 sec. The recipe was optimized in order to reach 30 nm 
thickness of the residual layer.  

 
Fig.1 SEM cross-sectional view of the imprinted patterns using (a) rigid backplane and (b) flexible backplane 
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Abstract: We present the characterization of metasurface optical function in phase and intensity by use of a 
wave front sensor, based on quadriwave lateral shearing interferometry. It is applied to metalenses where 
aberrations and manufacturing defects are measured in a single shot. Studying vortex metasurface also reveals 
phase substructures due to the design strategy. 

The development of metasurfaces opened up a large panel of possibilities to manipulate the properties of light beams 
including amplitude, phase and polarization. The large variety and increasing complexity of optical properties of 
metasurfaces necessitates simple and efficient characterization tools, able to control and validate the device quality 
and functionalities. The in-stakes for metasurface metrology are two-fold. i) During the manufacturing optimization 
phase, it is important to rapidly characterize metasurfaces to feedback on the production parameters. ii) Once the 
metasurface process is determined, their optical function needs to be characterized. 

In both cases, we would like to measure the metasurface complex transmittance by characterizing its effect on the 
propagation of a carefully prepared light state through it. This can be done using an interferometer such as a 
Mach-Zehnder [1]. Since metasurfaces usually have an area smaller than 1 mm², the interferometer should be 
implemented inside a microscope, like for digital holography. However, Pancharatman-Berry-type metasurfaces affect 
the light polarization, which makes such interferometry hard to implement. Solutions based on ptychography [2] 
proved to be very efficient to determine the complex transmittance but are very complex to implement and take a long 
time to acquire data and process them. 

In this paper, we propose to use wave front sensing and in particular quadriwave lateral shearing interferometry 
(QLSI) as a tool to probe the metasurface complex transmittance. A wave front sensor is an instrument which 
measured the electromagnetic complex field of an impinging light beam. To determine the metasurface complex 
transmittance, the wave front sensor is placed in the image plane of a microscope. We first record the light field 
outgoing the microscope without the metasurface sample, then with the metasurface in the object plane. The 
transmittance is the ratio between both fields.  

QLSI relies on the use of a wave front analyser composed of two simple elements: a standard camera and a 
2-dimensional diffraction grating, separated by a millimetric distance from each other [3,4]. The diffraction grating 
(so-called modified Hartmann mask, or MHM) consists in a square hole pattern with 0 and π phase shifts organized as 
a checkerboard. This geometry mainly produces four diffraction orders, which interfere on the camera to form a 
2-dimensional interferogram. This interferogram is the product of two sinusoidal patterns, which deformation is 
proportional to the phase derivatives in the x and y directions. These are finally integrated to retrieve the phase map of 
the incoming light beam. 

This method is first applied to metalenses, where the phase function is parabolic. Here we can consider the 
metasurface as a conventional lens and characterize it in terms of optical quality. To do so, the lens phase function is 
decomposed into 3 components (see Figure 1): the parabolic part, low frequencies and high frequencies. The parabolic 
part allows to determine the lens focal length which is equal to the wave front radius of curvature. The remaining 



phase is then fitted by Zernike polynomials. The first 36 coefficients are used to generate a “low frequency” phase 
map, representing geometrical aberrations. The residual phase contains “high frequency” components containing local 
manufacturing errors (scratches, relative refractive index errors). 

 
Figure 1: Breakdown of the phase transmitted by a metalens. 

Metasurfaces are also used to generate so-call “topological beams”, where the phase field is helicoidal. Such 
beams are complex to characterize with a wave front sensor, since its derivatives are non-conservative, which 
means that the result of their integration depends upon the integration path. Standard algorithms cannot recover 
such fields. Guillon et al [5] proposed a method to integrate such fields and in this paper, we will present how we 
adapted the proposed solution to metasurface metrology (see Figure 2). 

We will present experimental results of wave front measurement for various kinds of metasurfaces: 
deflectors, metalenses, vortices. Different design principles of metasurface technologies (ERI and 
Pancharatman-Berry) will be compared. 

 
Figure 2: Characterization of a Pancharatman-Berry vortex metasurface. (top raw) (left and center) measured 
phase gradient g along x and y, (right) The theoretical phase is a 2-pi spiral. (Bottom raw) Phase reconstruction: 
the integration is a two-step process which leads to the sum of the irrotational phase and rotational phase. In the 
irrotational phase, we clearly see radial lines which arise from the metasurface design (defined on a polar 
canvas). In the right plot, we compare the reconstructed phase with the expected one from the metasurface 
design by plotting the phase values along a circle around the vortex center. 
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Abstract: Electromagnetic (EM) near-field distribution is a key ingredient that defines the intensity and stature 
of surface plasmon resonances (SPRs); coherent and collective oscillations of surface electrons. However, EM 
distributions rely on the nanometric geometry of the interstitials of plasmonic nanoassembly. In this work, we 
have carried out extensive finite-difference time-domain analysis on EM near-field distributions for a wide range 
of plasmonic nanoassemblies ranging from monomer, dimer, trimer, tetramer, heptamer to long-range 
two-dimensional nanoassembly of gold nanoparticles. 
 

Plasmonic nanoparticles possess unique characteristics mainly due to their capability to induce 
electromagnetic (EM) near-field mediated localized surface plasmon resonances (LSPRs) [1]. Surface plasmon 
resonance (SPR) is a resonance effect caused by the interaction of conduction electrons with incoming photons. 
The interaction is determined by the metal nanoparticles' size, shape, composition and dispersion medium [2]. 
By exploiting the plasmonic properties of different systems, next generation and disruptive technologies can be 
developed that are easy to use, compact, portable and effective [3]. Therefore, understanding the LSPRs as well 
as EM near-field distributions for different systems ranging from monomer, dimer, trimer to long-range 
two-dimensional nanostructures remains the central thrust of plasmonic research. Here in this work, we have 
utilized different models such as monomer, dimer, trimer, tetramer, heptamer and long-range symmetrical 
nanostructure of gold nanoparticles in finite-difference time-domain (FDTD) analysis. The EM near-field 
intensity as well as the EM near-field distribution of the studied models have been extracted for a range of 
incident wavelengths and incident polarizations. Such research not only helps to understand the behavior of the 
EM near-field distribution induced in plasmonic nanoassembly, but also to apply the concept in the design of 
plasmon-active substrates, which are particularly useful for molecule detection, gas sensing, and photocatalytic 
hydrogen production [4-5]. 

Figure 1a-e show maximum EM near-field intensities obtained for monomer, dimer, trimer, tetramer and 
heptamer of gold nanoparticles. EM near-field distributions were extracted for a range of incident wavelengths 
(e.g. 300, 400, 500, 600, 700, 800 and 900 nm) and incident polarizations (0o, 30o, 60o, 90o, 120o, 150o and 180o). 
It was noteworthy that maximum EM near-field intensity was attained at longer wavelengths for complex 
plasmonic nanostructures. In the case of a dimer, the maximum EM near-field was found to be as low as ~ 4 V/m 
(Fig. 1a) whereas the typical dimer facilitated to induce localized EM near-field and increased the intensity as 
high as ~ 120 V/m (Fig. 1b). However, localized EM near-field sites and intensities increased with an increasing 
number of interstitials as shown in Fig. 1c-d. The FDTD simulation for long-range symmetrical nanoassembly is 
being carried out and detailed EM near-field distributions for individual models will be demonstrated in the 
event as well as in the full manuscript.  



 

Figure 1 (a)-(e) Maximum EM near-field intensity attained at different incident wavelengths for monomer, 
dimer, trimer, tetramer and heptamer nanoparticles respectively. Insets in respective plots represent the EM 

near-field distribution of the corresponding model. Model geometries used in FDTD simulation were amended in 
the corresponding plots. 
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Abstract 
A design automation flow has been developed using inverse 
design techniques adapted for systems containing cascaded 
metasurfaces with arbitrary configurations of parameterized 
meta-atoms. The optimized layout is obtained automatically 
based on specified target functions. The performance of the 
optimized metalens system can then be validated by 
different simulation approaches. Several design examples 
will be presented to demonstrate the capability and usability 
of this powerful design flow. 

1. Introduction 
Manual design of a metalens by hand-picking the nano-

cells from a pre-built meta-atom library based on a certain 
phase and/or dispersion profile can be extremely tedious, 
and deep theoretical background and detailed design 
knowledge are required by designers[1]. Therefore, it is 
highly desired to have an automated design tool with inverse 
design capability. Several groups have been working on this 
goal with similar but different design approaches[2,3]. We 
have developed an efficient, powerful, and user-friendly 
inverse design tool for metalenses/metasurfaces by 
combining adjoint optimization algorithm with FFT-BPM, 
RCWA or FDTD for creating the meta-atom library, and 
incorporating several new ideas. With the user-specified 
input and desired output, as well as the basic lens 
configuration, the software will optimize the layout of the 
meta-atoms from a pre-built library. Therefore, the demands 
on design knowledge and background physics are reduced 
significantly.  With this software, automated design of large 
complex metalenses containing 10’s of millions of meta-
atoms is feasible. 

2. Design Examples 
To demonstrate the capability of our newly developed 
automated inverse design tool, we will show a number of 
examples, cover achromatic metalens, large FOV metalens, 
and logo display, with either a single or multiple 
metasurfaces.  

2.1. Achromatic Metalens 

Without sophisticated design knowledge required, we 
can easily design an achromatic metalens with our inverse 
design tool as shown below, by specifying the basic 

configuration, such as lens size and focal length as well as 
meta-atom library.  

 
        (a)        (b) 

 
  (c)        (d) 

Figure 1: Achromatic metalens (a) Meta-atom used (c) 
Optimized results (b) Optimized layout (d) FDTD 
validation. 

For the sake of validation, we chose a small lens with 
diameter D=20μm and focal length f=20μm in order 
compare with our FullWAVE FDTD, the most rigorous 
numerical method. As indicated in Figure 1 (b) and (d), the 
inverse design tool gives very close results compared to 
FDTD. 

Large lenses can also be done similarly at the cost of 
longer computation time and more computer RAM. eg., a 
lens with D=f=1mm with about 14 million meta-atoms takes 
~12G RAM and ~10 hours on a 16-core computer. 

2.2. Large FOV (“Fisheye”) Metalens 

Designing an aberration-corrected metalens with large 
FOV is a very significant challenge which becomes trivial 
with our inverse design tool. Demonstrated here is a fisheye 
metalens optimized by our inverse design tool with the same 
meta-atom used in reference [4]. Good agreement with the 
rigorous FDTD method is achieved. 
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                   (a)        (b) 

 
         (c)    (d) 

Figure 2: Large FOV (“Fisheye”) metalens (a) Meta-
atom used; (b) Optimized layout (c) Optimized results 
(d) FDTD validation 

 For such 40μmX40μm metasurface, the 
optimization takes only 0.02G RAM and 4 minutes on a 
laptop for 9 target cases with AOI from 0o-80o at 10o 
interval. FullWAVE FDTD simulation, which takes about 
250G RAM and more than 12 hours on a 16-core computer 
for each case, was used to confirm the optimization results. 

2.3. Achromatic Metalens with Large FOV 

An achromatic metalens with large FOV is hard to achieve 
with a single metasurface and multiple metasurfaces are 
needed[5]. For the sake of FDTD validation, shown here is a 
small achromatic and large FOV metalens with two 
metasurfaces, separated by a 5μm thick SiO2 substrate. Each 
metasurface is comprised of Si3N4 meta-atoms and has a 
40μm diameter. The focal distance from the 2nd metasurface 
is 20μm. The layout has ~15 thousand meta-atoms across the 
2 metasurfaces. The optimization uses 0.08G RAM and 
takes roughly 8 minutes on a 6-core laptop. This includes a 
total of 12 desired cases: 0o, 10o, 20o, and 30o incidence, 
each at 3 different wavelengths. 

To validate the optimization results for the 
metalens with multiple metasurfaces, we performed 
FullWAVE FDTD simulations corresponding to the 6 cases 
shown in Figure 3 (c) & (d). Each simulation takes ~500G 
RAM and ~33 hours on a 16-core computer! Shown below 
in Figure 4 are the FDTD results and they are very similar to 
the optimization tool results. Minor discrepancies are 
expected, due to certain approximations made in the 
optimization algorithm. This confirms that our inverse 
design tool works well for the optical systems with multiple 
metasurfaces. 
 

  
(a)                          (b)  

 
(c) 

 
(d) 

Figure 3: Achromatic high NA metalens. (a) & (b) 
Optimized layouts of both metasurfaces; (c) & (d) 
Optimized results (zoomed) at 0o & 30o. 
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Figure 4: FullWAVE FDTD validation for the achromatic 
high NA metalens. 

 
With the full confidence, we now can design a full-size 

metalens with multiple metasurfaces. As shown in Figure 5 
for a 0.5mm x 0.5mm doublet separated by 0.3mm, the light 
is focused at desired focal spot for all cases. The layout has 
~2.5 million meta-atoms across the 2 metasurfaces. The 
optimization uses 0.75G RAM and takes roughly 13 hours 
on a 16-core computer. 

 

 

 
Figure 5: Optimized results for a 0.5mm x 0.5mm doublet 
metalens. 

2.4. Logo display 

In addition to designing a focusing metalens, our 
inverse design tool can be used to design any metasurface, 
given a target image. Shown in Figure 6 (a) is the desired 
image (a wrapped Synopsys logo). With about 0.15G RAM 
and less than 1 minute on a laptop, we can obtain the 

following optimized result and layout for a system 
containing about 130,000 meta-atoms. 

 
                         (a)                (b) 

 
(c)  

Figure 6: Metasurface for logo display (a) Desired image 
(b) Optimized result (c) Optimized layout 

3. Conclusions 
In summary, we have developed a very efficient and 
automated design tool for metalens/metasurface systems, 
exploiting inverse design techniques. This powerful tool can 
produce optimized designs from basic specifications, and 
therefore significantly reduce the knowledge required by 
designers, as well as design cycle time.   
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Abstract: Real-space real-time TDDFT+U is proposed as a method of calculating the bulk and thin-film dielectric 
function of titanium nitride as a potential plasmonic material outside of the commonly used Nobel metals. The linear 

scaling with system size, mixed boundary conditions and the Hubbard U makes the presented approach 
computationally feasible for the study of titanium nitride thin films. 

The ab initio study into the optical properties of metals has become an avenue of predicting tuneable devices that can 
operate in harsh environments. Titanium Nitride (TiN) has been proposed as a candidate material in plasmonics due to 
the morphological stability at operational temperatures of devices such as the near field transducer in the recently 
developed heat-assisted magnetic recording hard drives by Seagate [1]. An investigation by Reddy et al [2] showed 
that the performance of TiN was comparable with gold at 400𝑜𝐶 but with no structural degradation as observed in 
gold. 
Previous studies on TiN thin films [3] compared the optical properties calculated using the GW method and TDDFT 
in the local density approximation (LDA). While GW was required to verify the validity of the TDDFT results, the 
GW method was limited to 5 atomic layers (in the 100 direction) due to the heavy computational cost. We propose the 
real-space real-time TDDFT+U method [4] as an alternative method of investigating TiN thin films. 
Within the real-space grid representation, one can enforce 2D-periodicity while keeping the third-dimension finite, 
this avoids the interaction with periodic replicas within the plane-wave methods which require convergence of the 
vacuum region. The real-time propagation scales linearly with the number of states compared to linear-response 
methods which scale quadratically, this becomes beneficial for large numbers of atoms required in thin-film 
calculations. The LDA method overly delocalises the transition metal d-orbitals. The DFT+U method is included 
using the ACBN0 functional allowing one to restore the atomic nature of localised orbital. The ACBN0 functional 
provides a computationally favourable method to hybrid functionals or many-body perturbation theory. The ACBN0 
functional is applied to all electrons in the pseudopotential, as in the delocalised limit, the functional reduces to 
local/semi-local approximation making it appropriate to apply to metallic systems. Applying this method to the bulk 
TiN to calculate the dielectric function and comparing to experimental results. 

Fig 1: The dielectric function (left: real part and right: imaginary part) of bulk TiN calculated using the ACBN0 functional compared to experimental 
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results. The experimental results were provided by A. Lipinski for 200𝑜𝐶 and 400𝑜𝐶 deposition temperatures and by Pflüger et al [5]. 

 

From Fig. 1 the energy at which Re{𝜖𝑟} = 0 is accurately predicted by the ab initio calculation and Im{𝜖𝑟}  is 
in good agreement with the experimental results. There is a discrepancy in the 0-2eV range of the Im{𝜖𝑟} due 
to neglecting the electron-phonon coupling, which increases scattering losses. The experimental results with 
the best agreement to the ab initio calculation is the higher deposition temperature of 400𝑜𝐶 which resulted in 
a more crystalline structure and closer to a 1:1 Ti to N ratio. To improve the predictive ability of our ab initio 
method one would need a realistic crystalline environment which includes relaxation of the inter-atomic layers 
or potentially surface reconstruction, and investigation of the dielectric function dependence on film thickness 
for various crystallographic orientations. 

 
Fig 2: Simulation cell (top) and electron density (bottom) of TiN in 100 direction with 8 atomic layers. 

 
The method presented makes the calculation of the optical properties of thin-films computationally feasible. This 
enables us to investigate the tuning of plasmonic response and find structures in better agreement with experimental 
results.  
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EP/L015323/1). 
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Abstract: In this study, through comprehensive numerical simulations, we demonstrate that intensity-based 
moments and the associated parameters adequately capture changes in beam shapes induced by aberration of 
metalenses with a hyperbolic phase profile. Starting from the fact that the aberration of metalenses should be 
derived in wave optics and not ray tracing [1,2], we discuss the average position, spatial extent, Skewness, and 
Kurtosis.  
Keywords: metalenses, aberration, Skewness, Kurtosis 

 
 
In this paper we discuss metalenses under axial and off-axis illumination, conditions under which spherical 

and coma aberrations, respectively, can occur. We consider throughout this paper that the metalens is designed 
to impart a phase profile on an incident light distribution that approximates the ideal, continuous, hyperbolic 

spatially varying phase distribution                                  of a lens with focal length   

for a given light wavelength  ; in our case    . 
The metalenses studied in this paper consist of   unit cells with the same transmittance (considered as   

for simplicity) and the dimension   along the x-axis. The dimension      of the whole metalens is 
considered as being defined by an opaque aperture, such that no light passes through the metalens plane outside 
the metalens region. 

For the axial illumination of metalenses, discretization-induced focusing errors are dominant since spherical 
aberrations are not expected to be present for hyperbolic metalenses, at least from a wave-optics point of view. 

We have considered metalenses with different apertures, namely with         to     in steps of   , 

different focal lengths    ,  , and      with        , as well as different steps    .  



 
Figure 1.    (top) and    (bottom) dependences on aperture size for different steps in     and focal 

lengths of     (solid line),   (dashed-dotted line), and      (dashed line). 

 
In the case of non-axial illumination, coma aberration is expected to appear, besides the 

discretization-induced aberrations.  

 
Figure 2. Dependence on the aperture size of (a) the transverse average position and spatial extent of the 

focalized beam and (b) of    and    for different phase steps and for      (solid line),    (dashed-dotted 
line), and    (dashed line).  

 
The obtained results proved that for axial illumination the most detrimental parameter is the phase 

discretization step: values of         affect the focal spot along the x-axis, but do not influence the field 
distribution along the z-direction. The same behavior was noticed for the off-axis illumination too.  

In general, all intensity-based moments change dramatically at large tilting angles, at which additional paths 
of constructive interference form. The change is much more significant at large apertures, meaning that larger 
apertures favor the appearance of new constructive interference paths.  

 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Acknowledgements: The research leading to these results has received funding from EEA Grants 2014-2021, 
under project no. EEA-RO-NO-2018-0438-ElastoMETA. 
 
References 
1. Lin P.D., Johnson R.B., “Seidel aberration coefficients: An alternative computational method”, Opt. Express, Vol. 27, 

No. 14, 19712-19725, 2019.  
2. Sasian J., “Formulae for the geometrical propagation of a beam of light”, Appl. Opt., Vol. 59, No. 22, G24-G32, 2020. 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

 Bringing ab-initio design into the lab: Temperature dependence of plasmonic 
response 

 

D. Murphy*, M. Grüning, L. Stella 
Atomistic Simulation Centre, Queen’s University Belfast, BT7 1NN, Northern Ireland, United Kingdom 

*corresponding author: dmurphy60@qub.ac.uk 
 
Abstract: The next generation of hard drive technologies for Seagate Technologies, heat assisted magnetic 

recording (HAMR) relies on the novel combination of plasmonics and material design. The NFT is subjected to 

intense environmental conditions. This work uses ab-initio techniques to discover new materials for plasmonic 

applications. Using density functional theory, many-body perturbation theory and including electron-phonon 

interactions, the effect of temperature the plasmonic performance will be evaluated through a range of 

temperatures in a fully ab-initio way. 

Hard drives remain the dominant data storage technology for mass data storage. The heat-assisted 

magnetic recording (HAMR) technology by Seagate Technology can significantly increase the areal 

density of information storage on hard drive platters.  

 

It uses a near field transducer (NFT) to focus energy into a sub-diffraction-limited spot on a hard drive 

platter using surface plasmons. This heats up the area and reduces the magnetisation required to write data 

to the platter. Current NFT designs fail due to material choice; mechanical deformation at high 

temperature.  

The macroscopic dielectric function is the central quantity in the material design of the NFT. The laser 

that induces the surface plasmons will have a wavelength of 700-1500 nm (1.77-0.83 eV). The ideal 

material is low loss (small Im !(")) and high response (large -Re !("). Au and Ag are high performance 

plasmonic materials but deform at high temperature. Conductive nitrides like TiN show promise as robust 

plasmonic materials. 

Figure 1 Near field transducer, showing incoming light and surface plasmons. The strong electric field from the surface 

plasmons transfers the energy from the light into a sub-diffraction limited spot on the platter. This heats the spot, reducing the 

magnetic coercivity. 



Zero-point motion can affect band structure and introduce phonon assisted optical transitions. The effect 

of temperature on plasmonic materials is to decrease the plasmonic performance. Losses increase with 

temperature as electron-phonon scattering increases. The electron-phonon scattering rate plays an 

important role in calculating intraband transitions in a fully ab-initio way and in temperature dependent 

spectra.  

This project aims to use ab-initio methods to evaluate robust plasmonic materials for the NFT as part of 

HAMR. Using density functional theory, corrected by G0W0 calculations, optical spectra in good 

agreement with experiment can be found. Electron-phonon results are also presented using the density 

functional perturbation theory. 
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Abstract: We theoretically study multi-mode interference resulting in the formation of bound states in the 
continuum (BIC). The conventional description of BIC formation is based, typically, on the Friedrich-Wintgen 
mechanism, and thus is restricted to a two-resonance (two eigenmodes of the resonator cavity) approximation. 
We show that in 2D quantum mechanical and optical waveguides with resonators strongly coupled to them, BIC 
formation can be crucially influenced by multi-mode interference, which provides, in particular, the possibility 
for subwavelength localization in such BICs. 

 
Bound states in the continuum (BIC) – are fully localized states with energy lying within the range of the 

continuous spectrum, were introduced by von Neumann and Wigner at the eve of quantum mechanics, and were 
considered as a curious mathematical feature for a long time. Today BICs are recognized as a widespread 
phenomenon of wave nature, which was demonstrated experimentally in various physical systems [1]. 
Manifesting themselves as extremely high-Q resonances, BICs provide the most promising application in optics. 

Besides trivial mechanisms of BIC formation based on, e.g., symmetry protection or Fabry-Perot resonators, 
Friedrich-Wintgen model [2] provides the most general description, which even does not appeal to the spatial 
symmetry [3]. Typically, this model is used within the formalism of the effective Feshbach Hamiltonian of the 
resonator cavity, in which real eigenvalues correspond to BICs [1]. However, this formalism is barely applicable 
if the resonator is strongly coupled to the waveguides, such that its eigenstates are ill-defined. In this case, it is 
more appropriate to use the language of multi-mode interference [4]. In the present work, we consider a spatially 
symmetrical waveguide with a resonator (either quantum-mechanical or optical) and, first of all, analytically 
derive conditions for BIC formation within arbitrary finite-mode approximation. Then, we perform numerical 
simulations of some 2D systems and analyze BICs related to multi-mode interference phenomena. 

Our analytical model is based on a quantum mechanical system (Fig. 1a). Looking for BICs, we solve the 
eigenvalue problem by the transverse eigenmodes decomposition method in each region (left waveguide, 
resonator, and right waveguide). Transverse eigenmodes in neighboring regions are related to each other through 

a basis change matrix µ̂  (matrix element nmµ  stands for the scalar product of the n-th transverse mode in the 

waveguide and the m-th transverse mode in the resonator). Conditions for BIC formation arise naturally as a 
requirement for the correct matching of the wavefunction at the resonator-waveguide interfaces. Within the 

two-mode approximation these conditions are well-known [4]: , ,
212 222 0s a s aA A= = . Here quantities 

sin 2 cos 2s
iji j j i jA k k L k Lκ= −  and sin 2 cos 2a

iji i j j jA k L k k Lκ= +  turn to zero at energies of 

symmetric (s) or antisymmetric (a) inter-mode states i-j-i located at the i-th transverse mode in the waveguides 
and at the j-th mode in the resonator (see Fig. 1b-d for illustration). Thus, within a two-mode approximation, 



BIC arises if inter-mode states 2-2-2 and 2-1-2 of the same parity are degenerate. 
The substantially different situation takes place in a three-mode approximation, in which case BIC 

conditions become (one of 3 possible equivalent formulations): 

              , , , , , , , ,
21 32 212 232 31 22 313 222 21 33 212 333 31 23 232 313,s a s a s a s a s a s a s a s aA A A A A A A Aµ µ µ µ µ µ µ µ= =                  (1) 

In contrast to two-mode, in a three-mode approximation a new type of BIC can arise. Indeed, equations (1) can 

have a solution with none of ,s a
ijiA  turning to zero, which means a truly multi-mode mixing. 

Figures 1e,f show examples of numerically simulated probability and electric field energy distributions for 
BICs with subwavelength localization in 2D quantum mechanical and optical systems respectively. In the 
presented quantum mechanical BIC, de Broglie wavelength is about 1.67 nm, which exceeds 1 nm resonator 
length. Similarly, in optical system, the particular BIC shown corresponds to the wavelength about 5.06 times 
bigger than the resonator length. Such BICs arise due to multi-mode interference and cannot be described within 
two-mode approximation. Whereas three-mode condition (1) agrees very well with the exact numerical 
simulations. 

 
Figure 1. Considered 2D quantum mechanical model (a). Thresholds scheme of the first two transverse 

modes in a waveguide with resonator (b) and inter-mode states 2-2-2 (c) and 2-1-2 (d). Probability distribution (e) 
and electric field energy distribution (f) for particular subwavelength BICs in quantum mechanical and optical 
systems respectively. Dimensions of the optical system are normalized to the waveguide width h. 
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Abstract: We study acoustic wave propagation in a narrow 2D waveguide containing a subwavelength scatterer. 
We derive effective one-dimensional models which encode the effect of the scatterer in effective jump 
conditions [1]; we envision the successive cases where the scatterer is a plain rigid obstacle, a resonator of the 
Helmholtz type and eventually a split resonator as shown in Figure 1.  
 
 

 
Figure 1: Scattering of an incident plane wave in a waveguide where is located i) an obstacle (top 
plot), ii) a Helmholtz resonator (middle plot), iii) a split Helmholtz resonator (bottom plot). 
 

The effective propagations are solved with closed-form expressions and they are compared to the direct 
numerical simulations. We show that, when the resonator is not split, a perfect reflexion is achieved at the 
Helmholtz resonance with a constant pressure of high amplitude in the cavity of the resonator, Figure 2 (blue 
curve). However, when the resonator is equally split, the Helmholtz resonance is hybridized and gives rise to an 
additional resonance in the vicinity of the Helmholtz resonance attributable to the so-called Autler-Townes 
splitting. This results in the appearance of an additional resonance, whose signature is a perfect reflexion 
immediately followed by a perfect transmission, see Figure 2 (red curve), and a dipolar behavior of the resonator 
(figure 1, the pressure fields are in phase opposition in the split cavities).  

 



 
Figure 2: Plot of the transmission profile |T| as a function of kh (k incident wavenumber and h height of 
waveguide). Blue curve is for a resonator and red curve is for split resonator. The right figure is a zoom near the 
hybridized resonance corresponding to the Autler-Townes splitting. 
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Abstract: In this study, a multi objective optimization algorithm, NSGA II was employed to increase the sensing 
performances of a Cu-Ni SPR sensor. The impact of objectives on the sensor’s structure and performance is 
emphasized by considering three test cases where different pairs of sensing parameters were considered as 
objectives: sensitivity (S), fullwidth at half maximum (FWHM), and reflectivity at resonance (r0), S and FWHM, 
and S and r0. Sensitivities up to 222 deg/RIU were obtained.   

The SPR sensor’s configuration has greatly evolved over time; from a thin metal evaporated directly on an 
optical prism to complex multilayer architectures such as metal-semiconductors/dielectric with greatly enhanced 
performances [1]. All these subsequent layers placed on top of the metal comes with an increase overall 
absorption which on one hand increase the sensitivity, but on the other hand, broadens the response thus lowering 
the resolution.      

The critical coupling between incident light and surface plasmons from the metallic surface is achieved when 
two damping processes: leakage radiation through prism and absorption in the metallic region and subsequent 
layers equates each other [2]. Both processes are dependent on the layer’s optical properties and thicknesses. Even 
though, the optimal metallic thickness could be obtained easily for the classic configuration; when more layers are 
stacked on top of each other, achieving critical coupling is more complicated due to the larger number of 
parameters.  

The main goals of this study are: optimizing a Cu-Ni-Graphene SPR sensor configuration in order to enhance 
its sensing performances: r0, FWHM, and S, and to show the importance of choosing the proper objectives in the 
optimization process for specific applications. The multilayer reflectivity calculations were performed using 
transfer matrix method (TMM) and optimization was done with NSGA II algorithm [3]. Parameters to be 
optimized were the metallic layers thickness and the number of graphene layers, several constraints on thickness 
(0 – 60 nm for both Cu and Ni, and 0 – 10 for the number of graphene layers) were imposed to reduce the 
computational time and achieve convergence faster. The optical properties of metallic layers and graphene were 
taken from literature [4]. Sensitivity was calculated as the ratio between resonance angle displacement with the 
change in sensing medium’s refractive index (0.003 RIU).  

Reflectivity curves for all cases are showed in fig. 1, as can be observed, the choice of objectives influence 
greatly the sensor’s configuration and performances (Table 1). The highest sensitivity, 222 deg/RIU, was 
obtained for the 15 nm Cu – 38 nm Ni – 1 L Graphene when S and r0 were considered objectives, but it also 
exhibits the broader FWHM, 4.26 deg, among the rest of the structures. The narrower FWHM, 3 deg, was 
obtained for 23 nm Cu – 33 nm Ni – 1 L Graphene (fig. 1 (b)), at a cost of increased reflectivity at resonance, 
6.34 % and also a decrease with 10 deg/RIU in sensitivity. The most balanced structures, as was expected was 
found when the three performances parameters were optimized at the same time, 19 nm Cu – 34 nm Ni – 1 L 
Graphene, exhibiting a sensitivity of 203 deg/RIU, a FWHM of 3.63 deg, and a minimum of reflectivity at 



resonance of 0.38 %.   
 
    

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
   In this study a multi objective optimization was performed to optimize the architecture of a 
Cu-Ni-Graphene based SPR sensors to enhance the sensing performances. It was shown that the choice of 
objectives in the optimization process influences the configuration and also the performances. The highest 
sensitivity was 222 deg/RIU exhibited by the 15 nm Cu – 38 nm Ni – 1 L Graphene when S and r0 were 
objectives. This analysis shows that with the proper choice of objectives the sensors’ architectures could be 
tailored for specific applications where one sensing parameter is weighting more than the others.  
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Objectives FWHM [deg] r0 [%] S [deg/RIU] 
r0, FWHM, and S 3.63 0.38 203 

S, and FWHM 3 6.34 212 
S, and r0 4.26 0.035 222 

Table 1: The obtained performance parameters for each case 

Figure 1: Reflectivity curves for the optimized sensors structures for each case: 
(a) r0, FWHM, and S, (b) S, and FWHM, and (c) S, and r0 
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Abstract: Achieving angular selectivity with broad bandwidth from thermal radiation sources has been a long-standing 
challenge. Here, we achieved laterally directive (θ > 60˚), broad bandwidth (λ = 5–24 μm) polarization-independent 
thermal radiation from a thin-film-oxide-based hollow cavity array. The hollow cavity array allows light to strongly 
couple with phonon mode and Berreman mode at specific wavelengths and angles. These results will be further exploited 
for several radiative heat transfer applications, such as thermal camouflage, radiative cooling, and waste heat recovery. 

 
In general, thermal radiation is omnidirectional and has broad bandwidth. Therefore, optically manipulating 

thermal radiation is becoming highly significant from the viewpoints of both fundamental science and practical 
applications. Several frequency-selective (i.e., narrow or broad bandwidth) thermal emitters have been studied by 
employing one-dimensional photonic crystals [1], gap plasmon cavities [2], optical antennas [3], and Fabry-Perot 
cavities [4]. In comparison, the study of angular selective thermal emitters, which induces laterally directive (>60˚) 
thermal radiation, is rare. Recently, Xu et al., demonstrated directional emissivity at 60°–75° and 70°–85° for 
10.0–14.3 µm and 7.7–11.5 µm, respectively, by using two types of emitters, which exhibited gradient epsilon-
near-zero (ENZ) features [5]. However, the developed scheme lacked achieving high-amplitude and polarization-
independent thermal radiation. 

Here, we demonstrate high-amplitude broadband directional thermal radiation from hollow cavity based 
thermal emitters. At specific mid-infrared (mid-IR) wavelength, most oxide-based ceramic materials (e.g., SiO2, 
TiO2, HfO2, Al2O3) exhibit distinctive phonon-polariton resonances, thus resulting in enormous extinction 
coefficients near those wavelengths. Such a strongly dispersive feature enables oxide materials to cross an ENZ 
point at specific mid-IR wavelengths. For example, SiO2 has an ENZ point around 8 μm. Accordingly, the 
Berreman mode, which occurs in the ENZ point, can couple free-space light to propagating modes at a specific 
range of wave vectors (i.e., angles of incidence). For our hollow cavities, 200-nm-thick SiO2/AlOx double-shells 
were employed, respectively. Because of the subwavelength-thick feaure of the double-shells, at large incidence 
angles (>60˚), free-space light couples with phonon-polariton resonances via photon tunneling and thus a high 
emissivity is achieved. In addition, the Berreman modes at the ENZ points for each SiO2/AlOx material boosts the 
directionality in emissivity. As a result, we observed high emissivity (>0.6) thermal radiation at large incidence 
(θ > 60˚) for both polarizations, but low emissivity (<0.2) around normal incidence (θ < 30˚). Moreover, radiation 
angle was readily tuned by adjusting the thickness of each oxide shell. 

We believe that these directive emitters will serve as a versatile platform for thermal engineering such as 
radiative cooling, thermal camouflage, and waste heat recovery.   
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Abstract: Plasmonic materials have gathered increased attention due to their sub-diffraction limited heat 
generation. However, the nanoscale deformation which these materials exhibit at elevated temperatures has 
stopped plasmonic materials from being more widely used for such heat generation within certain applications. 
This work outlines a method which can indirectly identify nanoscale deformation in plasmonic materials through 
a toolkit which can easily be fabricated and integrated into CMOS device production as part of wider research 
investigating thermally stable plasmonic materials. 

 
Based on the McPherson-Dunn model for quantifying stress migration and defect mobility within copper via 

interconnects, a relation between void formation and electrical resistance is made through a stress relief 
mechanism between grains of a test material. This work shows the McPherson-Dunn model as an effective 
method for investigating micro- and nano-scale defects within different alloys of Au and Cu. Initial roughness 
scans using atomic force microscopy were carried out pre- and post- annealing giving an approximation on how 
materials respond to thermal stress. A toolkit was designed which consisted of fabricating electrical pads through 
photolithography and wet-etch processes. Plasma vapour deposition was used to (co-)sputter varying thicknesses 
(20-100nm) of films into a trench. By connecting a 4-probe setup to the pads above and below the trench, 
measurement of the relatively small changes in electrical resistance could be made. It was evident from the 
STEM images taken that vacancies would appear and grow in response to increased thermal energy and would 
then move to the material’s surface. This was observed as a change in resistance within the system. A point of 
failure was also shown whereby the circuit would become open due to a culmination of vacancies into voids at 
the interface of Au and Cu and the pads. It has been shown that the McPherson-Dunn model can relate a change 
in resistance to the void formation which occurs between grains of a material. By measuring resistance 
post-annealing at varying temperatures, Cu and Au alloys thermal stability have been compared. STEM and 
EDR images are used to qualitatively compare test materials at increasing temperatures as one means of 
validating this method. This study forms the basis of work investigating the thermal stability of plasmonic 
materials for applications within extreme environments, involving heated stage ellipsometry. 
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Abstract 

Biofunctionalized nanoparticles are increasingly used 
in biomolecular studies, but laser-induced heating 
may alter the structure and interactions of conjugated 
biomolecules. Here, we present a nanothermometer 
based on reversible DNA interactions. The surface 
temperature of many single nanoparticles can be 
probed in parallel by the temperature-dependent 
dissociation rate of double-stranded DNA. The 
reversible nature of the method enables us to probe 
surface temperatures in real-time. No prior 
knowledge of the optical and thermal properties of 
the sample is required. 
 

1. Introduction 
Metallic nanoparticles (NPs) exhibit plasmon 
resonances that result in strong absorption and 
scattering of light. This enables the use of NPs as a 
sensitive optical platform for a range of 
single-particle and single-biomolecule sensors that 
exploit plasmon-enhanced fluorescence1 or label-free 
mechanisms.2 Due to the thermoplasmonic effect 
caused by photon absorption, the optical excitation 
required for these applications induces a strong 
temperature gradient around the NPs.3 In the context 
of single-biomolecule applications, such local heating 
is an effect that must be carefully controlled because 
it can alter biomolecular interaction dynamics or even 
denature biomolecules conjugated near the interface 
of the NPs. Therefore, quantitative understanding is 
required of the interplay between optical excitation 
and the interfacial temperature of the NPs. As a result 
several methods have appeared that probe the 
temperature of single NPs,4 but none of them provide 
real-time interfacial thermometry. Here, we present a 

nanothermometry method that achieves exactly this 
goal by monitoring the temperature-dependent 
kinetics of single-molecule DNA interactions 
(DNA-PAINT,5 see Figure 1). 

 
Figure 1. Schematic close-up of a single AuNR. DNA 
strands with conjugated dyes bind transiently to the 
docking strands on the AuNR surface. 
 

2. Results and Discussion 
Figure 2 shows DNA-PAINT intensity-time traces of 
the same gold nanorod (AuNR) measured at different 
laser powers. At higher laser power, the bound-state 
lifetime (τon) of events is significantly shorter due to 
plasmonic heating of the AuNR surface. 

 
Figure 2. Zoom of timetraces of the same AuNR at 3 
(a) and 100 mW (b) laser power, revealing differences 
in bound-state lifetime and fluorescence intensity. 



 
Using a thermally controlled sample stage, we 
calibrated the dependence of τon on temperature, 
which enabled us to deduce the temperature of any 
single AuNR from the τon value observed in a 
timetrace. Thus, we can measure the surface 
temperature of single NPs in real-time, with intervals 
of a few minutes and a precision of 1 degree. In 
Figure 3 we show the results obtained for two 
different AuNRs, one close to resonance with the 
laser and the other far from it. The surface 
temperature of the AuNR close to resonance clearly 
follows the alternations in power due to its high 
absorption cross section at the laser wavelength, 
whereas the other AuNR barely shows any response. 

 
Figure 3. Real-time interfacial nanothermometry of 
single NPs. a) Dark-field scattering spectra of two 
different AuNRs. b,c) Interfacial temperatures 
determined at different points in time for the same 
two AuNRs. d,e) The laser power during this 
experiment. 

 
3. Conclusion 

We have developed a nanothermometry method that 
measures the surface temperature of single 
nanoparticles in real-time, which was not possible 
with previously developed nanothermometry methods. 
In addition, our method requires no prior knowledge 
on the thermal and optical properties of the sample, 
and is therefore easily extended to a wide range of 
nanoscale structures. 
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Abstract: Pumping liquids is still an open challenge in microfluidics. Here, we provide a detailed study of the 
electro-thermo-plasmonic (ETP) effect in a microfluidic platform where gold nanoparticles dispersed in 
suspension are illuminated with a laser close to plasmonic resonance, and therefore act as sources of heat. In 
combination with an AC electric field, we show that strong convection can be achieved. Our experimental results 
are supported by 3D numerical simulations including the heat generation and the obtained flow patterns.  
 
The generation of convective flow is still a hurdle to be overcome to fully develop many lab-on-a-chip devices [1]. 
Due to low Reynolds numbers due to large viscous effects inside microchannels, pumping liquids is challenging, 
and bulky syringe pumps are routinely used. The electro-thermo-plasmonic effect appears when a temperature 
gradient is combined with an AC electric field, which gives rise to a body force on the fluid that can be estimated 
as follows:  

𝑭𝐸𝑇𝑃(𝒓) =
1
2
𝑅𝑒 [𝜀(𝛼−𝛽)

1+𝑖𝜔𝜏
(𝛻𝑇(𝒓) · 𝑬)𝑬∗ − 1

2
𝜀𝛼|𝑬|2𝛻𝑇(𝒓)]       (1) 

This equation means that the body force appears where a gradient of temperature leads to gradients in electrical 
conductivity and permittivity of the fluid, quantified by D and E, respectively, in combination with an AC electric 
field. Interestingly, the force does not revert its sign as the field polarity is reversed, and therefore it exerts a net 
force on the fluid, leading to net motion. The ETP effect has been previously used to transport nanoparticles to a 
desired area [2,3] and even to trap nanoparticles and biomolecules by generating a hydrodynamic stagnation point 
[4].  
 
In the present work, we present a detailed analysis of a novel configuration to produce fluid motion by the ETP 
effect, where plasmonic nanoparticles dispersed in suspension are used as sources of heat, leading to local gradients 
of temperature and, in the presence of an AC electric field, strong convection in a microfluidic device. Using 
fluorescent particles as flow tracers, we quantify the flow field under different conditions. We provide both 
experimental results and COMSOL Multiphysics simulations of the effects of electric field intensity, laser power, 
and particle concentration, reporting a non-linear effect with the concentration of particles. We observed very high 
velocities with moderately low temperature variations and electric fields, demonstrating the potential of the 
technique to induce convection and pumping in microfluidic devices.   

 



 
Fig. 1. Experimental flow pattern obtained focusing an infrared laser in the center of the field in combination 

with an AC electric field (horizontally applied). The arrows are obtained from a video and represent local velocity.  
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Abstract: Plasmonic catalysis is an attractive way to drive and enhance chemical reactions. However, the relative 
contribution of thermal and nonthermal effects is still an object of debate. Here, we investigate the transformation of 
methylene blue (MB) to thionine on disordered Au NPs arrays. Supported by extensive experimental results and 
theoretical models, we demonstrate that near-fields and hot-electrons synergistically cooperate in enhancing the 
reaction yield and show that photothermal effects do not play a dominant role. 

Driving chemical reaction with subwavelength metallic elements supporting localized surface plasmon 
resonances (LSPR) is a promising strategy that has the potential to overcome the bottlenecks of 
traditional semiconductor photocatalysis, and can open alternative reaction pathways that are not 
accessible through conventional thermo-catalysis1, 2. LSPRs can transfer their energy to the 
surrounding environment via enhanced optical near-fields, transfer of hot-carriers generated from their 
non-radiative decay, and photothermal heating3 (Figure 1a); however, the dominant mechanism is still 
not fully understood4, 5.  

In this work, we systematically investigate the N-demethylation reaction of MB on disordered Au NPs 
arrays by means of in-situ surface enhanced Raman scattering (SERS) spectroscopy. To track the 
reaction, we perform real-time SERS measurements, and we monitor the temporal evolution of the MB 
molecular fingerprints on disordered Au NPs arrays with average particle sizes from ~5 to ~65 nm 
(Figure 1b).  

 

Figure 1. a) Schematic of the possible plasmon-enhanced photocatalytic processes. b) Temporal 
evolution of the SERS spectra of MB on a Au NPs array with average NPs size of 5 nm. c) 
N-demethylation reaction yield evaluated from the product (thionine) peak at 480 cm-1 as a function of 
the average Au NPs size. 

By using different visible excitation wavelengths (λext=532, 633, 785 nm) we demonstrate that the 
reaction occurs preferentially when there is maximum spectral overlap between the excitation laser, 



plasmon resonance, and molecular absorption band, at λext = 633 nm, however small amount of 
products are found also off-resonance under illumination at 785 nm. Furthermore, we observe that the 
reaction yield is inversely proportional to the Au NPs size, showing a decrease of ca. 75% when the 
NPs radius is increased from 5 nm to 65 nm.  

We employ a range of theoretical models to systematically study the involvement of photothermal 
effects, near-field enhancements, and hot-electron transfer in this system, and investigate their 
relationship with NP size and reaction yield. We demonstrate that within the experimentally 
investigated parameters, the increase in temperature is not sufficient to drive the N-demethylation 
reaction, thus confirming that photothermal effects do not participate in the catalytic process.  

Conversely, we demonstrate that the plasmon near-fields are strongest at the excitation wavelength of 
633 nm, coherently with the highest reaction yields observed experimentally, thus confirming their 
contribution in pumping energy into the molecular adsorbate. However, the near-fields are shown to 
increase with increasing NP size, which disagrees with the observed experimental results and, suggests 
that other mechanisms are present in this investigated system. Density functional theory simulations on 
small Au55-MB systems reveal the presence of hot electrons with sufficient energy to excite the 
molecular energy gap (1.86 eV). We show that the hot electron generation efficiency scales with the 
surface-to-volume ratio, hence becoming more significant for NPs of small sizes. This is in line with 
our experimental SERS measurements, and thus points out that in this system, hot electrons play a role 
in enhancing the reaction rate.  

In summary, supported by experimental results and theoretical analysis, this work demonstrates that 
both near-field and hot-electrons synergistically cooperate in enhancing the N-demethylation reaction 
of MB. These finding expand on the mechanistic understanding of catalysis with plasmonic NPs and 
provide insights for the design and realization of efficient plasmon-mediated photocatalysis. 

 
 
The authors acknowledge the financial support by the Australian Research Council, through the Discovery 

Early Career Researcher Award awarded to Fiona Beck (project number DE180100383).  
 

References 
1. Kale, M. J.;  Avanesian, T.; Christopher, P., Direct Photocatalysis by Plasmonic Nanostructures. ACS Catalysis 2014, 
4 (1), 116-128. 
2. da Silva, A. G. M.;  Rodrigues, T. S.;  Wang, J.; Camargo, P. H. C., Plasmonic catalysis with designer nanoparticles. 
Chemical Communications 2022, 58 (13), 2055-2074. 
3. Linic, S.;  Aslam, U.;  Boerigter, C.; Morabito, M., Photochemical transformations on plasmonic metal nanoparticles. 
Nat Mater 2015, 14 (6), 567-76. 
4. Zhou, L.;  Swearer, D. F.;  Zhang, C.;  Robatjazi, H.;  Zhao, H.;  Henderson, L.;  Dong, L.;  Christopher, P.;  
Carter, E. A.;  Nordlander, P.; Halas, N. J., Quantifying hot carrier and thermal contributions in plasmonic photocatalysis. 
Science 2018, 362 (6410), 69-72. 
5. Dubi, Y.;  Un, I. W.; Sivan, Y., Thermal effects – an alternative mechanism for plasmon-assisted photocatalysis. 
Chemical Science 2020, 11 (19), 5017-5027. 
 



META 2022, TORREMOLINOS - SPAIN, JULY 19 – 22, 2022            

Different plasmonic strategies in metalized perovskite solar cells  
 

M. Laska1, Z. Krzemińska1, J. E. Jacak1*, and W. A. Jacak1 
1Department of Quantum Technologies, Wrocław University of Science and Technology, Wyb. Wyspiańskiego 27, 50-370 

Wrocław, Poland 
*corresponding author: janusz.jacak@pwr.edu.pl 

 
Abstract: In perovskite solar cells the dominating channel of plasmonic photovoltaic effect is of internal electric 
type not observed in metallized p-n junction cells, where only absorption of photons is strengthened by metallic 
nanoparticles. We present the analysis how to activate this latter plasmonic channel also in perovskite cells and 
to take a benefit from the electric and optical (absorption) plasmonic effects simultaneously in these cells.   

 
 

Plasmonic metallic components can significantly enhance the overall efficiency of solar cells. In the case  
of p-n junction cells, like Si-based or CIGS cells, the absorption of photons in the region of the junction is 
increased by the coupling of plasmons to band electrons in the substrate semiconductor. As has been evidenced, 
this phenomenon has a quantum character and results, via the Fermi golden rule, in enhancement of the 
probability of electron transition from the valence to conduction band due to coupling to surface plasmons in 
metallic nanoparticles even sparsely distributed on the cell surface in the distance of ca. 1 μm to the junction. In 
has been proved [1] that even twice increase of the absorption is connected with admitting of non-vertical 
interband transitions (due to the absence of restriction of momentum conservation for interaction with plasmons 
in the near-field zone). This effect is also residually supported by local strengthening of the electrical component 
the incident photon wave-functions in the close vicinity of curvature of metallic nanoparticles.  

We have also shown that in the case of very prospective now hybrid chemical perovskite solar cells this 
effect is absent but the experimentally observable strengthening of the efficiency due to metallization has a 
different character and mechanism [2]. This mechanism in perovskite cells is related with the reduction of the 
exciton binding energy if their creation is mediated by plasmons. The dissociation of excitons at the interface 
with electron or hole transport layer (as in perovskite cells) can be highly accelerated if the binding energy of 
excitons is reduced. This happens in perovskite cells but not in p-n junction cells, where the dissociation of 
electrons undergoes at the junction in the filed 10 times stronger than binding of excitons and reduction of this 
binding energy is insignificant. 

In the present submission we report the investigation targeted on the activation of the optical absorption 
plasmonic effect also in perovskite cells besides the internal electrical one. Quenching of plasmon mediated 
absorption of photons in perovskite we have identified as linked with the relatively large forbidden gap of 
perovskite and with heavy masses of carriers in this semiconductor. To minimize these obstacles we proposed to 
apply multilayer metallic components with elongate geometry to shift the plasmonic resonance towards higher 
energies and to split this resonance by the anisotropy of plasmonic dipole oscillations proportional do aspect 
ratio of metallic nanoparticles.  

We have verified that the internal electric effect is also sensitive to the tailoring of material composition and 
shape of metallic nanoparticles, but in a different manner than the absorption plasmonic effect in perovskite cells. 
Thus, in order to activate both plasmonic channels in perovskite cells a thorough design of plasmonic 
components is required. The numerical simulation [3] of the efficiency increase by plasmon mediation in 



perovskite cells reveals the existence of  appropriate windows for the composition, structure and shape of 
metallic nanoparticles and of chemical composition of perovskite material, form the other side, which allow to 
increase the final efficiency by both electrical and optical plasmonic channels in perovskite solar cells. The 
exemplary results are shown in Figs 1. This would be important as perovskite cells have emerged recently as 
prospective strong candidate for cheap and technologically-easy photovoltaic solution for commercial use. 

   
Figure 1. Density plot illustrating an increase of the efficiency of the perovskite solar cells metallized by 
appropriately tailored metallic components with blue-shifted and split plasmon resonance and by changing the 
forbidden gap in perovskite with varied chemical composition (the optical absorption channel has been modeled 
according to Fermi golden rule approach [1,3]). It is visible that this channel is inconveniently weaker in 
perovskite cells in comparison to Si cell (left upper panel), but it is possible to activate it by appropriate tailoring 
of composition and shape of metallic nanoparticles and by the chemical composition of perovskite, which is able 
to shift its forbidden energy.   
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Abstract:  

The present study is focused on the fabrication of different nanopatterned surfaces by UV-Nanoimprint 
lithography technique and on the of the nanostructuring effect on the properties of some organic heterostructures 
prepared on them. We report that the surface modification by nanopatterning affects both the optical properties 
by multiple reflections on the walls of nanostructures and the electrical properties by enlarging the 
organic/electrode contact area and facilitating the charge carrier transport towards electrodes.      

 
In the field of organic optoelectronics, one of the most important and critical issue is the efficiency. Many 

strategies have been developed to enhance the efficiency of the organic photovoltaic (OPV) cells based on 
different principles, such as the introduction of buffer layers, additives in the active layer and tandem 
architectures [1]. Optical manipulation using photonic or plasmonic structures in optoelectronics provides 
another useful way to boost the efficiency of the devices. Nanostructured electrodes are playing an increased role 
in controlling light absorption and in promoting optimal light management in optoelectronics [1]. The light 
propagating through periodic nanopatterns array will undergo varying spatially optical responses and thus be 
shaped by the phase discontinuities (defined as the abrupt phase change over a distance compared to wavelength) 
[2]. UV-Nanoimprint lithography is one of the most promising lithographic technique with high throughput and 
low cost for surface patterning which in contrast with photolithographic techniques is not limited by the 
diffraction. Briefly, the working principle is very simple and is based on reproducing the topography of a master 
which has micro/nano relief structures onto a polymer (resist), as are described in the Figure 1. 

 
Figure 1. Figure 1. Schematic representation of the UV-Nanoimprint process (left), example of the obtained 

nanopillars (right up) and SEM images of some produced nanostructures 



In this context, the present study is oriented on the fabrication of different nanopatterned substrates by 
UV-Nanoimprint lithography technique and the investigation of their effect on the properties of some organic 
heterostructures. First, periodic nanopatterns arrays were imprinted by UV-NIL in a polymeric resist deposited 
on distinct substrates (silicon, glass). The UV-NIL experimental configuration uses an EVG 620 mask aligner. 
An EVG soft stamp (negative replica of the desired nanostructures) with different geometrical parameters was 
placed over the photoresist layer, pressed at a uniform contact pressure and then exposed to UV light for 
facilitating its solidification. At the end of the process, the stamp is detached from the substrate leaving the 
desired pattern imprinted in the resist. Function by the experimental conditions (mask dimensions, periodicity, 
contact pressure), nanostructures with different forms, height and depths are obtained.  

Further, the patterned substrates, were used to fabricate organic photovoltaic cell structures having organic 
active films in stacked or in bulk heterojunction configuration. The organic films (based on new synthetized 
materials and fullerene derivatives) were deposited by spin-coating or by the newer method named matrix 
assisted pulsed laser evaporation (MAPLE). The effect of the substrate nanostructuration on the properties of the 
realized organic heterostructures was investigated. The results showed that the interface modification (the 
nanostructuration) affects both the optical and electrical properties of the proposed organic photovoltaic cell 
structures. Moreover, the nanostructuration design has a great influence on the electrical performances of the 
realized structures.    
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Abstract: We present a study of biocompatible nanoparticles made of silver amalgam and gallium using 
STEM-EELS on a single particle level. Silver amalgam nanoparticles exhibit strong plasmon resonances in 
ultraviolet to infrared spectral region depending on the particle size which establishes them as promising candidates 
for applications within photochemistry and spectroelectrochemistry. Gallium nanoparticles then support plasmon 
resonances in ultraviolet to visible spectral region. Finally, we introduce biocompatible and phase-changing 
nanoparticles of vanadium dioxide supporting plasmon resonances in near-infrared spectral region. 

 
Localized surface plasmons (LSP) are self-sustained collective oscillations of free electrons in metal nano- 

and microstructures coupled to the local electromagnetic field. Moving apart from standard plasmonic materials, 
like gold, silver, and aluminum, opens a way to utilize plasmonic nanoparticles with special properties which are 
represented, for example, by a wide spectral range of LSP resonances from ultraviolet to infrared, 
biocompatibility, good electrochemical properties, or phase-change opening a possibility to design a 
temperature-switching plasmonic sensor. We have explored three biocompatible materials: silver amalgam, 
gallium, and vanadium dioxide. The latter two are well known for their phase-change, too. 

Mapping of LSP resonances with high spatial and energy resolution is necessary to understand their origin 
and properties. Scanning transmission electron microscopy (STEM) combined with electron energy loss 
spectroscopy (EELS) has become a standard technique to map LSP resonances in individual nanoparticles with a 
nanometer spatial and good energy (in our case 0.1 eV) resolution. 

Silver amalgam is one of the most suitable solid electrode materials in electroanalysis of various reducible 
organic and inorganic compounds. The main advantage of silver amalgam within this context is its wide cathodic 
potential window, high mechanical stability, adequate sensitivity, and advantageous strong interaction with 
biopolymers. Nanostructuring the amalgam promises improved electrochemical performance and brings along 
the prospect of plasmonic activity. Our results show that silver amalgam, apart from its proven usefulness in 
electroanalytic chemistry [1], can be also regarded as a novel plasmonic material with promising optical 
properties. Silver amalgam nano- and micro-particles exhibit strong plasmon resonances in ultraviolet to 
mid-infrared regions depending on the particle size, see Figure 1 (a). These findings establish silver amalgam 
nanoparticles as promising candidates for applications within photochemistry and spectroelectrochemistry, 
where the synergy between their plasmonic and electrochemical qualities can be fully utilized [2]. 

Gallium is commonly known as a metal with a melting temperature of 29.7 °C. It has several solid-state 
phases which enables a variety of phase-changing systems which are under investigation. Bulk plasmon energy 
of gallium is 13.7 eV and it has no strong interband transitions in a wide region from ultraviolet to infrared, 
which makes it an ideal plasmonic candidate [3]. We have explored the plasmonic nature of its nanoparticles and 
shown that plasmon resonances can be tuned from ultraviolet to visible spectral region by changing the size of 
the nanoparticle, see Figure 1 (b). 



 

Figure 1: (a) STEM high-angle annular dark-field image of gallium nanoparticles on silicon nitride membrane, 
(b) membrane subtracted EEL spectra showing the dipole plasmon resonance in individual gallium nanoparticles 
integrated over marked areas in (a). Note that the first peak in the EEL spectra, corresponding to the dipole mode, 
is shifting with increasing the diameter of the nanoparticle. (c) Dispersion relation of gallium and silver amalgam 
nanoparticles proving the wide range tunability of the dipole LSP mode from ultraviolet to near-infrared spectral 
range. 
 

Vanadium dioxide is a phase-changing material with a low transition temperature (around 67 °C) with a 
dielectric low-temperature and metallic high-temperature phase. It was shown that VO2 is biocompatible [4] and 
that its metallic phase supports near-infrared plasmonic resonances [5]. These findings open a way to design a 
temperature-driven plasmonic biosensor. 

To summarize, we have explored a widely tunable plasmonic resonances in silver amalgam nano- and micro 
particles and gallium nanoparticles. These structures together with vanadium dioxide paves the way to open new 
plasmonic applications in biology and biochemistry. 
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Abstract: Layered transition metal chalcogenide nanostructures reveal unprecedented electronic and optical 
properties due to the unusual arrangement of interlayers and electronic interactions between them. Here, we 
report layered FeSe nanoparticles (NPs) coupled by L- or D-cysteine as a chiral stabilizer to show multi-colored 
excitation dependent emission (MEDE) for both single- and two-photon photoluminescence breaking 
conventional Kasha and Vavilov rules of luminescence, which is the first report in inorganic nanostructure 
system. Structural analysis shows the chiral stabilizer-induced interlayer spacing expansion in a FeSe NP. The 
MEDE in FeSe NPs is revealed to originate from the impurity coupled to the Mott insulator character of FeSe 
and chiral interlayer expansion through the first-principles electronic structure calculations and the classical 
molecular dynamics. Taking advantage of biocompatibility and multiphoton excitation in FeSe NPs, MEDE was 
utilized for bio-imaging of neuron cells and tissues altering excitation wavelength from visible to near-infrared 
range expanding the capabilities of multi-color bio-labeling. 
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Abstract: In this work, we report the fabrication of a diamond-photonics-based versatile molecular sensing 
platform for the detection of organic molecules. In the case of semiconductors, electromagnetic effects are 
involved or cooperate with the chemical enhancement to amplify the overall Surface-Enhanced Raman 
Scattering response. Diamond is a dielectric substrate with a wide bandgap ~ 5.4eV are characterized by 
robustness, high chemical stability, and biocompatibility. Boron-doped diamond substrates with surface 
functionalization can manipulate the resonant energy levels with respect to the target molecules to achieve 
enhancement of sample-surface interaction and Raman scattering. 
 
Summary: Surface Enhanced Raman Spectroscopy (SERS) has become an important technique to detect and 
identify chemical and biological compounds [1]. Diamond films can be doped with different atoms/ions, for 
example, boron, to produce a p-type semiconducting material. Depending upon the doping level concentration, 
the electrical conductivity ranges from insulating to metallic [2] and therefore shows great promise for SERS 
application in various fields. 

 
For this work, Boron doped diamond samples are prepared at high pressure and high temperature from the 

organoboron precursor, under 3.5kPa and 90sccm with doping concentration ~ 1011 cm-2. Annealing followed by 
the growth process will be modulating the size, concentration, and implantation depth of Boron ions. The 
enhancement factor of SERS signals will vary according to the annealing time [3]. So, we will be analyzing the 
dependence of annealing time on the SERS substrate activity and optimizing the annealing conditions. The BDD 
samples were characterized by confocal Raman scattering spectroscopy, scanning electron microscopy (SEM), 
and X-ray electron diffractometry (XRD).  

 
 
 
 
 
 
 
 
 
 
 

   

Fig 1: SEM image of the nanocrystalline BDD film cross-section and Fig 2: Raman spectrum of BDD film and the inset 
shows the SEM image of the BDD grain surface. 

1 2 



Fig. 1 shows the SEM image of the nanocrystalline BDD film grown over the Silicon substrate. The thickness of 
the BDD film is about 650-750nm. Fig. 2 shows the Raman spectrum collected with 532nm laser excitation that 
has been used to test the quality of BDD layers deposited on the Silicon substrate. The peak at 1332 cm-1 is 
usually associated with diamond sp3 hybridization. The broad peak shown in the Raman spectrum with a 
maximum of around 1134 cm-1 is assigned to C-H in-plane bending mode. The broad and low intense amorphous 
carbon or sp2 hybridized graphite peaks usually appear in the range between 1400 cm-1 and 1600 cm-1 [4].  
 
In the pilot study, the SERS activity is evaluated using the methylene blue (MB) molecule as the Raman probe 
on the amine-terminated BDD film. The diamond surfaces were modified by being exposed to electroless 
treatment in a liquid ammonia solution. The enhancement factor (EF) of BDD semiconductor SERS is evaluated 
by relation [5];   
 

                            EF = (ISERS × CR) / (IR × CSERS)                        (1) 
 
where ISERS is the Raman signal intensity On BDD film, IR is the Raman intensity on pure nanocrystalline 
diamond film, CSERS is the concentration of sample on BDD film and CR is the concentration of the sample which 
produces the Raman signal (IR). Currently obtained EF is in the order of 104 for a concentration of 0.1M MB. We 
will be checking the reproducibility and sensitivity of the sensing platform in the future. Also, the BDD films 
offer many possibilities for surface functionalization which are particularly suitable for multiplexed Raman 
sensing of organic and inorganic molecules.  
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