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PLENARY SPEAKERS

Federico Capasso
Harvard University, USA

Metaoptics in the visible

Federico Capasso is the Robert Wallace Professor of Applied Physics at 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
Physical Research. He is visiting professor at NTU with both the School of
Physical and Mathematical Sciences and Electrical and Electronic Enginee-
ring. His research has focused on nanoscale science and technology encom-
passing a broad range of topics. He pioneered band-structure engineering of
semiconductor nanostructures and devices, invented and first demonstrated
the quantum cascade laser and investigated QED forces including the first measurement of a repulsive Ca-
simir force. His most recent contributions are new plasmonic devices and flat optics based on metasurfaces.
He is a member of the National Academy of Sciences, the National Academy of Engineering, the American
Academy of Arts and Sciences. His awards include the King Faisal Prize, the IEEE Edison Medal, the SPIE
Gold Medal, the American Physical Society Arthur Schawlow Prize in Laser Science, the Jan Czochralski
Award for lifetime achievements in Materials Science, the IEEE Sarnoff Award in Electronics, the Materials
Research Society Medal, the Wetherill Medal of the Franklin Institute, the Rank Prize in Optoelectronics,
the Optical Society Wood Prize, the Berthold Leibinger Future Prize, the Julius Springer Prize in Applied
Physics, the European Physical Society Quantum Electronics Prize.

Dirk Englund
MIT, USA

Towards Scalable Semiconductor Quantum Networks

Dirk Englund received his BS in Physics from Caltech in 2002. Following a Ful-
bright year at TU Eindhoven, he earned an MS in electrical engineering and
a PhD in Applied Physics in 2008, both from Stanford University. He was a
postdoctoral fellow at Harvard University until 2010, when he started his group
as Assistant Professor of Electrical Engineering and of Applied Physics at Co-
lumbia University. In 2013, he joined the faculty of MIT’s Department of Electri-
cal Engineering and Computer Science. Dirk’s research focuses on quantum
technologies based on semiconductor and optical systems. Recent recognitions include the 2011 Presiden-
tial Early Career Award for Scientists and Engineers, the 2011 Sloan Research Fellowship in Physics, the
2012 DARPA Young Faculty Award, the 2012 IBM Faculty Award, an 2016 R&D100 Award, the OSA’s 2017
Adolph Lomb Medal , and the 2017 ACS Photonics Young Investigator Award.




Ortwin Hess
Imperial College London, UK

Active Quantum Nanoplasmonics : From Single Mole-
cule Strong Coupling to Stopped-Light QED and La-
sing

Ortwin Hess currently holds the Leverhulme Chair in Metamaterials in the Bla-
ckett Laboratory (Department of Physics) at Imperial College London. He ob-
tained the PhD degree from the Technical University of Berlin (Germany) in
1993 and the Habilitation at the University of Stuttgart in 1997. From 2003 to
2010 he was professor at the University of Surrey (Guildford, UK) and visiting
professor at Stanford University (1997/98) and at the Ludwig-Maximilians University of Munich (1999/2000).
Ortwin’s research interests bridge theoretical condensed matter physics with photonics and are focused on
light-matter interaction in nano-photonics, metamaterials and spatio-temporal nano-laser dynamics. He dis-
covered the "trapped-rainbow’ principle, had the idea of stopped-light lasing and made defining contributions
to the fields of spatio-temporal dynamics of semiconductor lasers, ultraslow light in metamaterials, complex
quantum dot photonics and photonic crystals and strong coupling in nanoplasmonics. Ortwin pioneered ac-
tive nanoplasmonics and optical metamaterials with quantum gain for which he is awarded the 2016 Royal
Society Rumford Medal.

Satoshi Kawata
Osaka University, Japan

Tip-enhanced Raman scattering microscopy : plasmonic
molecular imaging beyond the limits

Satoshi Kawata has been a Professor (currently Distinguished Professor) of
Applied Physics and Frontier Biosciences at Osaka University since 1993, and
also a Chief Scientist in RIKEN from 2002 to 2012. He has served as the Pre-
sident of Japan Society of Applied Physics, the President for Spectroscopical
Society of Japan, Editor of Optics Communications, and a Director of Board
of OSA. Professor Kawata is one of pioneers in near field optics (the inventor
of aperture- Iess near-field scanning optical microscope and tip-enhanced Raman microscopy), two-photon
engineering (the inventor of 3D fabrication with two-photon polymerization, isomerization, photo-refraction,
and reduction). He has published a number of papers and books on three-dimensional and nano-resolution
microscopy, vibrational spectroscopy, bio-imaging, signal recovery and photon pressure on nano-structures.
The "8-micron bull" fabricated with his invented two-photon polymerization has been awarded in Guinness
World Record Book 2004 Edition. He is a Fellow of OSA, SPIE, IOP, and JSAP.




Yong-Hee Lee

Korea Advanced Institute of Science and Technology (KAIST),
Korea

Squeezing of Photonic Energy into A Point-like Space

Yong-Hee Lee received his master degree in Applied Physics and Ph.D degree
in Optical Sciences at Korea Advanced Institute of Science and Technology
(KAIST) and at the University of Arizona, respectively. During his stay at AT&T
Bell Laboratories, he pioneered and demonstrated the first proton-implanted

] VCSELs in 1990 and holds the original patent on this industrial VCSEL. In
1991 he joined the Department of Physics of KAIST where he continued his research on VCSELs and star-
ted new research on photonic crystal nano-lasers. His laboratory demonstrated various forms of photonic
crystal laser including the first electrically-driven photonic crystal laser. His recent interest lies in on the
physics of light-matter interaction at the nano-scale and the ultimate light source for photonic integrated
circuits and quantum information science. From 2003 to 2004 he was an IEEE LEOS Distinguish Lecturer.
Prof. Lee served as an Associate Editor of Optics Express. He is a Fellow of IEEE and the Optical Society
of America. Domestically he received numerous awards including the National Academy of Science Award,
Korea Scientist Award and the most recent Korea Best Scientist and Engineer Award. In 2014 He received
the Humboldt Research Award and the IEEE Photonics Society Engineering Achievement Award. He co-
authored more than 180 international journal papers and patents related to nanophotonics. He advised and
produced over 40 PhD’s in physics during his stay at KAIST.

Franco Nori
RIKEN, Japan & University of Michigan, USA

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

Franco Nori is a RIKEN Chief Scientist, as well as Group Director of the "Quan-
tum Condensed Matter Research Group" at CEMS (Center for Emergent Mat-
ter Science). Also, he is a Team Leader of the Interdisciplinary Theoretical
Science Program at RIKEN (the Japanese National Laboratory). Also, since
1990 he has been a faculty member of the Physics Department at the Univer-
sity of Michigan, Ann Arbor, USA. Prior to this, he did postdoctoral research
work at the Institute for Theoretical Physics, at the University of California, Santa Barbara. He received
a PhD in Physics from the University of lllinois. He has co-authored over 80 papers in Physical Review
Letters as well as over 30 in Science and Nature journals, and has been cited over 29K times, with an
h-index of 84. He is an Elected Fellow of the American Physics Society (APS), Institute of Physics (loP),
Optical Society of America (OSA), and the American Association for the Advancement of Science (AAAS).
He received the 2014 Prize for Research in Physics, from the Matsuo Foundation, Japan; and the 2013
Prize for Science, by the Minister of Education, Culture, Sports, Science and Technology, Japan. Also, an
"Excellence in Research Award" and an "Excellence in Education Award" from the University of Michigan.




Eli Yablonovitch
UC Berkeley, USA

Optical Antennas; Spontaneous Emission Faster Than Sti-
mulated Emission

Eli Yablonovitch introduced the idea that strained semiconductor lasers
could have superior performance due to reduced valence band (hole) ef-
fective mass. With almost every human interaction with the internet, op-
tical telecommunication occurs by strained semiconductor lasers. He is
regarded as a Father of the Photonic BandGap concept, and he coi-
ned the term "Photonic Crystal". The geometrical structure of the first
experimentally realized Photonic bandgap, is sometimes called "Yablono-
vite".

Prof. Yablonovitch is elected as a Member of the National Academy of Engineering, the National Academy
of Sciences, the American Academy of Arts & Sciences, and is a Foreign Member of the Royal Society
of London. He has been awarded the Buckley Prize of the American Physical Society, the Isaac Newton
Medal of the UK Institute of Physics, the Rank Prize (UK), the Harvey Prize (Israel), the IEEE Photonics
Award, the IET Mountbatten Medal (UK), the Julius Springer Prize (Germany), the R.W. Wood Prize, the W.
Streifer Scientific Achievement Award, and the Adolf Lomb Medal. He also has an honorary Ph.D. from the
Royal Institute of Technology, Stockholm, & the Hong Kong Univ. of Science & Technology, and is honorary
Professor at Nanjing University.

Eli Yablonovitch is the Director of the NSF Center for Energy Efficient Electronics Science (E3S), a multi-
University Center headquartered at Berkeley. He received his Ph.D. degree in Applied Physics from Harvard
University in 1972. He worked for two years at Bell Telephone Laboratories, and then became a professor
of Applied Physics at Harvard. In 1979 he joined Exxon to do research on photovoltaic solar energy. Then
in 1984, he joined Bell Communications Research, where he was a Distinguished Member of Staff, and
also Director of Solid-State Physics Research. In 1992 he joined the University of California, Los Angeles,
where he was the Northrop-Grumman Chair Professor of Electrical Engineering. Then in 2007 he became
Professor of Electrical Engineering and Computer Sciences at UC Berkeley, where he holds the James &
Katherine Lau Chair in Engineering.

Xiang Zhang
UC Berkeley, USA

Parity-time Symmetry Breaking Lasing and Anti-Lasing

Xiang Zhang is the Ernest Kuh Chaired Professor at the University of Califor-
nia, Berkeley and Director of Materials Science Division at Lawrence Berkeley
National Laboratory (LBNL). He is also the Director of the NSF Nano-scale
Science and Engineering Center (SINAM). He is an elected member of the
US National Academy of Engineering (NAE), Academia Sinica and foreign
member of Chinese Academy of Sciences. His research in optical metama-
terials was selected by Times Magazine as "Top 10 Scientific Discoveries in
2008". Xiang Zhang was a recipient of many awards including the NSF CA-
REER Award, Fred Kavli Distinguished Lecturehip, Fitzroy Medal, Charles R. Richards Memorial Award,
the Max Born Award, the Julius Springer Prize for Applied Physics. He received his BS/MS in physics in
Nanjing University, China, and Ph.D from UC Berkeley in 1996 and was on faculty at Pennsylvania State
University and UCLA prior returning Berkeley faculty in 2004.
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' Nikolay Zheludev
University of Southampton, UK & NTU, Singapore

Metamaterials, anapoles and flying donuts

Nikolay Zheludev’s research interest are in nanophotonics and metamaterials.
He is the Director of the Centre for Photonic metamaterials and Deputy 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 pio-
neering, 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 meta-
materials, NANOMETA. He was among a small group of research community leaders who provided initial
impetus to the International Year of Light, declared by United Nations for 2015.
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KEYNOTE SPEAKERS

Harry Atwater
CALTECH, USA

Dynamic Wavefront Control and Imaging with Active Nanophotonic Struc-
tures

Che Ting Chan
HKUST, Hong Kong

Pseudo-spins and their consequences in classical waves

Andrei Faraon
California Institute of Technology, USA

Flat and conformal optics with dielectric metasurfaces

Michael Farle
University of Duisburg-Essen, Germany & Immanuel Kant Baltic Federal University, Russia

Functionalized Hybrid Nanomagnets : New Materials for Innovations in Energy Sto-
rage and Medical Theranostics

Peer Fischer
Max Planck Institute, Germany

Chiral plasmonic nanostructures

Jean-Jacques Greffet
Institut d’Optique Graduate School, France

Quantum plasmonics

Yurii Gun’ko
Trinity College Dublin, Ireland

Chiral nanomaterials and their applications

Teruya Ishihara
Tohoku University, Japan

Second order optical nonlinearity in metamaterial
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Chennupati Jagadish

The Australian National University, Australia

Semiconductor Nanowires and Metastructures for Optoelectronic Device Applica-
tions

Yoon Young Kim

Seoul National University, Korea

Extreme elastic anisotropy — realization by metamaterials

Byoungho Lee

Seoul National University, Korea

Metasurfaces for in-plane plasmonic arbitrary pattern generation

Stefan Maier
Imperial College London, UK

Hybrid nanostructures for sub-wavelength imaging, nonlinear optics, and chemis-
try

Namkyoo Park

Seoul National University, Korea

Acoustic omni meta-atom for decoupled access to all octants of a wave parameter
space.

Markus Raschke

University of Colorado Boulder, USA

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

Mu Wang
Nanjing University, China

Making Structured Metal Transparent for Ultra-Broadband Electromagnetic and
Acoustic Waves
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_______________META17 VENUE

META’17 will be held at the Songdo Convensia, 123 Central-ro, Yeonsu-gu, 21998, Incheon, Korea.
Tel. : +82-32-210-1037

Fax : +82-32-210-1005

Website : www.songdoconvensia.com

GETTING TO VENUE

Address

Songdo Convensia, 123 Central-ro, Yeonsu-gu, 21998, Incheon, Korea.
Tel. : +82-32-210-1037

Fax : +82-32-210-1005

Website : www.songdoconvensia.com

Seoul (Downtown) -> Songdo Convensia

® By Subway

Subway Station Information

Take Seoul subway line number 1 and get off at Bupyeong Station
University of Incheon Transfer Bupyeong Station to Incheon subway and get off at University of Incheon Station
(Incheon Line) Take a walk around 10-15minutes to Songdo ConvensiA
(next to Sheraton Hotel)

Take Seoul subway line number 1 and get off at Bupyeong Station
Transfer Bupyeong Station to Incheon subway and get off Dongmak Station
Through exit 3, take bus 8, 6, 780 to Songdo ConvensiA Bus Stop

Dongmak Station
(Incheon Line)

® By Taxi
Fee Taxi Fare ranges from 60,000 - 90,000 KRW
% Receipt can be collected from driver if needed
Hours Available 24hours
About Ask Taxi Driver for ‘Songdo ConvensiA

(at Songdo of Incheon City nearby Sheraton Hotel)

Incheon International Airport (ICN) -> Songdo Convensia

14



1) By KAL-limousine (~40 min, 7,000 KRW)
* Board the limousine bus (6707B) at the platform 4A

1F - Arrival

Passenger Terminal 1F

0 % ForEmergency || 2428128 To Incheon B 34 For free shutte bus 38-68,10A-13A To Seoul
I 74-98 To Gyonggi [ 3C 4C13C Small vehicles - 4C inmternational Taxi @ 5C-8C Taxi

I eC-10C To local [ 1C.12C Chartered bus | 3C 14C For crew shuttie bus

4-14,9C8D.10C Bus station Bus station ) Tickets (inside) B3 Tickets (outside)

* Get off at Sheraton Grand Incheon Hotel (last stop)

Vil
@ @O @ @ ® ® ® ® ®

Incheon Grand Korea Coast Orakai  The Central Park  Holiday Inn  Incheon Oakwood  Sheraton

: Hotel Songdo and  Incheon National Premier
Airport  Hyatt GuardHQ  Songdo Gyeongwonloe Songdo  University e Grand
Incheon Park Hotel ambassador hotel Station ncneon Incheon
Hotel

Time schedule

Departure Point Incheon Airport (Bus Stop #4A) Arnival Point Sheraton Grand Incheon Hotel

Please be advised that actual times may vary depending on

traffic conditions. Travel Time : 30min
05:53 . 06:21 | 06:58 | 07:33 . 08:13 l 08:58 |
09:38 ! 10:23 ; 11:13 | 12:03 ; 12;53 | 13:43 .
14:33 | 15:23 . 16:14 : 17:03 | 17:43 1 18:22 .
19:03 19:53 20:42 21:30 22:11

- For more information, please visit,
https://www.kallimousine.com/eng/quide01 en.html or
http://www.airport.kr/pa/en/a/3/1/1/index.jsp#none




2) By Bus (~1 hour, ~3,000 KRW)
* Board a bus line 303 at the platform 13A

1c 13C -
12c
oc 9D 10C
' 2y £ 1 12 S
4A 108 12A
» 48 5458 ga 6B 7A7B 8A BB gy 9B10AT- 1A B 44
2 - (&) 13
3 12
A s s B BA B | ,, g
8 & % £ F
Passenger Terminal 1F
For Emergency To Incheon 5 For free shuttle bus To Secul
To Gyonggi 1 Small vehicles [l <C International Taxi . Taxi
To local 1C.72C Chartered bus iC For crew shuttie bus
>.8D 10C Bus station Bus stavon ) Tickets (inside) ) Tickets (outside)

* Get off at Songdo The Sharp First World (East gate) station (~40 mins)
. alk 450m (~7 mins on foot)
7S aamy k3

L5

Time schedule

first 05:00 first 05:40
To Incheon To CAT
last 21:30 last 23:00
Interval 15min. Transit time 2102 (M)

Type Local City Fare KRW 2,800



GUIDELINES FOR PRESENTERS

ORAL PRESENTATIONS

Each session room is equipped with a stationary computer connected to a LCD projector. Presenters must
load their presentation files in advance onto the session computer. Technician personnel will be available to
assist you.

Scheduled time slots for oral presentations are 15 mn for regular, 20 mn for invited presentations, 30 mn
for keynote talks and 35 mn for plenary talks, including questions and discussions. Presenters are required
to report to their session room and to their session Chair at least 15 minutes prior to the start of their session.

The session chair must be present in the session room at least 15 minutes before the start of the ses-
sion and must strictly observe the starting time and time limit of each paper.

POSTER PRESENTATIONS

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

July 24 (Mon.), Seoul National University
Room 118, Building 301, Dept. of ECE

Lecturer Session Title
08:50-09:00 Opening
Thomas Zentgraf 09:00-10:00 Nonlinear Metasurfaces
Jensen Li T Spin-enabled optics with metamaterials
and metasurfaces
.. Reconfigurable Plasmonics and
Yongmin Liu 11:00-12:00 & :
Metamaterials
12:00-13:30 Lunch
Mu Wang 13:30-13:55 | Meet Editors — Physical Review Letters
Zachary Lapin 13:55-14:20 | Meet Editors — Nature Communications
Ling Lu 14:20-15:20 Topological Photonic Crystals
15:20-15:30 Coffee Break
Multipole decomposition and
Andrey Miroshnichenko 15:30-16:30 nonradiating sources in
nanophotonics/metamaterials
Renmin Ma e Plasmonlf: na-nolasers: fundamental,
application and challenges
The optics of film-coupled
Cristian Ciraci 17:30-18:30 nanoparticles: a bridge to

the quantum realm

Tutorial is free of charge, but registration is required. Please follow the link below to register:
https://docs.google.com/forms/d/1w4N8SrZSUIfRWgeugDhmHolDmMCgp9L7xEoPc5kowBI/edit

Chairs:

. ¥4

o ‘ -@ ‘
Namkyoo Park
Seoul National University

Hakjoo Lee
CAMM

£

)

Junsuk Rho
POSTECH

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




Access to Meta Pre-conference
- Rm. 118, Building 301, Seoul National University

® From ‘Incheon’ or ‘Gimpo’ International Airport

- By public transportation [~2 hours: KRW ~10,200 (Incheon),~1.5 hour: KRW ~5,200 (Gimpo)]

o Board the limousine bus line number 6003 (The bus stop is 6A,12B in Incheon and 6 in Gimpo).
o Get off at the front gate of Seoul National University.

o Board a bus line 5511 or 5513, or take a taxi.

o Get off at either bus stop number 9 or 10 which are in front of buildings 301 and 302 (last stop).
- By taxi [~1 hour, KRW ~49,000 (Incheon), ~1 hour, KRW ~19,600 (Gimpo)]

® From Seoul Station

- By public transportation [~1 hour, KRW ~1300]

o Take the subway (line No. 4) from Seoul station to Sadang station.

o Transfer the subway line from No. 4 to No. 2.

o Take the subway (line No. 2) from Sadang to Nakseongdae station.

o Get out of Exit 4, turn left around the GS gas station, and board a bus line 02.
o Get off in front of buildings 301 and 302 (last stop).

- By taxi [~45 minutes, KRW ~13,500]

® From Songdo Convensia, Incheon

- By public transportation [~1 hour, KRW ~2,000]

o Take the subway (line Incheon No. 1) from Incheon Nat’l Univ station to Bupyeong station.
o Transfer the subway line from ‘Incheon No. 1’ to ‘No. 1’ (not Incheon No. 1!).

o Take the subway (line No. 1) from Bupyeong to Sindorim station.

o Transfer the subway line from ‘No. 1’ to ‘No. 2’.

o Take the subway (line No. 2) from Sindorim to Nakseongdae station.

o Get out of Exit 4, turn left around the GS gas station, and board a bus line 2.

o Get off in front of buildings 301 and 302 (last stop).

- By taxi [~45 minutes, KRW ~32,500]

TIIBE A
Bl 3015 3025 (U 9,108 A7)

Campus Map of Seoul National University



Accommodation

No. Name Distance Rates
1 Hoam 4km Standard Double (KRW 104,500) | http://www.hoam.ac.
Faculty (Bus #02, to Standard Twin (KRW 104,500) kr/
House the last stop: Deluxe Double (KRW 148,500)
15 minutes) Deluxe Twin (KRW 148,500)
2 Novotel 10km Superior Double (KRW 125,000) | https://www.ambatel.
Ambassador (~1 hour) Superior Twin (KRW 125,000) com/main.amb?null
Seoul
Doksan
3 Shilla Stay 10km Standard Double (KRW 126,000) | http://www.shillastay.
Guro (~1 hour) Standard Twin (KRW 126,000) com/guro/index.do
Deluxe Double (KRW 137,000)
4 Sheraton 14km Deluxe Double (KRW 147,250) http://www.sheratons
Seoul Palace (~1 hour) Deluxe Twin (KRW 147,250) eoulpalace.com/overvi
Gangnam ew
Hotel
5 Mercure 13.5km Standard Double (KRW 132,300) https://mercure.amba
Ambassador (~1 hour) Standard Twin (KRW 132,300) tel.com/gangnam/me
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Nonlinear Metasurfaces

Thomas Zentgraf
Department of Physics
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For efficient nonlinear processes the engineering of the nonlinear optical
properties of media becomes important. In particular, the phase relation
between the fundamental and the nonlinear waves plays here an important
role. The most well-known technique for spatially engineering nonlinear
properties is the quasi-phase matching scheme for second-order processes
like second harmonic generation (SHG). The quasi-phase matching leads to
efficient frequency conversion compared to a homogeneous nonlinear
medium by providing the extra momentum to compensate the phase
mismatch between the fundamental and harmonic waves. The so-called
‘poling’ is the most widely employed technique for achieving quasi-phase
matching. By periodically reversing the crystalline orientation of ferroelectric
materials, the sign of the y* nonlinear susceptibility can be spatially
modulated along the propagation direction. However, such a poling only leads to a binary state for the
nonlinear material polarization, which is equivalent to a discrete phase change of 7 of the nonlinear
polarization.

Here I will discuss a novel nonlinear metamaterial with homogeneous linear optical properties but
continuously controllable phase of the local effective nonlinear polarizability. For the demonstration
we use plasmonic metasurfaces with various designs for the meta-atom geometry together with
circular polarized light states. The controllable nonlinearity phase results from the phase accumulation
due to the polarization change along the polarization path on the Poincare Sphere (the so-called
Pancharatnam-Berry phase) and depends therefore only on the spatial geometry of the metasurface.
By using a fixed orientation of the meta-atom the nonlinear phase can be spatially arbitrarily tailored
over the entire range from 0 to 2z. In contrast to the quasi-phase matching scheme the continuous
phase engineering of the effective nonlinear polarizability enables complete control of the propagation
of harmonic generation signals, and therefore, it seamlessly combines the generation and
manipulation of the harmonic waves for highly compact nonlinear nanophotonic devices. We will
demonstrate the concept of phase engineering for the manipulation of the SHG and THG from
metasurfaces and the restriction on the symmetry properties of the geometry.

Furthermore, I will discuss a nonlinear Berry phase in the time domain which arises from the
rotational Doppler shift that can be observed on spinning metasurfaces. The rotational Doppler shift in
nonlinear optics was predicted nearly 50 years ago and recently demonstrated at nonlinear crystals.
The Doppler frequency shift was determined for the SHG of a circularly polarized beam passing
through a spinning nonlinear optical BBO crystal with three-fold rotational symmetry. In our
experiments we found that the SHG signal with a circular polarization opposite to that of the
fundamental beam experiences a Doppler shift of three times the rotation frequency of the optical
crystal. This finding is of fundamental significance in nonlinear optics and also for tailored
nonlinearities, as it provides a further degree of freedom with the design of nonlinear materials, in
particular for moving media. We will briefly discuss how this rotational Doppler Effect can be also
utilized for spinning metasurfaces in the nonlinear regime.



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



Spin-enabled optics with metamaterials and metasurfaces

Jensen Li
School of Physics and Astronomy
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Light, similar to other vector waves such as elastic waves, has a spin-degree
of freedom in its propagation. The interaction between spin and motion
provides an interesting way to manipulate the orbital motion of light, in
addition to the driving force from a refractive index gradient in conventional
optics. In this tutorial, I will give an introduction of geometric phase and the
associated optical-spin Hall effect in a systematic approach and will show
its applications and new opportunities in metamaterials and metasurfaces.
For example, the optical spin-Hall effect can be utilized to control
dynamically the generation of surface plasmon on a plasmonic metasurface
by putting a tailor-made array of anisotropic metamaterial atoms on a

- surface. When these anisotropic metamaterial atoms are assembled into a
three dimensional material, I will also show how these can be used to generate a pseudo-magnetic
field or gauge field for photon, which can guide light into cyclotron motion, as if it is a real magnetic
field acting on electron motion. These discussions provide a feasible route to spin-enabled optics.

Biography: Dr. Jensen Li received his BEng degree with first class honours in electrical and
electronic engineering from the University of Hong Kong in 1998 and his MPhil, PhD degree in
physics from the Hong Kong University of Science and Technology in 2000 and 2004. In this period
of time, he worked on the zero-th order photonic band gap and the theoretical proposal of acoustic
negative index metamaterials.

From 2005 to 2007, Jensen worked in Imperial College London, with support from a Croucher
Foundation postdoctoral fellowship, where he developed a theoretical scheme of carpet cloaking.

From 2007 to 2009, he was a postdoctoral researcher at the University of California at Berkeley,
participated in the realization of carpet cloaking at infrared frequencies. He also started to work on
acoustic metamaterials with super-resolution there.

From 2009 to 2013, he was an assistant professor at the City University of Hong Kong. He continued
his research in metamaterials and also worked on alternative schemes in achieving acoustic negative
indices without local resonance from theory to realization.In 2013, he joined University of
Birmingham as a senior lecturer.



Reconfigurable Plasmonics and Metamaterials
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Plasmonics has become a very important branch in nano optics. It allows us
to concentrate, guide, and manipulate light at the deep subwavelength scale,
promising enhanced light-matter interaction, next-generation optical circuits,
sub-diffraction-limited imaging, and ultrasensitive biomedical detection [1-
3]. Furthermore, the assembly of judiciously designed metallic structures can
be used to construct metamaterials and metasurfaces with exotic properties
and functionalities, including anomalous refraction/reflection, strong
chirality and invisibility cloak [4,5]. There is a pressing need of tunability
and reconfigurability for plasmonics and metamaterials, in order to perform
distinctive functionalities and miniaturize the device footprint. In this talk, I
will present our recent work in reconfigurable plasmonics and metamateirals. First, I will discuss the
first demonstration of reconfigurable plasmonic lenses operating in microfluidic environment, which
can dynamically diverge, collimate and focus surface plasmons [6]. Second, I will present a novel
graphene metasurface to fully control the phase and amplitude of infrared light with very high
efficiency. It manifests broad applications in beam steering, biochemical sensing and adaptive optics
in the crucial infrared wavelength range [7]. Finally, I will discuss origami-based, dual-band chiral
metasurfaces at microwave frequencies. The flexibility in folding the metasurface provides another
degree of freedom for geometry control in the third dimension, which induces strong chirality from
the initial, 2D achiral structure [8]. These results open up a new avenue towards lightweight
reconfigurable metadevices.

References: [1] S. A. Maier, "Plasmonics: fundamentals and applications", Springer Science+
Business Media (2007); [2] T. Zentgraf et al., "Plasmonic Luneburg and Eaton lenses", Nature
Nanotechnology 6, 151 (2011); [3] Y. M. Liu, et al., "Compact magnetic antennas for directional
excitation of surface plasmons", Nano Letters 12, 4853 (2012); [4] Y. M. Liu and X. Zhang,
"Metamaterials: a new frontier of science and technology", Chemical Society Reviews 40, 2494
(2011); [5]1 K. Yao and Y. M. Liu, "Plasmonic metamaterials", Nanotechnology Review 3, 177 (2014);
[6] C. L. Zhao et al., "A reconfigurable plasmofluidic lens", Nature Communications 4:2350 (2013);
[7] Z. B. Li et al., "Graphene plasmonic metasurfaces to steer infrared light", Scientific Reports 5,
12423 (2015); [8] Z. Wang et al., manuscript in preparation.

Biography: Dr. Yongmin Liu obtained his Ph.D. from the University of California, Berkeley in 2009.
He joined the faculty of Northeastern University at Boston in fall 2012 with a joint appointment in the
Department of Mechanical & Industrial Engineering and the Department of Electrical & Computer
Engineering. Dr. Liu’s research interests include nano optics, nanoscale materials and engineering,
plasmonics, metamaterials, biophotonics, and nano optomechanics. He has authored and co-authored
over 50 journal papers, including Science, Nature, Nature Nanotechnology, Nature Communications,
Physical Review Letters and Nano Letters. Dr. Liu received Office of Naval Research Young
Investigator Award (2016), 3M Non-Tenured Faculty Award (2016), Air Force Summer Faculty
Fellowship (2015), and Chinese Government Award for Outstanding Students Abroad (2009).
Currently he serves as an editorial board member for Scientific Reports, EPJ Applied Metamaterials
and Nano Convergence.



Topological Photonic Crystals

Ling Lu
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Due to the recent discovery of topological insulators, it has been
recognized that topology is indispensable in distinguishing phases
of matter. Similarly, new optical material systems are being
discovered with non-trivial topologies of their global wave-
functions in the momentum space, whose interfaces support novel
states of light with ideal transport properties such as the robustness
to large disorder or fabrication imperfections.

In this talk, I will show experimental realizations and theoretical
predictions of 2D and 3D photonic crystals with topologically

- ? protected edge and surface states. Specifically, I will discuss single
and multimode one-way waveguides, the observation of Weyl points, a single Dirac cone surface state
immune to random disorder and topological one-way fibers. This research can be extended to phonons,
plasmons and other bosons. These new degrees of freedom in bosonic band topologies promise wide
exciting opportunities in both fundamental physics and technological outcomes.

Biography: Ling Lu is a professor in the Institute of Physics of Chinese Academy of Sciences in
Beijing China. He obtained his bachelor in Physics in 2003 from Fudan University in Shanghai, China.
He got his Ph.D. in Electrical Engineering in 2010 at University of Southern California in Los
Angeles. His thesis work, advised by Prof. John O’Brien, was on photonic crystal nanocavity lasers.
He was a postdoc and later a research scientist in the Physics Department of Massachusetts Institute

of Technology, where he worked with Prof. Marin Solja¢i¢ and John Joannopoulos and collaborated
with Prof. Liang Fu. His current research focuses on topological photonics.



Multipole decomposition and nonradiating sources in nanophotonics and

metamaterials
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Email: andrey.miroshnichenko@anu.edu.au
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Multipole decomposition is indispensable tool in analyzing the optical response
of nanoscale structures consisting of finite size elements. In general, there are
two complementary approaches based on Cartesian (current) multipoles and
Spherical (scattered field) multipoles. For subewavelength elements they
produce similar description. But for larger elements certain deviations might
occur. In this tutorial, I will provide the basic description of both methods and
specify kind of complementary information they provide. I will also introduce
the concept of nonradiation sources, provide specific examples of so-called
anapole modes and demonstrate the importance of toroidal dipole moments.

References:
1. Kaelberer, M. et al., Science 330, 1510, (2010).
2. Chen, J. et al., Nature Photonics 5, 531 (2011).
3. Grahn, P. et al., New J. Phys. 14 093033 (2012).
4. Miroshnichenko, A. E. et al., Nature Comm. 6, 8069 (2015).

Biography: A/Prof. Andrey Miroshnichenko obtained his PhD in 2003 from the Max-Planck Institute
for Physics of Complex Systems in Dresden, Germany. In 2004 he moved to Australia to join the
Nonlinear Physics Centre at ANU. During this time A/Prof. Miroshnichenko made fundamentally
important contributions to the field of photonic crystals and bringing the concept of the Fano
resonances to photonics. In 2007 A/Prof. Miroshnichenko was awarded by APD Fellowship from the
Australian Research Council. It allowed him to initiate the research on a new class of tunable photonic
structures infiltrated with liquid crystals. Later, in 2011 he was awarded by Future Fellowship from
the Australian Research Council. During this period, he pioneered the research of high-index
dielectric nanoparticles in the visible range, including one of the first demonstrations of the optically
induced magnetic response in silicon nanoparticles. The current topics of his research are nonlinear
nanophotonics, topologiccal photonics, and resonant interaction of light with nanoclusters, including
optical nanoantennas and metamaterials.



Plasmonic nanolasers: fundamental, application and challenges

Renmin Ma
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Plasmonic nanolasers are a new class of quantum amplifiers that deliver
coherent surface plasmons well below the diffraction barrier which brings
fundamentally new capabilities to biochemical sensing, super-resolution
imaging and on-chip optical communication. In this talk, I will

review fundamental, application and challenges of this emergent device.

Biography: Ren-Min Ma is an assistant professor in the School of Physics,
Peking University. He received his PhD from Peking University. His
dissertation was focused on semiconductor physics and devices in low

.| dimensional structures and received the National Top 100 Ph.D. dissertations of
China Award He was a postdoc researcher at UC Berkeley during 2009-2014. He developed the first
room temperature semiconductor plasmon laser, directionally emitted waveguide embedded plasmon
laser and applied plasmon lasers to sensing field. His current research interests include nanophotonics
and nanomaterials.




The optics of film-coupled nanoparticles: a bridge to the quantum realm
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Email: cristian.ciraci(@iit.it

Metals support surface plasmons at optical wavelengths and have the ability to
localize light to sub-wavelength regions. The film-coupled nanoparticle

P system—in which plasmonic nanoparticles are separated nanometer distances
from a metal film by an insulating spacer—has unique properties that make it
useful for a variety of processes depending on the nanoparticle shape.
Nanospheres that are coupled to a film, for example, have been predicted to

Pl produce enormous field enhancements—as much as thousands of times that of
" the incident radiation—in the separating region between

nanoparticle and film. For the narrowest (<1 nm) gaps, light can be so tightly confined that the
nonlocality associated with the dielectric response of the metal and quantum effects can have a strong
impact on the scattering properties of the system, placing strict bounds on the ultimate field
enhancement.

Another interesting system is that of nanocubes or planar structures, which support transmission line-
like modes between the two planar metal contact regions. Collective scattering of film-coupled
nanocubes can strongly modify reflectance properties of the underlying surfaces, creating a nearly ideal
absorber at desired wavelengths. The controlled reflectance of the surface might provide a means for
enhancing nonlinearity, for example by allowing potentially all of a fundamental beam to be converted
into higher harmonics. Moreover, we numerically find a sub-nm gap regime in which

nonlocal effects can dramatically enhance the nonlinear optical response of the metal by several order of
magnitude.

All mentioned structures can be easily and cheaply fabricated using colloidal nanoparticles, surface
chemistries, or atomic layer deposition lithography, allowing for near angstrom-scale control over the
spacer thickness and large-area uniformity. At the same time, a reliable way to theoretically describe and
numerically model optical properties of plasmonic nanostructures with different length scales requires
methods beyond classical electromagnetism. In this tutorial I will present an implementation of the
hydrodynamic model that takes into account the nonlocal behavior of the electron response by including
the electron pressure and it is generalized so that it can describe electron spill-out and tunneling effects,
including nonlocal broadening near metal surfaces.

Biography: Cristian Ciraci obtained his BSc in Computer Science Engineering in February 2005 and his
MSc in Science for Engineering in July 2007 at Sapienza, University of Rome (Italy). He received his
Ph.D. in Condensed Matter Physics from University of Montpellier, France, with honor degree in
September 2010. In November 2010 he joined the Center for Integrated Metamaterials and

Plasmonics at Duke University (U.S.) as a Postdoc. In March 2014 he joined the Center for
Biomolecular Nanotechnologies at the Istituto Italiano di Tecnologia (II'T), Italy, where he currently
holds a position as Researcher. His main research activities concern numerical modeling and
investigation of electromagnetic propagation in complex media, with particular emphasis on nonlinear
optical phenomena. During the years of his research activity he has co-authored several publications on
top-tier scientific journals and has been invited to several international conferences. In 2012 his work
was featured on the cover of Science Magazine.
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Metamaterials, anapoles and flying donuts

N. I. Zheludev
Optoelectronics Research Centre, University of Southampton &
The Photonics Institute, Nanyang Technological University, Singapore
niz@orc.soton.ac.uk

Abstract-Electromagnetic toroidal multipoles can be represented as currents flowing on the surfaces of
tori were recently experimentally observed in metamaterials and nanoparticles. They provide physically
significant contributions to the basic characteristics of matter including absorption, dispersion, and
chirality. They give rise to dynamic anapoles, illusive non-radiating charge-current configurations
recently detected in matter. Toroidal excitations also exist in free space as spatially and temporally
localized electromagnetic pulses propagating at the speed of light and interacting with matter in a way
different from conventional electromagnetic transvers pulses. We discuss these recent findings and the
role of localized and propagating electromagnetic toroidal excitations in light-matter interactions,

spectroscopy and telecommunications.
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Squeezing of Photonic Energy into A Point-like Space
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Abstract — A three-dimensionally tapered metallic nano-gap resonator with modal volume of ~1.0 x
107 3’ is to be discussed. From a 5-nm-air-gap gold resonator, strong second harmonic signals are
generated at a point-like space where electromagnetic energy is highly concentrated. The nonlinear
signal is found to be stronger than that from a 100-nm-gap counterpart by a factor of >27,000. Rich
nonlinear characteristics observed from quantum dots and nm-scale proteins trapped in the
nano-gap will also be discussed.



Metaoptics in the Visible

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



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

Franco Nori "2
" RIKEN, Saitama, Japan. 2 University of Michigan, Ann Arbor, USA

(1) Optical systems combining balanced loss and gain provide a unique platform to
implement classical analogues of quantum systems described by non-Hermitian parity—
time (PT)-symmetric Hamiltonians. Such systems can be used to create synthetic
materials with properties that cannot be attained in materials having only loss or only
gain. We report PT-symmetry breaking in coupled optical resonators. We observed non-
reciprocity in the PT-symmetry-breaking phase due to strong field localization, which
significantly enhances nonlinearity. In the linear regime, light transmission is reciprocal
regardless of whether the symmetry is broken or unbroken. We show that in one
direction there is a complete absence of resonance peaks whereas in the other direction
the transmission is resonantly enhanced, which is associated with the use of resonant
structures. Our results could lead to a new generation of synthetic optical systems
enabling on-chip manipulation and control of light propagation.

Related references:
B. Peng, et al., Parity-time-symmetric whispering-gallery microcavities, Nature Physics 10, 394-
398 (2014). [PDF][Link][arXiv]. Supplemental: [PDF][Link]; "News & Views": [PDF][Link]

B. Peng, et al., Loss-induced suppression and revival of lasing, Science 346, 328-332 (2014).
[PDF][Link][arXiv]

B. Peng, S.K. Ozdemir, W. Chen, F. Nori, L. Yang, What is and what is not electromagnetically
induced transparency in whispering-gallery microcavities, Nature Communications 5, 5082 (2014).
[PDF][Link][arXiv]

H. Jing, S.K. Ozdemir, X.Y. Lu, J. Zhang, L. Yang, F. Nori, PT-Symmetric Phonon Laser, Phys.
Rev. Lett. 113, 053604 (2014). [PDF][Link][arXiv]

F. Monifi, J. Zhang, S.K. Ozdemir, B. Peng, Y.X. Liu, F. Bo, F. Nori, L. Yang, Optomechanically
induced stochastic resonance and chaos transfer between optical fields, Nature Photonics, 10,
399405 (2016). [PDF][Link]. Also its cover story. Featured in a News and Views.

(2) Maxwell’s equations, formulated 150 years ago, ultimately describe properties of light,
from classical electromagnetism to quantum and relativistic aspects. The latter ones
result in remarkable geometric and topological phenomena related to the spin-1
massless nature of photons. By analyzing fundamental spin properties of Maxwell waves,
we show that free-space light exhibits an intrinsic quantum spin Hall effect—surface
modes with strong spin-momentum locking. These modes are evanescent waves that
form, for example, surface plasmon-polaritons at vacuum-metal interfaces. Our findings
illuminate the unusual transverse spin in evanescent waves and explain recent
experiments that have demonstrated the transverse spin-direction locking in the
excitation of surface optical modes. This deepens our understanding of Maxwell’s theory,
reveals analogies with topological insulators for electrons, and offers applications for
robust spin-directional optical interfaces.
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Tip-enhanced Raman scattering microscopy: plasmonic molecular
imaging beyond the limits
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Abstract

Tip-enhanced Raman scattering (TERS) microscopy as a version of near-field scanning optical
microscopy has been widely used for analyzing molecular distribution of nanomaterials and
biomaterials In this presentation, mechanisms of super-resolution and field enhancement of TERS
microscopy will be discussed and recent progress of TERS microscopy beyond the limits, such as
nanometer resolution, 3D imaging, and deep UV imaging, will be shown.

Raman microscopy has been a convenient tool for analyzing and imaging various materials as it
provides richer information than other imaging techniques based on topographic information.
However, Raman scattering is a weak phenomenon and the spatial resolution in any optical
microscopy is usually restricted by the diffraction limit of the probing light. Both these
problems can be overcome by use of surface plasmons, which confines optical field in the near
field of probe tip [1], resulting in local enhancement of light [2] as well as super spatial
resolution [3]. The spatial resolution in imaging is limited around 10 nm due to the necessity of
a reasonable diameter of metallic tip to excite collective electron oscillation and due to the
contribution of imaginary part of dielectric constant of probe metal in visible range [4]. The
factor of enhancement is also limited due to the necessary of covering the spectrally broad band
for the excitation and Raman scattering shift of sample [5]. The effective spectral range is also
limited to near UV to near infrared for silver and gold. In this presentation, I will show our
research progress in TERS microscopy beyond the limitations. The spatial resolution has been
drastically improved by applying pressure on to the sample with a tip to introduce the localized
structural deformation in sample [6]. The broadband enhancement by cascading the probe
antennae [7], the deep UV resonant Raman TERS [8] without photo-degradation wit use of
lanthanide ions [0], and 3D Raman imaging with a gold nano-particle inside a living cell [10]
will be discussed.
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Active Quantum Nanoplasmonics:

From Single Molecule Strong Coupling to Stopped-Light Lasing
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Abstract- Nanoplasmonic cavities create a unique environment for controlled spatio-temporal
dynamics of light strongly coupled with single quantum emitters (molecules, quantum dots)
providing a basis for strong coupling at room temperature, strong coupling quantum spectroscopy
and paving the way for few- or single-molecule lasing.

Nanoplasmonic (meta-)materials and nanophotonics have the unique ability to confine light in extremely sub-
wavelength volumes and thereby strongly enhance the effective strength of electromagnetic fields. Fundamentally,
such high-field enhancement can alter the local density of states experienced by a photoactive molecule to
unprecedented degrees and control its exchange of energy with light. For a sufficiently strong field enhancement,
one enters the strong-coupling regime, where the energy exchange between the excited states of
molecules/materials and plasmons is faster than the de-coherence processes of the system. As a result, the excitonic
state of the molecule becomes entangled with the photonic mode, forming hybrid excitonic-photonic states. These
hybrid-states are part light, part matter and allow for characteristic Rabi oscillations of atomic excitations to be
observed. Until recently, the conditions for achieving strong-coupling were most commonly met at low
temperatures, where de-coherence processes are suppressed. As a major step forward, we have recently
demonstrated room-temperature strong coupling of single molecules in a plasmonic nano-cavity [1] which was
achieved using a host-guest chemistry technique, controlling matter at the molecular level. Concurrently, linking
nano-spectroscopy of quantum dots with strong coupling allows to lithographically realise a strong-coupling set-
up that couples dark plasmonic modes and quantum dots [2]. Remarkably, through strong coupling we obtain
spectroscopic access to otherwise veiled states (such as the charged trion state) enabled through a strong-coupling
induced speed up of the radiative dynamics of the quantum dot states [2]. Considering the key importance of strong
coupling in quantum optics our findings pave the road for a wide range of ultrafast quantum optics experiments
and quantum technologies at ambient conditions. Moreover, the pronounced position-dependent spectral changes

may lead to new types of quantum sensors and near-field quantum imaging modalities.
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Parity-time Symmetry Breaking Lasing and Anti-Lasing

Xiang Zhang
UC Berkeley, USA

Abstract: Optical loss is usually undesirable. Recently, judiciously designed balanced gain and loss
structures, so called parity-time (PT) symmetric synthetic materials, are explored due to their
extraordinary properties. In this talk I will discuss the notion of PT symmetry in optical systems.
Especially I will discuss how to achieve nano-scale spectrometer by designing an anti-Hermitian
light matter interactions. This will be also useful for spectrum splitting in solar applications. Finally,
I will discuss a single mode lasing scheme using PT symmetric periodically modulation in a micro

ring lasers, and lasing and anti-lasing in a single cavity.



Optical Antennas;

Spontaneous Emission Faster Than Stimulated Emission.

Eli Yablonovitch
University of California, Berkeley

Abstract-Antennas emerged at the dawn of radio for concentrating electromagnetic energy into a volume much
smaller than the wavelength cubed, allowing for nonlinear radio detection. Such coherent detection is essential for
radio receivers, and has been used since the time of Hertz. Conversely, an antenna can efficiently extract radiation
from a sub-wavelength source, such as a small cellphone.

Over 100 years after the radio antenna, we finally have tiny “optical antennas” which can extract radiation from
molecules and quantum dots. With optical antennas, spontaneous light emission can become faster than stimulated
emission. Antenna physics has been poorly covered in education. It does not require plasmonics; nor the
Purcell effect.



Towards Scalable Semiconductor Quantum Networks

Dirk Englund
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Abstract-The Internet is among the most significant inventions of the 20th Century. We are now
poised for the development of a quantum internet to exchange quantum information and distribute
entanglement among quantum memories (and ultimately quantum computers) that could be great
distances apart. This kind of quantum internet would have a range of applications that aren't
possible in a classical world, including long-distance unconditionally-secure communication,
certain types of precision sensing and navigation, and distributed quantum computing. But we still
need to develop or perfect many types of components and protocols to build such a quantum
internet. This talk will consider some of these components, focusing on photonic integrated circuits,
diamond spin-based quantum memories, and prototype networks. Specifically, the first part of this
talk will review our recent progress in adapting one of the leading PIC architectures—silicon
photonics—for different types of quantum secure communications protocols. The second part of the
talk will consider how photonic integrated circuits technology may extend the reach of quantum
communications through all-optical and memory-based quantum repeaters, as well as extensions to
modular quantum computers.
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Metasurfaces for in-plane plasmonic arbitrary pattern generation

Byoungho Lee
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Abstract- Plasmonic metasurfaces with distributed nanoslits are demonstrated to generate in-plane
plasmonic arbitrary patterns based on holographic approach. Utilizing extremely anisotropic
scatterings of surface plasmon polaritons (SPPs) at nanoslits, holographic reconstructon and
modulation of plasmonic wavefront are achieved by designing spatial distributions and rotations of
nanoslits. Polarization-dependent modulations of in-plane SPP wavefront are thoroughly studied for
focusing, switching, and multiplexing in-plane plasmonic waves. Moreover, manipulation of
complex plasmonic field in terms of phase and amplitude is proposed for complete control of
arbitrary holographic SPP patterns.

Plamonics and metasurface are the major research topics which have led the boom of nanophotonics recently.
Plasmonics have emerged as a powerful route to subwavelength optical technologies by using surface plasmon
polaritons (SPPs) which are surface bound electromagnetic waves propagating along a metal-dielectric interface.
Meanwhile, metasurfaces, which are planar metamaterials, have been extensively studied to manipulate
properties of light abruptly in anomalous manner. Particularly, as an ultra-thin flat optical component for
coherent light manipulation, metasurface has been attracting much interest as a promising candidate to replace
conventional bulky optic components. Moreover, metasurfaces have been found to enable coherent control of
plasmonic waves as well as light waves propagating in the free space.

In this presentation, metasurfaces for arbitrary plasmonic wavefront generation and polarization dependent
modulations will be presented. Firstly, physical mechanisms of nanoslits as anisotropic SPP scatterers will be
explained. Then, design methods to assign phase profiles on nanoslit distributions are presented in case of
various polarization states [1]. Plasmonic waves are focused, switched, multiplexed, and steered depending on
polarization state modulations [1-3]. Lastly, arbitrary complex plasmonic field generation with manipulation of

both phase and amplitude is introduced with an example of plasmonic Airy beam generation [4].
Acknowledgments National Research Foundation (NRF) of Korea (21A20131612805)
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Hybrid nanostructures for sub-wavelength imaging, nonlinear optics, and chemistry

S. A. Maier'

: Imperial College London, London SW7 2AZ, UK

Abstract — We demonstrate how controlled emission of hot electrons in plasmonic nanoantennas leads to
highly localized nanochemistry. This scheme is utilized for the assembly of hybrid metallic nanoantennas
consisting both of top-down fabricated elements, and nanosized colloids. The second part of the talk will
show new results for dielectric and hybrid metallic/dielectric antennas, based on Si, Ge and GaP, for
highly enhanced harmonic generation and surface-enhanced sensing.

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

Fig. 1. Gold nanospheres arranged in the gap of a silver bow tic antenna via localized hot electron emission [2]. SEM image
false-coloured to distinguish between the two materials. The diameter of the gold spheres is 15 nm.

In the second part of the talk, we will present new results on dielectric and hybrid dielectric/metallic nanoantennas, focusing on highly
enhanced harmonic generation and surface-enhanced spectroscopy under low-loss conditions. As an example, GaP nanopillars allow to
utilize the advantages of dielectric antennas in terms of low loss and high field confinement throughout the visible regime [3]. We will
further show new, unpublished results on hybrid Si/plasmonic antennas, as highly efficient nanoscale sources of third harmonic radiation.
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Acoustic omni meta-atom for decoupled access

to all octants of a wave parameter space

Sukmo Koo, Choonlae Cho, Jun-ho Jeong, and Namkyoo Park’
Photonic Systems Laboratory, Department of ECE, Seoul National University, Seoul 08826, Korea
“corresponding author: nkpark@snu.ac.kr

Abstract-Although the decoupling of fundamental wave parameters has been envisaged as an ideal platform
towards the top—down and deterministic reconfiguration of the meta-atom (Pendry, Science 312, 2000), its
feasibility has remained as a plausible idea. In this talk we present our recent proposal for a new design strategy
for the meta-atom (Koo et. al., Nat. comm. 13012, 2016). Focusing on an acoustic platform, the criteria for the
decoupling of wave parameters are derived, and an omni meta-atom that achieves independent, broad-range
access to all octants of the wave parameter space (p, B, &) is demonstrated. With the precision access for target
parameters, we also demonstrate new meta-devices, including bianisotropic meta-surfaces for independent beam

shaping of transmission / reflection-waves.



Extreme elastic anisotropy — realization by metamaterials

Yoon Young Kim

Seoul National University
School of Mechanical and Aerospace Engineering
E-mail address: yykim@snu.ac.kr, Tel:02-880-7154

While extreme effective material properties, such as negative or very large density and
stiffness, have been explored significantly, studies on the realization of extreme anisotropy
has not received much attention. Particularly for elastic media that are characterized by 4™-
order tensor field, a wide spectrum of material anisotropy can be envisioned. As illustrative
cases of extreme anisotropy, one can make shear modulus equal to or even larger than
longitudinal modulus for which unique wave phenomena known as conical refraction or
polarization anomaly can take place. Natural materials alone may not achieve the desired
anisotropy but specially designed elastic metamaterials made of either single or multiple
phases can. In this talk, we discuss a recent progress made towards the design of extreme
anisotropic elastic metamaterials. Also, their potential applications will be discussed.



Second order optical nonlinearity in metamaterials

Teruya Ishihara
Department of Physics, Graduate School of Science,
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Abstract-By designing sub-wavelength structure, it is possible to endow a new response that is not
obtained in nature. In this paper, various second order optical nonlinearities including second
harmonic generation, optical rectification and electro-optic effects are discussed in the same
platform for metamaterials.

Even in centrosymmetric materials, second-order optical nonlinearity exists at the surface where permittivity
environment changes abruptly. In the oblique incident configuration, surface polarization is excited which
generates second harmonic generation (SHG) and photo-rectification. For normal incidence it does not give SHG
unless the surface has a structure which breaks the symmetry in the plane. The structure can be endowed by
artificially carving the surface by using e-beam lithography for example. This structure can be considered as a
new type of metamaterial where second order optical nonlinearity is designed. Earlier we have shown that by
breaking the symmetry, it is possible to observe SHG in semiconductor embedded structure [1] and
photorectification in metal-based metamaterials [2,3]. Recently sub-wavelength shape dependent SHG was
investigated and analyzed in terms of effective susceptibility concept [4-7]. By appropriately design the
subwavelength structure, it may be possible to produce extremely nonlinear metamaterial beyond the empirical
Miller’s rule [8], which sets the ceiling limit for nonlinear response.

In this paper, we will discuss examples of the second order optical nonlinearities in the same platform for
artificially designed metamaterial films.
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Electronically Tunable Materials and Metasurfaces:
Exploring Quantum Materials and Device Designs

for Dynamic Wavefront Control

Harry A. Atwater

Thomas J. Watson Laboratory of Applied Physics and Kavli Nanoscience Institute
California Institute of Technology, Pasadena, California 91125, USA
E-mail address: haa@caltech.edu

Abstract- Tuning the complex dielectric function of low-dimensional materials and metasurfaces
enables scientific exploration of quantum materials such graphene, phosphorene and topological
insulators and, as well plasmonic and nanophotonic device applications for dynamic wavefront
control including electronic phase and amplitude modulators for the near infrared (conducting
oxides) and mid infrared (graphene). We discuss light-matter interactions in emerging quantum
materials and report dynamically tunable metasurfaces in the near-infrared and mid-infrared with
>1 phase modulation and ‘perfect’ absorption approaching 100%.

We have explored the photonic properties of thin electrostatically gated phosphorene and (Bi;«Sby),Te;
topological insulators using mid-infrared spectroscopy measurements. We combine these optical experiments
with transport measurements and ARPES to identify the observed spectral modulation as a combination of
gate-variable Pauli-blocking of bulk interband optical transitions at higher energies and modulation of intraband
transitions associated with both topological surface stated (TSS) and the bulk free carrier density.

In the domain of device applications, we experimentally demonstrate a gate-tunable metasurface that
enables dynamic electrical control of the phase and amplitude of plane wave reflection. Tunability arises from
field-effect modulation of the complex refractive index of conducting oxide layers incorporated into metasurface
antenna elements which are configured in a reflectarray geometry. We measure a phase shift of >m and ~ 30%
change in the reflectance by applying 2.5 V gate bias. Additionally, we demonstrate modulation at frequencies
exceeding 10 MHz, and electrical switching of +/-1 order diffracted beams, a basic requirement for electrically
tunable beam-steering phased array metasurfaces.

We further demonstrate electronically tunable mid-infrared transmission that utilizes resonant absorption in
graphene plasmonic ribbons to modulate the extraordinary optical transmission effect in subwavelength metallic
slit arrays. Resonant absorption in plasmonic modes of nanoscale monolayer graphene ribbons situated inside
subwavelength metallic slits can efficiently block the coupling channel for extraordinary optical transmission,
leading to a strong suppression of transmission. Full wave simulations predict a transmission modulation of
95.7% via this mechanism. Measurements reveal a transmission modulation of 96%, yielding an experimental

realization of ‘perfect’ absorption in monolayer graphene.



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



Chiral plasmonic nanostructures

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

Fig. 1. Surface with chiral nanostructures (adapted from [1])
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Ultrafast nanoscopy: imaging structure, function, and dynamics of matter
on its natural length and times scales
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Abstract: I will present the advances in multimodal linear, nonlinear, and spatio-temporal nano-imaging for the
study of fundamental optical and plasmonic phenomena, coupled single molecule or quantum dynamics, with
unprecedented nanometer spatial and femtosecond resolution, sensitivity and precision [1-6]. To gain the
desired simultaneous nanometer spatial resolution with spectroscopic specificity and femtosecond temporal
resolution we combine plasmonic and optical antenna
concepts with ultrafast and shaped laser pulses to precisely
control optical excitation on femtosecond time and
nanometer length scales from the visible to THz spectral
range. In the implementation with scattering scanning near-
field microscopy (s-SNOM) or other tip-enhanced
microscopy modalities with nonlinear, ultrafast, and IR and
Raman vibrational spectroscopies, the resulting enhanced
and qualitatively new forms of light-matter interaction
enable deep-subwavelength spatially resolved imaging of
heterogeneities and nano-confinement as they define the
properties of most functional materials. I will present
several new concepts extending tip-enhanced spectroscopy
into the nonlinear and ultrafast regime for nano-scale

imaging and spectroscopy of surface molecules and nano- Fig. 1. Nonlinear four-wave mixing nano-focused
solids. Examples include the adiabatic nano-focusing for imaging of coherent plasmon dynamics with few
nm-resolved imaging of the few-fs plasmon coherence [1] femtosecond and nanometer resolution [1]

(Fig. 1), ultrafast and nonlinear probing of structure and
dynamics in quantum materials [2-4], vibrational nano-imaging of molecular structure, coupling, and dynamics
down to the single molecule level [5,6] (Fig. 2), and the transition from classical to quantum plasmonic emitter
coupling and femtosecond control for electron wavepackets for ultrafast electron imaging and STM.
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Fig. 2. Tip-enhanced/tip-scattering vibrational Raman and IR nano-spectroscopy and -imaging probing structure, order,
and dynamics in self-assembled monolayer (A), molecular electronic materials (B), and intra- and intermolecular
vibrational redistribution in single molecule spectral diffusion (C).
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Pseudo-spins and their consequences in classical waves
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Abstract- Classical wave systems such as photonic crystals and metamaterials can exhibit pseudospin physics.
The pseudospin in such systems gives rise to unique transport properties such as super-Klein tunneling. In
addition, the conventional Anderson localization picture needs to be revised for waves propagating in 1D
disordered systems carrying pseudospins. The localization length in such systems reaches a minimum value at a
critical random strength and any additional disorder beyond this critical strength only makes the waves less
localized.

Many of the novel properties of graphene can be described by a “massless Dirac equation” with a pseudospin of
Y. The term “pseudospin” here refers to the two degrees of freedom given by the two atomic sites in a unit cell
of graphene's honeycomb lattice, not to the intrinsic spin of electron,.

The natural question to ask is then whether we can construct systems with a higher pseudospin. Previous work in
ultracold atom systems suggested that this is possible in some artificial lattices, and such systems can support
striking transport properties. However, ultracold atom systems usually demand extremely low temperature and
hence technically difficult to realize in experiments. We find that certain classical wave systems with special
dispersions near the zone center correspond to a pseudospin-1 system, which offers the opportunity to study the
pseudospin physics in classical wave systems with experimentally realizable materials and in room temperature.
Here, the pseudospin of 1 does not refer to the intrinsic spin of photons, but the three degrees of freedom of the
spatial wavefunction of photon near the Dirac-like point of the photonic crystal. Interesting properties of such
photonic pseudospin-1 system includes “super Klein tunneling” and “super-collimation”. While both “Klein
tunneling” and “collimation” are known effects for graphene (and pseudospin of 2 in general), these effects
become more robust and pronounced when the pseudospin becomes 1.

In addition, the conventional Anderson localization picture needs to be revised for waves propagating in 1D
disordered systems carrying pseudospins. In conventional disordered system, localization length decreases with
disorder. The localization length in psuedospin systems reaches a minimum value at a critical random strength
and any additional disorder beyond this critical strength only makes the waves less localized. More importantly,
for pseudospin-1 systems, there exists a sharp transition at the critical random strength which separates the
localization behavior into two distinct regimes with different localization characteristics. These novel
phenomena have never been seen before in ordinary disordered systems. The localization characteristics are also
depends strongly on the details of the disorder potential, which is again not seen in ordinary materials.

We will also compare the localization characteristics of systems carrying pseudospins land pseudospins of %5.



Making Structured Metal Transparent for Ultra-Broadband
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Abstract- In this talk, I will present our recent studies on making structured metals transparency
for ultrabroadband electromagnetic waves and acoustic waves via surface excitations. First, I will
show the effect that periodic, quasiperiodic, and disordered metallic gratings can become
transparent and completely antireflective for extremely broadband electromagnetic waves at oblique
incidence. Further, we develop an approach to design oblique metal gratings that are transparent for
broadband electromagnetic waves (including optical waves and terahertz ones) with normal
incidence. Thirdly, we demonstrate that the principles of broadband transparency for structured
metals can be extended from one-dimensional metallic gratings to two-dimensional scenario.
Finally we point out that similar phenomena can be observed in sonic artificially metallic structures,
demonstrating transparency for broadband acoustic waves. With this series of studies we try to
provide guidelines to develop novel broadband metamaterials, which are promising for applications
of transparent conducting panels, antireflective conducting solar cells, broadband acoustic imaging

and sensing, etc.
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Penetration Effect in Uniaxial Anisotropic Metamaterials
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Abstract - We consider a plane harmonic wave propagating parallel to an interface between a
standard isotropic medium and an anisotropic metamaterial. It is proved analytically that part of the
wave power propagates into the anisotropic metamaterial. Reflection and transmission coefficients

are obtained.

An interesting behavior of a plane wave propagating parallel to an interface between isotropic and
anisotropic media has been considered in [1]. It has been shown analytically that a bulk wave is excited within
the anisotropic medium at grazing incidence. This phenomenon has been defined as the “penetration effect”. The
hypothesis about reflected wave propagation perpendicularly to an interface was also presented in [2] but this
problem has not been studied in detail.

Here we study a semi-infinite uniaxial anisotropic metamaterial described by the permittivity dyadic
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and a scalar permeability i. Here £11, £33, 4 have negative values. It is assumed that the anisotropy axis is in

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

After algebraic transformation we obtain the permittivity dyadic (1) in the xyz-system
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which can be considered as a two-dimensional metamaterial. In the general case of a lossy medium, the

elements of (2) are complex.

We show that the plane wave propagating parallel to the interface can excite a bulk wave propagating under
an arbitrary angle within the anisotropic metamaterial. We found that the normal components of the wave vector
and the Poyting vector are non-zero.

To describe the reflected wave behavior one should take into account the fact that the tangential
components of the wavenumbers of incident, reflected, and refracted waves must be equal to each other and also
equal to wavenumber in the isotropic medium. The reflected wave can propagate along the interface or
perpendicular to it. Moreover the magnetic filed of the refracted wave has a tangential component for an
ordinary wave and electric field has a tangential component for an extraordinary wave. Therefore these
components must be also present in the reflected wave since they were not present in the incident wave.

Based on these considerations, we assume that a reflected linearly polarized wave should propagate
perpendicular to the interface between the isotropic and the anisotropic medium. The reflection and transmission
coefficients are obtained for this case.

For an ordinary wave the reflection coefficient is equal to zero (R=0) and the transmission coefficient is
equal to one (7=0). Thus the reflected wave is absent for this type of waves. The surface current at the interface
is also nil.

For an extraordinary wave the reflection and transmission coefficients are:

L’U(E}.}. €zz — Eyz Ez_\‘) KzEzz + K}'E}'Z

R= - - T= . .
W(Eyy Eaz — EyzEay) — KEax — KyEys Wleyyear — Eyz8ay) — Kooz — kyys

More interestingly, in this case the reflection and transmission coefficients do not depend on the frequency if
there is no frequency dispersion in the material parameters. Additionally a surface polarization change occures at the

interface. These changes are a result of molecular polarization caused by the electromagnetic field.
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Abstract Wearing Pt on Cu nanocubes to form the bimetallic nanocatalysts is demonstrated. By
heterogeneous coating of Pt, the ultimate rhombic dodecahedral core-frame nanostructures were
obtained. Turning the amount of Pt atoms, the frames evolved at the 100 corners to form the
vertex-stretching ones. The corresponding nanoframes could be obtained after removing the Cu
cores. The nanoframes showed superior performances in the ORR and the photoreduction of
4-nitrophenol , rendering them the cost-efficient alternatives for noble metal catalysts.

The noble metal Pt was successfully coated on the surfaces of the Cu nanocubes by virtue of efficient
thermal reduction. The reduced Pt atoms deposited on the Cu surfaces to form Cu-CuPt core-frame nanocrystals
The CuPt alloy frames were generated due to co-reduction of Pt(II) and residual Cu(I) ions in the supernatant of
Cu nanocube solution and the diffusion of Cu atoms at the core-shell interfaces. The alloying induced the {100}
face evolution on the Cu nanocubes and resulted in the rhombic dodecahedral (RD) shape to minimize the
crystal energy. Raising the added amount of Pt precursor, the vertices at the {100} corners of the RD core-frame
nanocrystals grew out as stretching tips in that sufficient reduced Pt atoms kept growing into the vertices. After
removing the Cu cores from the core-frame nanocrystals, the CuPt alloy nanoframes in regular and
vertex-stretching (V-S) RD shape were obtained and verified in the Pt/Cu ratios of 26/74 for the regular RD NFs,
and 41/59 for the V-S ones (Figure 1).

Figure 1. (a) Regular core-frame nanocrystals, (b) regular nanoframes, (c) vertex-stretching core-frame
nanocrystals, and (d) vertex-stretching nanoframes in rhombic dodecahedral shapes.

More importantly, abundant surface defects such as terraces and adatoms on both the NFs render them
highly active catalysts. In ORR, the V-S NFs showed very superior ECSA activity, 1.3 and 3 times high than
those of the regular NFs and the commercial Pt/C. However, it decayed after ADT for 1,200 cycles due to the

1



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

Hamiltonian of the QD is given by

H H
H — 8x8 8x6 (1)
H6><8 H6x6

Where H. &8 is the Kane Hamiltonian, H 6x6 is the Bi-state related Hamiltonian and the H. 8X()is

the interaction between host material and Bi-states. The optical gain is obtained by
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All details of the theoretical model can be found in our previous paper [1]. The parameters in model are
taken from Refs [2],[3].

FIG.1 shows the variation of conduction band (CB), valence band (VB) and band gap energy with
the concentration of Bi and the height of QD. It is clearly shows that the band gap can be tuned less
than 400 meV which means that the wavelength of photon will exceed 3pm when the concentration of
Bi is more than 7% for the QD with height of 20 in unit of lattice constant. The VB increases obviously
when more Bi atoms are incorporated due to the VBAC effect. The CB decreases slowly as compared
with VB, resulting from the combination of strain effect and virtual crystal effect. Although the
compressive strain effect introduced by Bi drives the CB to go up, the virtual crystal effect drives the
CB to go down more quickly. Quantum size effect can be seen as the band gap decreases with the

increasing the height of the QDs.
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FIG.1. The variety of CB, VB and Eg with FIG.2. Distribution of compositions for the
first six CBs, VBs of H12 QD with Bi of
1.6%.

the Bi concentration and the height of QD.



FIG.2 shows the composition of the first six CBs and VBs. The majority of VB states are the HH
states and some Bi_HH states also are mixed.
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FIG.3. The optical gain of the H12 QDs for different carrier densities and different Bi composition.
Here the D2_TE means that the carrier concentration is 2 X10'®cm™ for TE mode.

FIG.3 shows the optical gain of the QD for TE and TM modes with different carrier densities in

the unit of 10'8cm™2 and different Bi concentration. The location of the primary peak is red-shift as

the concentration of Bi increases. The photon wavelength will exceed 2pm when the concentration of

Bi is larger than 3% for the H12 QD. For the sufficiently high carrier density, we obtain a secondary

peak in addition to the primary peak.

In summary, the Bi indeed decreases the band gap of the InAs;_,Bi,/InP pyramidal QDs and

thus may achieve the 2 and 3pm laser emission. This is important for 2 and 3um laser devices. The

wavelength can be tuned by controlling the concentration of Bi.
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Chirality, the property of an object to lack mirror symmetry and thus be able to exist in two non-
superimposable mirror image forms, is a ubiquitous property in nature. Indeed, the building blocks of
life, amino acids and sugars are chiral, and this sense of handedness propagates in to the complex
structures of life. In this talk I will discuss how near fields with chiral asymmetries, generated by
light scattering from chiral nanostructures, can uniquely characterise higher order biological structure
which is invisible to conventional spectroscopy. 1 will demonstrate how the interaction of chiral
nanostructures and biomaterials can be understood using concepts from physical chemistry and
atomic and molecular physics; orbital hybridisation and quantum interference phenomenon such as
electromagnetic induced transparency (EIT).
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Abstract- Metal nanostructures can be designed to exhibit specific plasmonic resonances in their
optical reflectance spectra through the control of nanostructure material and geometry. This unique
spectral control and tunability is attractive for ultra-high resolution colour printing, or for producing
security elements for anti-counterfeiting. Their enhanced sensitivity can be combined with the
programmability of DNA to develop active plasmonic systems. Here, economical ways of making
high resolution colour prints and integrating lithographically-defined nanostructures on solid
substrates with DNA will be discussed.

Plasmonic nanostructures can support highly efficient, resonances within gaps or cavities [1-3]. The strong
dependence of this phenomenon on geometry and local environment has been exploited for nanoscale
manipulation of electromagnetic fields, allowing for extreme local field confinement and enhancement. By
lithographically defining nanostructures, one can tune their characteristic resonances to produce wide colour
tunability in the visible spectrum. Previously, we demonstrated an approach to ultra-high resolution colour
printing in arrays of dielectric pillars capped with a thin layer of metal [4-6]. Multiple layers of optical
information can also be encoded within the same area by employing different shapes and/or orientations of
nanostructures illuminated by orthogonally polarised light to elicit Surface-Plasmon-induced changes in the
colour spectra [6]. This unique spectral control and tunability is particularly attractive for applications such as
ultra-high resolution colour printing or for producing unique security elements in anti-counterfeiting
technologies.

The enhanced sensitivity afforded by plasmonic nanostructures can further be combined with the
programmability of DNA to develop new-generation DNA-based active plasmonic systems. Practical means for
active control of these nanoplasmonic systems will open up vast possibilities for downstream applications, such
as plasmonic-electronics and solid-state chemical and biological sensing, but has remained elusive. While DNA
has previously been shown to enable control over plasmonic resonances in nanoparticle-based systems, the lack
of means for precise spatial positioning of these nanoparticles presents challenges for systems integration and
readout. The use of programmable DNA to actively control the nanogap between nanoparticles and
lithographically defined nanostructures is a strategy that can potentially provide a sensitive plasmonic platform
for biomolecule detection as well as a means of dynamically controlling plasmonic colours. Here, I will discuss
results including economical ways of making high resolution colour prints, plasmonic pixels that can encode
dual images, and combining lithographically-defined nanostructures on solid substrates with DNA
programmability towards DNA-nanoplasmonic hybrid systems.
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Abstract

Controlling and understanding the assembly of colloidal nanoparticles remain a challenging issue
for optimizing magnetic-plasmonic devices for various applications including sensors, displays,
bio-imaging and therapy. A magnetic field is successfully utilized to induce the fabrication of
multidimensional structures composed of magnetite coated silver core/shell (Ag@Fe;Oq)
particles, which exhibit intriguing optical properties. Also we report a proof-of-concept
experimental results using biocompatible FeSe QDs and femtosecond infrared laser, leading to
remarkable excitation-dependent photoluminescence in two-photon luminescence (2PL). An
effective and highly controlled dip-coating technique for fabrication of one-dimensional (1D)
structure of magnetoplasmonic particles on large-area surface is proposed by combining
electrostatic and magnetic dipole interactions. This technique is demonstrated to be a very
powerful approach to modulate optical properties of magnetoplasmonic particles. Moreover, a
magnetic-field assisted coating technique for fabrication of two-dimensional (2D) amorphous
photonic crystal (APC) film of the magnetoplasmonic particles on a filter membrane is proposed.
The magnetoplasmonic 2D APC exhibits strong dual reflected colors caused by structural

scattering and plasmon resonance scattering.
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Abstract- Current microscale tracking of chemical kinetics is limited to destructive ex-situ methods,
which are also unable to provide real-time reaction monitoring at a molecular level. In this talk, I
will discuss our group’s development using highly flexible plasmonic liquid marbles as pico-liter
analytical sensors. By using the ultrasensitive surface-enhanced Raman scattering (SERS)
capability imparted by the plasmonic shell of the Ag nanoparticles of the liquid marbles, the liquid
marbles are capable of quantitative examination of multiple analyte(s), even at trace level.
Simultaneous two-phase analyte detection at the interfacial of aqueous and organic solvents can
also be achieved using our marble. Recently, we extend the usage of our flexible liquid marbles as
picoreactor, which is also capable of providing in-situ identification of reaction dynamics in their
native reaction environment and at molecular level. One unique property of the liquid marbles is
that they can be submerged at liquid—liquid interface. We exploit the interfacial property to monitor
the interfacial reaction of dimethyl yellow (p-dimethylaminoazobenzene (DY)) across aqueous and
organic phases. Using this soft plasmonic platform, we have successfully resolved the presence of
two isomeric products with very similar physical properties, which would otherwise be
indiscernible by other analytical methods. Ultimately, our ability to precisely decipher
molecular-level reaction dynamics sketches new horizons to develop more efficient processes in
synthetic chemistry and nanotechnology.
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Abstract- The ultrafast optical responses of two types of hybrid nanomaterials are described. The
first is the ultrafast hot electron response of plasmonic gap mode metamaterial nanostructures, in
which two plasmonic nanostructures are separated by a thin layer of semiconducting or insulating
material, with impact on understanding and using energetic electrons. The second describes
ultrafast exciton generation and migration in porphyrin-based self-assembled biomimetic
nanomaterials, with ramifications for optical light harvesting in self-healing structures.

In this talk I will describe the ultrafast optical responses of two types of hybrid nanomaterials. For the first
topic, optically excited plasmonic nanostructures can produce energetic, hot electrons before thermalization that
are of great interest for driving new photophysical or photochemical processes. However, new approaches are
needed to generate hot electrons with higher efficiency and to easily detect them optically. It is also important to
understand their decay processes in order to better harness extremely energetic hot electrons for applications
before losing energy to thermalization. I describe our advances in this area using gap-mode plasmonic
metamaterials that incorporate atomic layer deposition of semiconductor or insulating materials to precisely
control the gap distance in the hybrid structures.[1] The gap modes create unusually high electromagnetic fields
that are efficient at creating energetic electrons. New approaches to spectroscopically recognize the presence of
hot electrons as well as to model the kinetics of hot electron decay are described.

Second, I describe the study of porphyrin-based biomimetic hybrid nanostructures that self assemble into
structures capable of supporting exciton migration and excitonic light harvesting behavior. The ultrafast transient
optical absorption and emission responses are monitored in order to characterize exciton migration. The
importance of the environmental structural response in realizing efficient and long-range exciton transport is
described. Sensitization of the porphyrin-based system with excitonic nanostructures to utilize a broader portion
of the solar spectrum is also found to significantly enhance the yield of mobile excitons. The ability of these
structures to operate as light harvesters with self-healing properties is evaluated.
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Abstract-Refractory titanium nitride (TiN) is an emerging alternative plasmonic material with
resonances in the visible and near-infrared. Its exceptional stability in corrosive chemical
environment and its durability at high temperature enable the use of TiN for a wide range of solar
energy conversion applications. We will present our recent results on the use of plasmonic TiN for
photocatalysis, solar/thermophotovoltaics, and our progress on the large-scale fabrication of
refractory plasmonic nanostructures.

The use of plasmonic nanostructures in solar energy conversion has recently attracted great attention.[1,2]
Recent demonstrations have been mainly limited to nanostructures made of gold and silver. While they show
excellent optical properties for plasmonic applications, major issues are related to their high cost, poor chemical
(Ag) and thermal stability (Au, Ag). Aluminum is an alternative plasmonic material that provides high optical
performance at low cost [3] Nevertheless, its low melting point (around 300-400°C for nanostructures) and its
poor chemical stability under alkaline conditions preclude Al from operating under either thermal or chemical
harsh conditions.

On the contrary, transition metal nitrides such as titanium nitride (TiN) and zirconium nitride (ZrN) exhibit
optical properties similar to Au and can be utilized as plasmonic materials in the visible and near-infrared
regions. [4] Combining refractory material properties with plasmonic properties, transition metal nitrides offer a
unique solution to material-related problems in applications where high temperature durability and/or chemical
stability are needed. We will present the use of colloidal plasmonic nanoparticles of TiN in solar water splitting,
lithographically-patterned TiN metamaterials for solar/thermophotovoltaics (STPV), and a newly-developed
approach for the large-area fabrication of plasmonic TiN nanostructures.

In particular, we will present our recent results on superior photocurrent generation for solar water splitting
by using TiN nanoparticles (NPs) on TiO, nanowires (NWs) as compared to using gold (Figure la). Through a
combined experimental and theoretical approach, we will show that the superior performance of TiN is due to
the broadband hot electron generation and improved electrical junction at the metal-semiconductor interface.[5]
The design and implementation of refractory TiN metamaterials for STPV applications will be also discussed.
This technology requires extremely high temperatures and suffers from material thermal stability. Refractory
TiN metamaterials can be a solution to this limitation. Recent results on TiN nanostructures for broadband
absorption and selective emission for STPV will be discussed.[6] The schematic of our design and a comparison
on the thermal stability of TiN over Au are shown in Figure 1b. Finally, our recent results on large-scale
fabrication of refractory plasmonic nanostructures will be discussed.[7] Figure lc shows the morphology
plasmonic resonances of tilted TiN NWs obtained by using a TiO, NWs array precursor deposited through



glancing angle deposition. We will also show that plasmonic TiN can be obtained after nitridation of TiO,
nanoparticles, lithographically-patterned TiO, and more complex TiO, nanostructures highlighting the potential
of this approach, not only for solar energy applications, but also for lasing and flat nanophotonics.

Our results show that plasmonic TiN enable enhanced performance for solar energy conversion holding
promise for its implementation in stable and cost-effective devices.

(a) TiN for photocatalysis (b) Refractory TiN metamaterials (c) Large-scale fabrication of
for solar/thermophotovoltaics refractory plasmonic TiN
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Figures 1: (a) Increased plasmon-enhanced water splitting in TiN/TiO, over Au/TiO, (upper plot) due to a
broadband hot electron generation of plasmonic TiN nanoparticles (NPs) (lower plot).(25) (c) A plasmonic TiN
metamaterial for solar/thermophotovoltaics. TiN survives at both high temperatures and more intense light
illumination than Au. (c) Large-scale fabrication of novel plasmonic TiN nanostructures from TiO, nitridation.
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Abstract- Metallic nanoparticles, dielectric nanoparticles and metal-dielectric hybrid dimers have
been investigated for fluorescence enhancement. Results show that the metallic nanoparticles have
better fluorescence enhancement in high-index media (e.g. water), whereas the dielectric
nanoparticles have higher fluorescence enhancement in low-index media (e.g. air). The hybrid
dimers show 40% higher electric field enhancement comparing with dielectric dimers and 30%
lower loss comparing with metallic dimers, yielding a fluorescence enhancement 30% higher than
that of the pure dielectric dimers.

Fluorescence is a wide spread optical technique for the detection of molecular analytes in chemistry, biology
and medicine'. The optical signal from a single fluorophore is generally weak, limiting the sensitivity. Metallic
nanoparticles have been proved to be a versatile platform in fluorescence enhancement due to surface plasmon
resonance. Up to date, over three-order fluorescence enhancement by the metallic nanoparticles has been
achieved. However, the metallic nanoparticles suffer from parasitic losses, decreasing the quantum yields and
resulting in the quenching of the fluorophores when they close to the metal surface. As an alternative, high
permittivity dielectric nanoparticles are recently proposed to enhance the fluorescence. They can also generate
the field enhancement near the nanoparticles although the physical mechanism is different. The lossless nature of
dielectric material does not compromise the fluorescence quantum yield. The question is which are better,
metallic or deictic nanoparticles? A dimer nanoantenna has demonstrated unprecedented capabilities to confine
light into deep-subwavelength regime”, which is promising for a variety of emerging applications. To
simultaneously satisfy the growing demand in both high electric field enhancement and low loss features, a
natural way is to construct a metal-dielectric hybrid dimer that automatically integrates the advantages of both
platforms.

We will first present a comprehensive evaluation on the capabilities and applicability of the mettalic and
dielectric nanoparticles in the fluorescence enhancement, including the different physical mechanisms of the
fluorescence enhancement by the two material platforms, the investigation of the nanoparticle enhancement for
different fluorophores in both air and water media, and a fair comparison between the respective optimized
situations where the resonance wavelengths of both dielectric and plasmonic nanoparticles are shifted to the
same. The results show that the metallic nanoparticles have better fluorescence enhancement in the higher index

medium (e.g. water), whereas the dielectric nanoparticles have higher fluorescence enhancement in the lower



index medium (e.g. air)’.

Then we integrate the metallic and dielectric nanoparticles to enhance the fluorescence with hybrid dimers.
When the hybrid dimer under plane wave excitation, we discovered that the coupling between metal plasmonic
mode and dielectric electric-dipole-mode creates a hybridized mode due to the direct electric-electric
dipole-dipole interaction between the nanoparticles. Between the plasmonic mode and dielectric
magnetic-dipole-mode, there is no direct but indirect coupling, which happens between the primary resonances
excited by the incident light and the secondary resonances induced by the primary resonances. When the hybrid
dimer is radiated by a quantum emitter, we found that the electric/magnetic dipole selectively excites the
electric/magnetic (magnetic/electric) resonances of the dimer when the emitter orients parallel (perpendicular) to
the dimer axis.

By placing fluorescence dyes to the low loss dielectric side of the hybrid dimer, 40% higher electric field
enhancement comparing the dielectric dimer and 30% lower loss comparing with the metallic dimer can be
simultaneously achieved, yielding a fluorescence enhancement 30% higher than that of the pure dielectric dimer.
On top of that, the hybrid dimer directs 20% more radiation towards the dielectric side due to its unique
asymmetrical structure (e.g. permittivity and size contrast between the constituent nanoparticles), thereby

significantly enhancing the antenna directivity.

Our studies show that both metal and dielectric have their own advantages, and the hybrid dimer possesses
the potential to be an optical antenna simultaneously achieving high field enhancement, low loss and good
directivity features. The fundamental coupling mechanism between metallic and dielectric nanoparticles can also

be extended to other structures, paving the way in the design of complex hybrid systems.
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Abstract Blinking of surface-enhanced Raman scattering (SERS) and surface-enhanced
fluorescence (SEF) from the same silver nanoaggregate with poly-L-lysine or thiacarbocyanine
were simultaneously observed at different wavelengths. Intensities of the SERS were plotted
against those of the SEF at the same times. The SERS of poly-L-lysine was emitted while no SEF
of silver atomic cluster on the silver surface was observed. This result suggests single molecule
detection. We compared the blinking statistics of poly-L-lysine to that of the dye molecules.

SERS and SEF can be applied a sensitive measurement enough to detect a single molecule adsorbed on a
noble metal, because enhanced electromagnetic (EM) field is induced at a junction of the metal nanoaggregate
by excitation light via localized surface plasmon resonance (LSPR). At single molecule level, blinking is
observed. It has disturbed an application of SERS and SEF in terms of a reproducibility of the spectra and a
tracking of the emitter. It is thought that the blinking is induced by the molecule goes in and out of the enhanced
EM field. However, there is a possibility that the reason of the blinking is fluctuation of the EM field.

We observed blinking SERS and SEF from silver nanoaggregate with poly-L-lysine or thiacarbocyanine.
The silver nanoaggregate were dispersed on glass slide by spin coating and then were excited by using a
diode-pumped solid-state laser beam (A = 532 nm). The signal were collected with an objective lens of an
inverted microscope and was split into a short and long wavelength area through W-VIEW Gemini (Hamamatsu)
in which a dichroic mirror and band-pass filters were inserted. Then, the video was taken by an inverted
microscope coupled with a cooled digital CCD camera (ORCA-AG, Hamamatsu).

For poly-L-lysine, intensities of the signal in the short wavelength area were plotted against those in the long
wavelength area at the same times as shown in Fig. 1. They express “L”-shaped distribution; namely, the SERS
was emitted while no SEF was observed. In the spectrum of poly-L-lysine, the SERS peaks are attributed to
poly-L-lysine, while the broad band in the long wavelength area is assigned to fluorescence due to emissive
silver atomic cluster, which formed by photo reduction of silver oxide on the nanoaggregate [1]. Thus, when
poly-L-lysine goes into the junction of the nanoaggregate, the silver atomic cluster cannot enter the EM field. It
is noted that the result suggests single molecular detection.

Also for thiacarbocyanine, the intensities of the signal in the short wavelength area were plotted against
those in the long wavelength area at the same times. They express “/”-shaped distribution. Thus, the SERS was
emitted while the SEF was observed, because the SERS and SEF in the spectrum originate from the same dye
molecule. In the case of the dye molecules formed J-aggregate, the variances of the plotted intensities of SERS
against those of SEF are different from those for the dye formed H-aggregate. The result may be due to different
adsorption between the dye molecules formed J- and H-aggregate [2], because the intensities of SERS and SEF

are influenced by distance from the metal surface; the latter is quenched by an energy transfer to the surface.



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

P (t)=At" (1)
and
P, (t)=Bt™ exp(-t/T), ()

where a4y is the power law exponent for bright/dark events, respectively, and t is the truncation time. These
parameters for the blinking SERS were plotted against those for the blinking SEF from the same nanoaggregates.
For the dye formed J-aggregate, the power law exponents, which are influenced by a random walk model of the
molecule on the metal surface, for the SERS were derived to be more various values than those for the SEF. On
the other hand, the opposite trend was shown for the dye formed H-aggregate. The truncation times for the SERS
of poly-L-lysine are longer than those for the SEF, while those for the SERS of thiacarbocyanine molecules are
shorter than those for the SEF. In the present case, the truncation time is affected not by a speed of the molecule,
but by an energy barrier from the dark state to the bright state of SERS and SEF, which are different in the
enhancement process.

Count (shont wave length) / 156 ms

Count | long wavelength ) / 156 ms

Fig. 1 Signal intensities observed simultaneously in the short and long wavelength area from the same
blinking spot.
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Abstract-We report a generalized theory for the Foerster-type nonradiative energy transfer (NRET),
which includes the derivation of the effective dielectric function due to the donor in different
confinement geometries and the derivation of transfer rates distance dependencies due to the
acceptor in different confinement geometries, including mixed dimensionality in arrays. These
accounts for the transfer rates in all possible combinations of different confinement geometries and
assembly architectures. Thus, we obtain a unified picture of NRET in assembled nanostructures
arrays.

To obtain the confinement effects of the dielectric function on the Forster-type nonradiative energy transfer
(NRET), the effective dielectric function, in the long distance approximation, for the spherical geometry
(Nanoparticle (NP) case), cylindrical geometry (Nanowire (NW) case) and planar geometry (Quantum well (QW)
case) were obtained (Table 1) by calculating the electric potential for these geometries.

a-direction NP NW QW
Eyp, t+ 2¢, _Eww & _

X Cay =7 3 by =7 5 L =%
Exp +2¢, _ _

Y oy =7 3 Eqp =& € = &

7 Exp, +2¢, _Ew t & e —¢

by =7 3 by =7 5 or = o

Table 1. Effective Dielectric Function Summary: Effective dielectric constant expressions for the cases of
NP, NW and QW in the long distance approximation.



The NRET rate was calculating using equation (1)

_ 2 £, (a)) -
Virans = Elm de(T Ein (r) Ein (r)“ (1)

where the integration is taken over the acceptor volume, &, (a)) is the dielectric function of the acceptor,

and E, (r) includes the effective electric field created by an exciton at the donor side. The average NRET rate

(at room temperature) is calculated as

_ 4 X,trans + yy,trans +y z,trans
}/[)'HI‘I,Y - 3

2
where y, - is the transfer rate for the a-exciton (a =X,), Z). We found that the energy transfer rate is

1
}/ trans x ? (3)

where n = 6, 5, 4 and 3 for 3D confinement (QD case), 2D confinement (NW case), 1D confinement (QW case)
and 0D confinement (bulk case), respectively.

In conclusion, we present a complete picture and unified understanding of the nonradiative energy transfer
for nanostructures of mixed dimensionality and in assembled nanostructures arrays. We obtain the analytical
expressions for the energy transfer rate in the long distance approximation. Our findings show that the acceptor
quantum confinement dimension sets the generic NRET distance dependence and the donor geometry dimension
modifies the effective dielectric function. This generic distance dependence can be remodified by arraying
(stacking) the nanostructures. Therefore, the functional distance dependency of the NRET rate is determined by
the quantum confinement as well as array stacking dimensionality of the acceptor. The NRET results obtained in
this work can be used to design and optimize new solid-state devices for high efficiency light generation and
harvesting. The formalism developed here is convenient to estimate the NRET rates in experimental studies
involving assembled nanostructure arrays.
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Abstract- [n-situ electrochemical surface enhanced Raman scattering measurements were
performed for the investigation of the isotopic effect for the hydrogen evolution reactions. Using
various mixed ratio of H>O and DO, curious behavior for the heavy water was observed depending
on the electrode potential. Through the analysis of the obtained SERS spectra, it was revealed that
the highly ordered structures of water molecules formed at the surface of the electrode during
hydrogen evolution process.

The strong optical field is generated by the excitation of the localized surface plasmon resonance (LSPR)
under the light illumination onto plasmon active nano-metal structures.' It is well known that the generated
strong optical field leads several interesting phenomena such as chemical reactions or surface-enhanced Raman
Scattering (SERS). SERS is a very useful tool for observing a small number of molecules in the progress of the
electrochemical reactions with ultra-high sensitivity.> Up to date, several groups have been focusing on the water
molecule behavior during -electrochemical hydrogen evolution reactions using electrochemical SERS
measurements. In their great efforts, it was found that SERS intensity depends on the metal species, electrode
potentials, and the supporting electrolyte species.® Although various studies have been reported, there is a still
room for discussion, such as scattering enhancement mechanism.

Hydrogen evolution reactions (HER) is the one of the well examined electrochemical reactions. Especially
for the case of the HER in the mixed solution of H>O and D,O, the ratio for the generated H> and D depends on
the over potential, the mixed ratio, or solution temperature. Although, various examinations have been carried
out, at the present stage, the specific factor for the control of the isotopic effect for HER is still unclear. In this
study, we have investigated the isotopic effect for HER process via
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were obtained by the inverse Raman microscope. The excitation
wavelength for acquiring spectra were 514 (2.41 eV) and 785 (1.58
eV) nm.

SERS spectra obtained from the mixed solutions of H,O and D>O
on Ag electrode surface were shown in Fig. 2. The excitation
wavelength was 514 nm. The broad bands at around 500 and 3400
(2400) cm™! are assigned to the libration and OH (OD) stretching
mode (6(OH)). The representative Raman band for SERS of water is
the sharp band at 1600 (1400) cm ™' corresponding to the OH (OD)
bending mode (6(OH)) which appears in only HER over potential
region. It should be mentioned that the scattering intensities for water/
deuterium band becomes relatively weak with the case for Au
electrode or A = 785 nm. Apparently, the scattering intensity
becomes stronger as the negative potential polarization. This behavior
can be explained by the charge transfer effect to induce effective
resonance of the scattering. Generally, the scattering intensity of each
Raman band reflects the composition of the bulk solutions. However,
in the present case, the scattering intensity for o(OH) ignores the
mixed ratio of the bulk solution. From this result, it can be said that
the composition of the bulk solution drastically changed at the
localized position during the process for HER. In addition to this
result, we have observed the various highly ordered structures of
deuterium oxide during the HER process. Through the all attempts,
we have confirmed that the very unique behavior of the deuterium
oxide at the strong optical field during HER process. The present
results would be the key for understanding the principle of the
isotopic effect on HER.
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Abstract-We studied the coupling of single quantum dots and a metal nanowire. By exciting a
single quantum dot, single surface plasmons are generated in the nanowire with the quantum
efficiency dependent on the distance between the quantum dot and the nanowire. The single
quantum dots can also be excited by the propagating surface plasmons in the nanowire. We
demonstrate the selective excitation of two quantum dots within diffraction-limited area by
modulating the electric field using the interference of surface plasmons.

Benefiting from the subwavelength confinement feature of surface plasmons (SPs), plasmonic waveguides
can perform the function of optical fibers at the deep subwavelength scale and construct plasmonic devices for
nanophotonic circuitry. Metal nanowires (NWs) can support multiple SP modes, which are the physical origins
of various phenomena for the propagating SPs in the NWs. The electric field confinement and propagation of the
SPs also make metal NWs attractive for investigating light—matter interactions in NW-emitter coupled systems.
The coupling of single quantum emitters and a metal NW generates single SPs propagating in the NW, opening
the prospects of using quantum optical techniques to control single SPs and designing novel quantum plasmonic
devices.

We studied the exciton-plasmon interaction in the coupled system of single quantum dots (QDs) and a silver
nanowire [1, 2]. The decay rates of all the exciton recombination channels were experimentally obtained. Thus
we obtained the quantum efficiency of single QD exciting single SP. By using AL,Os film of different thickness
to control the QD-NW separation, we revealed the distance dependence of the exciton decay rates and the SP
quantum yield. We also show that the intensity and lifetime of the QD emission can be modified by creating a
nanogap between the silver NW and a silver nanoparticle with the QD located in the nanogap. Moreover, the QD
on the NW can be excited by the propagating SPs, enabling a remote excitation technique. By using the
interference of SPs to modulate the electric field on the NW, we demonstrate the selective excitation of two QDs
within diffraction-limited area.
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Abstract- Silicon waveguides functionalized with non-linear organic cladding material are a
versatile integrated platform to provide long-range interaction of high-intensity confined light with
non-linear material. Here, we show that such waveguides can be utilized for high efficiency,
integrated and compact THz sources based on non-linear frequency mixing. Light-matter
interaction in these systems is modelled and optimized by analytical and numerical means.

THz science is a rapidly growing filed with applications in information and communications technology,
biology and medical sciences, non-destructive evaluation and quality control, security, environmental monitoring
and more [1,2]. Despite the recent progress in the field, it still remains challenge to produce continuous wave
THz radiation with integrated, compact, room-temperature stable and tunable devices [3].
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Figure 1. (a) folded silicon waveguide covered with non-linear material (green) and a half-spherical

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

interaction.



Here, we present concept for high- efficiency integrated THz sources. The concept is based on non-linear
frequency mixing of two near infrared (NIR) modes guided in the same silicon waveguide that is cladded with
non-linear organic polymers. Such materials can be well combined the with silicon photonic platform [4]. In the
non-linear cladding material, evanescent fields of the two (NIR) modes mix and produce the difference
frequency which can be tuned to any deliberate frequency in the THz range.

A high-index half-spherical THz lens is for phase matching in a Cherenkov scheme (cf. Fig. 1 (a)). Compact
devices can be obtained by folding waveguides into a meander line structure. Due to the large refractive index
contrast, silicon waveguides strongly confine light with low optical loss which can be exploited to realize a long
interaction length of high-intensity light with the non-linear cladding material (cf. Fig. 1 (b)).

The non-linear conversion efficiency, besides phase matching considerations and the intensity of the input
light, is governed by the optical environment of the polarization sources at THz frequencies - an effect that is
often referred to as Purcell effect. Employing numerical [5] and analytical tools we show that the emitted THz
power can be increased as a result of the Purcell effect by appropriately choosing the refractive index of the
coupling material and the dispersion of the optical waveguides. We find that a THz output power in the order of
IuW (CW) can be obtained as a consequence of the long interaction length provided by the low-loss silicon
waveguide and the engineered Purcell effect in the system.
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The photocatalytic activity of La,Ti,O; (LTO) is limited by the large band gap
and poor electron mobility. These problems can be conquered by hybridization with
materials with visible-near infrared (vis-NIR) light absorption and high charge carrier
transport. Firstly, we synthesized a 2D composite with g-C3;N4 nanosheets and
nitrogen doped LTO nanosheets (NLTO). The composite exhibited high photocatalytic
activities for H, production under UV and visible light irradiation [1]. Secondly,
Au/LTO was composited with black phosphorus (BP). The broad absorption of BP
and plasmonic Au contribute to the enhanced photocatalytic H, production in the
visible and NIR light regions [2].

LTO nanosteps (NSP) with successive surface heterojunctions were synthesized,
which have high photocatalytic hydrogen generation performance. The LTO NSP
uniformly packed with MoS, shell exhibited further improved activity and good
stability. Moreover, UV to NIR light induced photocatalytic water reduction was
achieved by introducing plasmonic Au nanorods to LTO NSP.
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Macroscale ultrasharp nanocone metamaterials — optical properties

and applications
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Abstract-Self-assembled hyperbolic metamaterials comprised of gold nanorod arrays deposited via
anodic aluminium oxide templates have received significant attention due to the broad tunability of
the optical properties due to the template geometry and the scalable fabrication approach. In this
work we describe a method to create ultrasharp nanocone arrays using the broad beam argon ion
milling of gold nanorod metamaterials. Such materials support localized plasmonic resonances
characterized by strong electromagnetic field enhancement at the cone apex.

Plasmonic metamaterials fabricated using bottom-up approaches are inherently scalable and inexpensive.
Template based fabrication benefits from low size dispersity and the ability to finely tune the dimensions of the
porous structure over a wide range (inter-rod separation 55-100 nm, diameter>9 nm and thickness from 20-500
nm)." This flexibility enables the production of large area arrays of metallic nanorods with user specified
dimensions providing designer optical properties.' The spectral position of the dipolar plasmonic resonances in
such arrays depend both on the geometry of the individual nanorods but also on their separation; the
electromagnetic coupling between adjacent rods modifies the field intensity distribution which reaches a
maximum between the rods.”> Due to their high refractive index sensitivity these materials have been used as
optical sensors for biological molecules’, ultrasound* and hydrogen® and the ability to engineer all-optical
control of their optical properties makes these suitable candidates for ultrafast active devices.”
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Figure 1: SEM images of (a) Nanorods having a diameter of 45 nm and separation of 90 nm after the
removal of the alumina matrix and (b) Nanocone metamaterial formed from (a) after oblique incidence argon ion
milling. (c) Extinction spectra of the nanocone metamaterial acquired with TM polarized light at various angles
of incidence (legend).

In this paper we present a new type of optical metamaterial based on large area arrays of ultrasharp



nanocones. Notwithstanding the scalable fabrication process, such nanostructuring provides an extra degree of
freedom to tailor the optical properties of the arrays, which support localized plasmonic resonances that can be
tuned in wavelength, by varying the nanocone geometry, and that exhibit high electromagnetic field
enhancement at the cone apex. Here we will describe the fabrication process and optical properties of these
materials, highlighting the spectral tunability of the resonances and the achievable field enhancement.
Prospects for the use of these novel metamaterials in nonlinear and reactive devices will be elaborated.
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Abstract-Plasmonic photocatalysts are widely popular as they permit an efficient utilization of the
solar spectrum in photocatalysis. However, they usually require a noble metal component, which

precludes a large scale deployment of such devices. We present here two strategies to increase their

activity, and thus to reduce the amount of noble metal.

Semiconducting metal oxides, such as TiO,, form an important class of photocatalsyts, as they are widely
available at low cost, they are quite stable, but they are usually only active in the ultraviolet (UV) and lower
wavelength part of the solar spectrum. Plasmonic photocatalysts constituted of metal nanoparticles exhibiting
surface plasmon resonance (SPR) and a semiconducting metal oxide have been extensively investigated, because
they can extend the activity of the photocatalyst to higher wavelength illumination. However, from an economic
point of view, the large-scale use of such photocatalysts will be curtailed by the prohibitive cost and availability
of noble metals. We propose here two strategies to reduce the amount of such metals.
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Figure 1. A. Hydrogen evolution from a TiO, sphere of increasing diameter (60, 200 and 400 nm) decorated with one
Au nanoparticle (d = 60 nm)." The inset shows the WGM induced EM field (mode 4) within a 400 nm TiO, sphere. B.
Hydrogen evolution from a plasmonic Au-TiO, photocatalyst decorated with carbon, for various arrangements of C, Au

and TiO,.2 All experiments are performed with the same amount of Au, TiO, and C, under the same conditions.

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



can easily construct photocatalysts that are active in a broad spectral range, for example, from 400 up to 800 nm
and further.

In the second one, we demonstrate that carbon can play a synergestic role in the development of the
photocatalytic activity of an Au-TiO, composite plasmonic photocatalyst (Fig. 1b). We prepared three
Ti0,-C-Au structures with different Au and C arrangements, but keeping the same amount of each component.
Remarkably, the activity of the photocatalyst is not only highly dependent of on the architecture of the catalyst,
but also on the type of reaction investigated. Photocatalytic degradation of dyes, PEC and IPCE measurements
all point toward the fact that a sandwich structure, whereby Au is sandwiched between graphene leaflets at the
surface of TiO,, gives the highest activity. However, for hydrogen production, the TiO,@C-Au catalyst exhibits
an activity which is five times greater than TiO,@C, indicating a synergistic action of plasmonic Au NPs and
graphene. Thus, although the presence of carbon can result in a significant increase of the activity of the catalyst,
this increase can only be achieved if the spatial arrangement of the Au and C on TiO; is finely controlled.
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Abstract-We demonstrated that the localized surface plasmon resonances of a gold sphere can be
excited by the extended surface plasmon of a silver thin film. The finite-difference time domain
simulations have shown that the electromagnetic field enhancement in this configuration can be up
to three orders higher than direct plane wave excitation. This huge enhancement has also been
observed in surface-enhanced fluorescence and surface-enhanced Raman spectroscopy. These
results show high potential for enhanced spectroscopic sensing and other optoelectronic application.

Excitation of localized surface plasmons (LSPs) of metal nanoparticles (NPs) residing on a flat metal film
has attracted great attentions recently due to the enhanced electromagnetic (EM) fields found to be higher than
the case of NPs on a dielectric substrate. In the present work, it is shown that even much higher enhancement of
EM fields is obtained by exciting the LSPs through extended surface plasmons (ESPs) generated at the metallic
film surface using the Kretschmann-Raether configuration. We show that the largest EM field enhancement and
the highest surface-enhanced fluorescence intensity are obtained when the incidence angle is the ESP resonance
angle of the underlying metal film. The finite-difference time-domain simulations indicate that excitation of
LSPs using ESPs can generate 1-3 orders higher EM field intensity than direct excitation of the LSPs using
incidence from free space. The ultrahigh enhancement is attributed to the strong confinement of the ESP waves
in the vertical direction. With this unique configuration, we also found that an array of particles shows a critical
importance of the inter-particle gap on the enhancement factor, which was confirmed experimentally using
surface-enhanced Raman scattering (SERS). A monomolecular layer of 4-Aminothiophenol sandwiched in
between the silver film and the gold nanoparticles showed SERS enhancement factor of the order of 10" per
molecule in the hotspots. It is demonstrated that the ultra-high SERS enhancement does occur only when the
ESP is coupled to the LSP at an optimized inter-particle gap. Further, highly sensitive detection of glycerol in
ethanol is demonstrated using the optimum structure with detection limit of the order of 10" to the weight
percentage of ethanol, which is equivalent to a few molecules detection. This ultrahigh enhancement is useful in
realizing various highly sensitive biosensors when strong enhancement is required as well as in highly efficient
optoelectronic and energy devices.
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Time-dynamical model for the lasing of homogeneous and core-shell
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Abstract-We propose a full time-dynamical and space-dependent theoretical description of the
optical response of plasmonic nanoparticles coupled to gain (active medium) in two geometries
homogeneous spheres immersed in a gain medium, and gain core-metal shell nanoparticles. We are
able to calculate the lasing threshold and the initial stages of the lasing instability, and for the latter
geometry, we solve the long-term dynamics which we show to be only dipolar, calculating the
emission width of the nanolaser as well as exploring other relevant features of the system.

We here explore the features of nanolasers using, for the first time, a time-dependent model, which
integrates a quantum formalism to describe the gain and a classical treatment for the metal. Our model also fully
takes into account the influence of the system geometry (shape of the plasmonic resonator).

We start with studying the case of a homogeneous, metallic, spherical nanoparticle immersed in an active
medium (gain) using a fully multipolar approach [1,2]. We calculate the lasing threshold value for all multipoles
of tthe spaser, as well as the onset of the lasing instability, in the linear dipolar regime, with and without external
field forcing. We also calculate the behaviour of the system below the lasing threshold, with the external field,
demonstrating the existence of an amplification regime where the nanoparticle’s plasmon is strongly enhanced
but stable: this corresponds to partial loss compensation. Figure 1 shows the initial temporal evolution of the
dipolar moment of the nanoparticle, in a stable case (below the threshold), displaying plasmon amplification, and
in the unstable case, above threshold. Finally, for later, non-linear stages of the dynamics and the approach to the
steady-state of the spaser; in particular, it is shown that, for the considered geometry, the spasing is necessarily
multi-modal, i.e., multipolar modes are always activated, irrespective of how small the nanoparticle is with

respect to the wavelength [2].
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We then move on [3] to a geometry closer to actual experiments and practical applications: a nanoparticle
containing an active core and a plasmonic shell. It can be demonstrated that, in this case, the emission is
mono-modal with only the dipolar mode activated. We then study the lasing threshold as well as the rise of the
instability when gain values exceed it. For later times, however, significant differences appear with respect to the
previous case, the most prominent one being that higher-order modes are never activated. We then solve the full
time dynamics and look for non-linear, long-term states which are dominated by the interplay the nanolaser
emission and the depletion of the population inversion in the active medium, which will then limit the growth of
the laser. This leads in most cases to stationary states, which are reached via damped oscillations on the emission.
We sometimes also observe, in restricted areas of the parameter space, richer features like bistability, where the
system hesitates between a linear attractor state and a non-linear attractor. Figures 2 shows the normalized
intensity value of the field calculated near the particle surface as the gain level is varied in the system.
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Figure 2. (a) Green points: intensity near the particule surface for increasing gain values in
the particle’s core from (a) to (h). From (a) to (d) the response is linear with partial loss
compensation, while on (e) the lasing threshold is attained. From (f) to (g), one can observe
the nonlinear emission state, and calculate the spectral width.
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Abstract- Different fabrication approaches for nanostructured localized surface plasmon resonance
(LSPR) sensors will be presented and their sensitivities evaluated. A miniaturized setup based on
gradient index lenses will be shown.

Plasmonic nanostructures can be used as sensors for the local index of refraction. Under illumination,
localized surface plasmon resonances (LSPRs) occur depending on the permittivity of the surroundings. The
sensing concept relies on the high sensitivity of the LSPR wavelength to changes of the refractive index in their
immediate vicinity. Such optical resonance-shift sensing can offer a marker-free alternative to e.g. fluorescence
based detection [1]. Shifts in the intensity maximum of the LSPR spectrum can be evaluated to determine the
refractive index of a bulk liquid of known composition, as e.g. demonstrated in Figure 1. While the method as
such is unspecific, it can be made selective by functionalizing the nanostructure surface. In this case, the local
refractive index can e.g. be changed by receptor-antibody-binding processes.

In this presentation the nanofabrication and plasmonic modes of arrays of nanodiscs, nanorods and vertical
dimers will be discussed [2]. The nanostructures are implemented in microfluidic channels within fluidic PDMS
cells. Examples for resonance-shift sensing based on changes of the refractive index of the bulk liquid will be
shown. The biosensing capability is demonstrated by functionalizing the nanostructure surface and observing
resonance-shifts due to the specific binding of testosterone antibody from solution. The overall setup is
miniaturized by preparing nanostructures directly on the planar surfaces of gradient index lenses, which are then
integrated within the fluidic cells as the optical detection element.
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Figure 1: Measured resonance shifts for alternating water and water/glycerol mixtures.
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Chiral nanomaterials and their applications
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Abstract: The main goal of our work is to develop new types of inorganic nanoparticulate materials
possessing optical activity and chirality, study their properties, investigate their nature and explore
their applications. We have developed new chiral nanomaterials including chiral II-VI
semiconducting nanoparticles (quantum dots) and chiral nanoparticles of technologically important
metal oxides. We have also demonstrated potential applications of chiral quantum dots for chiral
recognition and luminescent chemo- and bio- sensing.

Symmetry and chirality are properties commonly found throughout the natural world. Chirality is
one of the most important factors in molecular recognition, with chiral compounds having a major role in
chemistry, biology and medicine. Chirality has also been envisaged to play an important role in
nanotechnology. Over the last years the area of chiral nanoparticles has received a great deal of attention
due to the range of potential applications offered by these materials [1-5].

The main aim of our work is to develop new types of technologically important inorganic
nanoparticulate materials possessing optical activity and chirality, study their properties, investigate their
nature and explore their applications (Figure 1).
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Figure 1. Potential applications of chiral nanomaterials.



We have developed new chiral nanomaterials including chiral II-VI semiconducting nanoparticles
(quantum dots) and chiral nanoparticles of technologically important metal oxides. In addition we started
to explore the properties of novel anisotropic chiral nanomaterials. The new nanomaterials have shown a
very interesting optical activity and unusual chiral morphologies which were confirmed by various
instrumental techniques. We have found that in some nanocrystals (e.g. CdSe/ZnS QDs and quantum rods)
the chirality and corresponding optical activity are intrinsic features that can occur even without the
presence of chiral ligands. The intrinsic chirality of the CdSe based nanocrystals is caused by the presence
of intrinsically occurring chiral defects such as dislocations or point defects in these nanostructures. The
use of chiral ligands enabled us to separate these nanostructures into different phases and enhance their
chiroptical activity. We have also demonstrated potential applications of chiral quantum dots for chiral
recognition and luminescent chemo- and bio- sensing. We have also found that live cells demonstrate an
enantioselective uptake of chiral quantum nanostructures. It is expected that chiral nanomaterials will find

applications in sensing, nanomedicine, asymmetric synthesis, catalysis and other areas.
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Abstract- The optical responses of core/shell nanostructures composed of silica cores and
numerous small silver nanoparticles composing an outer shell are studied with a finite-difference
time-domain (FDTD) approach. Light scattering cross sections are decomposed via a multipolar
analysis in order to reveal their magnetic and electric multipolar character. The analysis is
presented for core-shell structures illuminated by a variety of scalar and vector incident light beams,

showing how various modes can be selectively excited.

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

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

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

a powerful tool for the engineering of plasmonic colors.

Different strategies have recently been developed to create plasmonic colors based on the control of
localized surface plasmon resonances, such as gap plasmons and hybridized disk—hole plasmons." Most of them
have been implemented by electron beam lithography, a powerful tool to produce well-controlled nanostructures
but still prohibitive in terms of time and cost for many applications. Other techniques such as nanoimprint or
self-assembly are more appropriate for producing large-scale nanostructured materials, but they lack versatility.
In contrast, laser techniques offer the advantage of controlling plasmonic systems over large non-planar areas
with high-speed and flexible processes. We especially demonstrated that cw laser light could trigger
self-organization processes of metallic nanoparticles in thin films resulting in plasmonic nanopatterns exhibiting
singular dichroic colors.’

In this presentation we demonstrate the high efficiency of ultrashort laser pulses to produce a full range of
plasmonic colors while controlling thermal effects. The laser color marking technique is based on triggering
self-organization processes of metallic nanoparticles in a protective thin inorganic film. Beyond the generation of
planar nanostructures, we show that 3D self-organization can be activated and controlled in nanocomposite films
by ultrashort laser irradiation, resulting in plasmonic nanostructured films with highly regular periodic lattices
located at different depths. Such a 3D self-organization is shown to originate from the simultaneous excitation of
independent optical modes at different depths in the film and to be activated by the plasmon-induced charge
separation and thermally-induced NP growth mechanisms. We implement time-resolved polarization imaging to
characterize the different self-organization processes that appear to occur at different time scales at different
depths depending on local phase changes or diffusion limited growth processes.
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Abstract — I will discuss our recent study on the generation and amplification of optical
chirality in achiral metal nanostructures assembled with chiral biomolecules. I will show how
an individual plasmonic nanostructure interacts with chiral biomolecules, which enables
switching and amplifying the molecular optical activity and probing the conformational
evolution of the chemisorbed molecules. I will also show how a cluster of plasmonic
nanostructures can be assembled with chiral molecules to produce plasmon-induced circular
dichroism response in both UV and visible-NIR regions.

Main text — Recent studies demonstrate that conjugation of noble metal nanoparticles (NPs)
with chiral molecules can switch the molecular optical activity, which is usually located in the
UV region, to the visible wavelength region. The new circular dichroism (CD) response
appears at the localized surface plasmon resonance (LSPR) band of the metal NPs and thus is
termed plasmon-induced CD [1]. This phenomenon is of particular importance for
determining and manipulating the optical chirality and activity in the visible and near infrared
(NIR) regions and has numerous applications in the fields of biochemical sensing,
enantioselective catalysis, biomedicine chirality separation, and chiroptical nanodevices. In
this talk, I will show how an individual plasmonic nanostructure interacts with chiral
biomolecules, which enables switching and amplifying the molecular optical activity and,
more importantly, probing the conformational evolution and structural rearrangement of the
chemisorbed molecules on the nanostructure surface, thus constituting a promising
stereo-chemically attuned nano-sensor. I will also show how a cluster of achiral plasmonic
nanostructures can be assembled with chiral molecules to produce plasmon-induced CD
response in both UV and visible-NIR regions. The induced CD resonance position can be
adjusted from ~340 nm to above 900 nm through altering the aspect ratio and/or the
assembling pattern of the hybrid nanostructures. Detailed theoretical calculations elucidate the
electromagnetic interaction mechanisms responsible for the observed CD in both cases.
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Abstract- We prepared colloidal chiral lanthanide phosphate nanocrystals using chiral molecular
templates and studied their chirality through circularly polarized luminescence at the lanthanide
emission lines. Some of these emission lines exhibited very large degree of circular polarization, up
to ~50%. High enantiomeric purity of the nanocrystals was obtained using tartaric acid molecular
templates.

Following our recent work on enantioselective synthesis of a-HgS,' and Te, Se nanocrystals,” using thiolated
chiral ligands (cysteine, penicillamine, glutathione), we have moved to a very different system of inorganic
nanocrystals of chiral space group: lanthanide phosphate hydrates (Rhabdophanes, LnPO4-H,0). We synthesized
Eu’" doped TbPO,H,O nanocrystals, which correspond to a chiral space group (P3,21), in the presence of chiral
ligands. We have measured circularly polarized luminescence (CPL) at the lanthanide emission lines (see Figure
1). On using pure L- or D-tartaric acid ligands we observed substantial CPL values for these nanocrystals, of up
to 20-50% for certain emission lines. Surprisingly, on preparing the nanocrystals with L- and D-tartaric acid
mixtures at different enantiomeric excess values, we observed almost complete enantioselectivity in the product
nanocrystals already at ~20-30% enantiomeric excess of the tartaric acid. The sensitivity of the resulting
nanocrystal handedness to the enantiomeric excess of the tartaric acid depended on the synthesis temperature and
pH.

The successful control of nanocrystal handedness by the tartaric acid molecules probably indicates collective
effects involving a large number of ligand molecules at the nucleation stage or at the handedness determining
stage in the growth of these nanocrystals.

This is an interesting model system for studying the formation and handedness control of chiral crystals. The
CPL is a very useful tool for studying the formation of such chiral crystals and following their evolution kinetics.
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Figure 1. CPL spectra of the Eu’" doped TbPO,-H,0 nanocrystals prepared with pure L- and D-tartaric acid
(L-TA and D-TA) and with a racemic mixture of the two.
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Abstract- we investigated light spatial localization in an infrared nanoantenna consisting of a gold
trimer. The study is based on two-photon molecular motion in azobenzene-containing
photopolymers. It is shown that different electromagnetic hot spots can be tuned and controlled, on
demand, with an external plane wave. 4-digit plasmonic combination was also discussed.

Metallic Nanostructures (MN) offer the possibility of strong spatial confinement, down to the nanometer

scale. In this context, easy remote control of electromagnetic hot spot constitutes an important challenge. In
particular, rational control of MN geometry and incident beam shaping (including phase and angle of incidence)
can produce a large variety of near-field distribution that can be exploited in the future, e.g. for photonic
computing.
Recently, It was theoretically demonstrated that that symmetric and antisymetric modes can be excited, on
demand by a propagating plane wave in a linear trimer of identical gold nanoparticles'. In this paper, we
experimentally demonstrate this effect on plasmonic infrared trimer nanoantenna. Two novelties are emphasized.
First, we report direct near-field observation of mode balancing and localization of hot spots in trimer plasmonic
nanoantenna. Second, we have used for the first time two-photon absorption in azobenzene moieties for
plasmonic nano-imaging of infrared nanoantenna, opening the route to near-field investigation of coupled
systems based on molecular probing. The studied nanostructure is shown in Fig. 1(a).

Figure 1. Studied gold nanotrimer

To investigate the optical near-field, we used a specific approach that has been developed over the past decade’.



Azobenzene molecules that are covalently attached to a polymeric backbone are used as optically driven
molecular nanomotors. After exposure to the light, an atomic force microscope (AFM) is used to measure the
resulting topography that is related to the near-field intensity pattern to be characterized. Fig. 1(b) shows the
plasmonic structure after photopolymer deposition, before any exposure. Figure 2 shows examples of AFM
images taken after exposure (at A=900 nm) with different incident angles and polarizations. Topographical
depletions correspond to electromagnetic hot spots that triggered molecular migration. The results were analyzed
and compared with electrodynamics calculation allowing us to discuss field spatial localization.

Figure 2. Examples of hot spot localization. Left: AFM images taken after exposure (A=900 nm). Right:

corresponding calculated field maps.

Interestingly, by considering hot spots at both cavities and trimer extremities (named 1, 2, 3, 4 in Fig. 1(a)), we
demonstrated the partial activation of a four-digit plasmonic code (cf. example in Fig. 3)
This study opens the avenue to near-field plasmonic circuits and information that are controlled by simple

. J =

Figure 3. Example of 4-digit plasmonic configuration. 1, 2, 3, 4 stand for the locations pointed out in Fig.

far-field optical commands.

1(a). The heights correspond to depletions in nm observed at each location.
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Semiconductors have played an important role in the development of information and
communications technology, solar cells, solid state lighting. Nanowires are considered as
building blocks for the next generation electronics and optoelectronics. In this talk, 1 will
introduce the importance of nanowires and their potential applications and discuss about how
these nanowires can be synthesized and how the shape, size and composition of the nanowires
influence their structural, electronic and optical properties. I will present results on axial and
radial heterostructures and how one can engineer the optical properties to obtain high
performance optoelectronic devices. I will discuss the role of surface non-radiation
recombination and how the quantum efficiency of these nanowires will be discussed. I will also
present the crystal phase control of nanowires and implications for polarization properties of
these nanowires.

Plasmonic cavities and how one can enhance the quantum efficiency of nanowires using
plasmonic cavities will be discussed.

I will present results on room temperature operation of GaAs/AlGaAs nanowire multi quantum
well lasers and also wurtzite InP nanowire lasers.

I will also present results on GaAs/AlGaAs and InP nanowire THz detectors. These detectors
have shown excellent signal to noise ratio similar to bulk ZnTe detectors despite sub-wavelength

dimensions. Bandwidth of these detectors will be discussed.

Nanowire solar cells have drawn considerable attention in recent times and I will present results
on nanowire solar cells and identify the challenges in improving the efficiency of the solar cells.

I will discuss how Nanowires can be used to engineer neural networks towards creating brain on
a chip.

Future prospects of the semiconductor nanowires will be discussed.
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Abstract- Heterodyne digital holography is a powerful tool to study optically scattering objects. It
allows the reconstruction of 3D images, and the superlocalization of individual objects with 3x3x10 nm®
precision. Associated to heterodyning, it can also measure modulated phenomena like the scattering
efficiency changes thermally induced by the modulated excitation of plasmonic nanoantennas. We will
illustrate the possibilities of this technique to study electrochemical processes in single metallic
nanoparticles, and to obtain quantitative thermal mapping in thermoplasmonics.

Heterodyne digital holography is an interferometric technique which gives access to both the amplitude and phase
of the optical field, allowing the reconstruction of 3D images. We have recently shown that the concept of
superlocalization, initially proposed to pinpoint the position of fluorescent molecules, can be applied to the coherent
field scattered by metallic nanoobjects: using holography, individual nanoparticles separated by more than the width
of the microscope point spread function can be localized in 3D with an accuracy of 3x3x10 nm’ over relatively large
volumes. Real-time holograms are reconstructed in order to superlocalize and track several individual NPs, which
finds interesting application in electrochemical nanoimpacts monitoring.

This emerging field of research is based on the time-resolved detection of stochastic collisions of individual
NanoParticles, (NPs) on micro-electrodes or in nano-confined electrochemical cells [1] to measure electron transfer
processes associated to single NP impacts. We will illustrate the possibilities of this coupled system in several
chemical systems, where 3D particle tracking can provide a NP size estimate during the Brownian approach of the
particle (through its mean square displacement). During chemical reactions on the metal interface, we will show that
holography and spectroscopy, associated to an optical model of the scattering, give access to relevant information on
the size, position, and chemical composition of the NPs [2].

Associated to heterodyning, digital holography also allows the study of rapidly modulated phenomena. This
includes the modulated optical excitation of nanofabricated plasmonic nanoantennas, which induces a localized
heating in lossy metals, and a refractive index change. The optical and thermal properties of these objects
strongly depend on the morphology of the nanostructure and its dielectric environment. Both can be efficiently
monitored by digital holography, which provides the 3D optical scattering pattern of the structures and gives
access to quantitative thermal imaging. We will illustrate the possibilities of the method on various
nanofabricated systems, with the aim of modelling, characterizing and optimizing the thermal properties of
metallic nanostructures.
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Abstract- Since its discovery in the 1960s, nonlinear optics has revolutionized optical technologies
and laser industry. Development of efficient nanoscale nonlinear sources will pave the way for new
applications in photonic circuitry, quantum optics and biosensing. However, nonlinear signal
generation at dimensions smaller than the wavelength of light brings new challenges. These include
the reduced light-matter interaction volume, the overlap of the fundamental and the nonlinear
modes at the nanoscale and the outcoupling of the nonlinear signal to the far-field. Here, we
develop hybrid plasmonic — dielectric metamaterials that overcome these limitations and
demonstrate ~10™* nonlinear signal conversion efficiency at visible frequencies.

In the first part of my talk I will introduce new type of 3-dimensional, non-planar plasmonic metasurface and
demonstrate 3 orders of magnitude enhancement of second harmonic generation (SHG) compared to
doubly-resonant plasmonic nanowire gratings. The metasurface consists of an array nanowires with
characteristic plasmonic and photonic (diffraction grating) resonances. The geometry of the metamaterial design
minimizes the destructive interference of nonlinear emission into the far-field, provides independently tunable
resonances both for fundamental and harmonic frequencies, a good mutual overlap of the modes and a strong
interaction with the nonlinear material [1,2]. In the second part of my talk I will describe our recent efforts to
combine localized plasmon modes with propagating photonic waveguide modes. The hybridized mode that is
formed as a result of such coupling can exhibit the desirable feature of plasmonic modes such as high Purcell
factors and large field enhancement but with reduced losses.

Our findings can enable the development of efficient nanoscale single photon sources, integrated frequency

converters and other nonlinear devices.
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Abstract-We report on the strong plasmon—exciton coupling in monolayer WS, coupled to
individual plasmonic gold nanorods. Due to the high oscillator strength and larger binding energy
of the 2D exciton of WS,, we have obtained large Rabi splitting energy of 91 meV ~ 133 meV at
ambient condition which was associated with only 5 ~ 18 excitons. In addition, the strong coupling

can be dynamically tuned either by electrostatic gating or temperature scanning.

Strong light-matter coupling of quantum emitters with optical cavities have attracted much interest for its
importance in the fundamental cavity quantum-electrodynamics research and great potentials in quantum
information applications. In the strong coupling regime, the rate of energy exchange between the exciton
transition and photon is faster than both of their dissipation rates, which results in the formation of hybrid
light-matter states manifested by a Rabi splitting energy. Metallic plasmonic nanocavities have been shown as an
excellent platform to realize the strong coupling at room temperature with dye molecules or quantum dots due to
their ability to confine light at the deep subwavelength."” On the other hand, two-dimensional semiconducting
transition-metal dichalcogenides (TMDs) have recently emerged as promising candidates for facilitating the
light—matter interaction due to the high oscillator strength and large banding energy of their tightly bound 2D
excitons. Although several studies have reported the strong coupling in TMD monolayers integrated with optical
microcavities as well as plasmonic nanostructures, they all involved plenty of excitons due to the large size of
the optical cavities.™ Furthermore, active control on the strong coupling by taking advantage of the exceptional
excitonic properties of the TMDs has yet to be demonstrated. Here, we investigate all-solid-state,
room-temperature strong coupling with active control in heterostructure composed of monolayer WS, and an
individual plasmonic gold nanorod.

Figure la schematically shows the gold nanorod—WS, monolayer heterostructure studied in our work. The
single-crystalline monolayer WS, flake was grown by chemical vapor deposition (CVD) method with the
thickness of ~ 1 nm and exhibited an exciton emission centering at 1.95 eV with a narrow linewidth (y.x) of 57
meV (Figure 1b). The gold nanorods were synthesized with different aspect ratios to enable the spectral overlap
with the exciton transition, and Figure 1c¢ shows the scattering spectrum of a typical gold nanorod with aspect
ratio of 2.2, which exhibits a longitudinal plasmon resonance with the plasmon resonance energy of 1.97 eV with
and linewidth (yp) of 149 meV (Figure lc). A well-defined mode splitting can be observed in the scattering
spectrum from the gold nanorod coupled to the WS; monolayer with the formation of the high- and low-energy
hybrid states (Figure 1d), which indicates the coherent plasmon—exciton coupling. Furthermore, we have



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

(h Q2> (ypl + Vo )/ 2). Due to small mode volume of gold nanorod and 2D structure of the monolayer WS,, the

plasmonic field is strongly confined and enhanced at the WS, surface, with the strongest enhancements locating
near the two apexes of the nanorod (Figure 1e), which is occupied by few excitons since the WS, exciton extends
several unit cells (Figure 1f). The Rabi splitting energies can be tuned from ~ 133 meV to ~ 91 meV by precisely
reducing the nanorod volume while fixing the plasmon resonance frequency at the exciton energy, which only
involve 18 to 5 excitons. Most importantly, the WS, excitons are sensitive to external stimulus, which enables

the active control on the strong coupling via electrostatic gating as well as temperature scanning.

Figure 1. a) Schematic showing the

heterostructure composed of an individual
gold nanorod coupled to the WS,. b)

Photoluminescence spectrum of the

PL Intensity (a.u.)

monolayer WS,. Scattering spectra of c)
individual gold nanorod, and d) nanorod
coupled to the WS,. e) Near-field
enhancement contour of an individual gold

nanorod placed onto the WS, monolayer.

Scattering Intensity (a.u.)

The electric field contour is drawn on the

WS, plane underneath the gold nanorod. f)

1 . 1 L
16 18 20 22

enon, o8 Modulus-square of the real-space

wavefunction of the WS, exciton.
In summary, we have demonstrated all-solid-state, room-temperature, and active controllable strong
coupling in monolayer WS, coupled to a single plasmonic gold nanorod. This strong coupling system hold a
great promise for future on-demand quantum optics devices.
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Abstract- Liquid marbles have been studied extensively as isolated microreactors, as micropumps,
and in sensing. However, current liquid-marble-based sensor and reactor are limited to qualitative
colorimetry-based detection and ex-situ characterizations, respectively. Herein we fabricate
plasmonic liquid marble' (PLM) as a substrate-less surface-enhanced Raman spectroscopy (SERS)
platform for multiplex and ultrasensitive molecular detections simultaneously across two separate
phases, with detection limits as low as 0.3 fmol. PLM also serves as a multi-functional reactor for
in-situ and non-invasive reaction monitoring.

Acknowledgements X.Y.L. thanks the financial support from National Research Foundation, Singapore
(NRF-NRFF2012-04) and Nanyang Technological University’s start-up grant. H.K.L. appreciates the A*STAR
Graduate Scholarship support from A*STAR, Singapore.

REFERENCES

1. Lee,H.K, Lee, Y. H,, Phang, I. Y., Wei, J., Miao, Y., Liu, T. and Ling, X. Y. Plasmonic liquid marble: A
miniature substrate-less SERS platform for quantitative and multiplex ultratrace molecular detection, Angew.
Chem. Int. Ed., 53(20), 5054-5058, 2014.

2. Han, X., Lee, HK., Lee, Y.H., Hao, W., Liu, Y., Phang, .Y, Li, S., Ling, X.Y. Identifying enclosed
chemical reaction and dynamics at the molecular level using shell-isolated miniaturized plasmonic liquid
marble, J. Phys. Chem. Lett., 2016, 7, 1501



Selective Trapping and Fixation of DNAs

Using Plasmonic Optical Tweezers
!
Yasuyuki Tsuboi
'Graduate School of Science, Osaka City University, Japan

*e-mail address: twoboys@sci.osaka-cu.ac.jp

1
1. Introduction

Optical manipulation of small biomolecules is an important issue in bioscience. Plasmon-based optical
tweezers (POT) has attracted significant interests as a novel efficient trapping method, since it
enhances a radiation force and enables us to trap smaller biomolecules. Recently, we have
demonstrated POT of DNA. A micro-ring of optically trapped DNAs was formed on a plasmonic
substrate upon resonant light irradiation. Also, we found that the micro-ring was permanently fixed on
the substrate [1, 2]. Presumably, the micro-ring formation originates from four physical phenomena:

(D Radiation force (trapping DNAS as an attractive force)

@ Thermophoresis (carrying DNAs from hotter to colder regions)

(® Thermal convection (supplying DNAs from outside of plasmon excitation area to inside)

@ Coulomb’s force (fixing DNAs onto a plasmonic substrate)

Since radiation force and thermophoresis strongly depend on the size of DNAs, DNAs with different
base pairs (bp) should be optically separated and then fixed as micro-rings with different diameters on a
plasmonic substrate. In the present study, we discuss a mechanism of the micro-ring formation and
propose a new separation technique of DNAs with different number of bp (plasmonic chromatography,
Fig. 1).
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Fig. 1: Schematic illustration of plasmonic chromatography for DNAs. DNAs

with different number of base pairs trap at desired positions, leading to
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2. Experiments

For a plasmonic substrate, we fabricated gold nanopyramidal dimer arrays on a glass substrate. The
plasmonic substrate has a broad absorption band around 800 nm that is ascribed to a gap-mode
plasmonic resonance. As trapping targets, A-DNA (48 kbp) was labelled with YOYO-1 (Aem = 509 nm)
and T4-DNA (166 kbp) was labelled with DAPI (Aen =461 nm), respectively. These DNAs were
mixed in an aqueous buffer solution. We used a cw near-infrared (NIR) laser (A = 808 nm) for LSP
excitation and a cw near-ultraviolet and visible lasers (A =375, 473 nm) for fluorescence excitation.
Trapping behavior was followed using a fluorescence microscope.

3. Results & discussion

The plasmon excitation resulted in formation of two micro-rings (inner and outer rings) on a
plasmonic substrate as shown in Fig. 2(a). These rings were permanently fixed on the substrate.
Fluorescence spectra of the inner ring were safely assigned to YOYO-1, indicating that the inner ring
consisted of A-DNA (Fig. 2(b)). On the other hand, fluorescence spectra of the outer ring were surely
assigned to DAPI, showing that the outer ring consisted of T4-DNA (Fig. 2(c)).

The position of micro-ring formation depends on the intensity of thermophoresis (repulsive force) and
radiation force (attractive force). Thermophoresis repelling from the focal spot exerted DNAs, while
radiation force exerted DNAs for trapping. Thermophoresis exerted DNA significantly increase with
increasing the number of base pairs. As a result, DNAs with different number of base pairs formed the
double micro-rings.
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Fig. 2: (a) Optical micrographs of two micro-rings (@): inner ring, 3: outer ring) fixed on a plasmonic substrate
by near-infrared laser irradiation. (b), (c) Fluorescence spectra at each positions of a plasmonic substrate. (b):
YOYO-1 in A-DNA (c): DAPI in T4-DNA

4. Conclusion
We successfully separated and fixed DNAs with different number of base pairs on a plasmonic
substrate using plasmonic optical tweezers.
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Abstract. One of the grand challenges in nanotechnology is controlling the organization of
nanoparticles into scalable superlattices with tunable crystal structures. Here, we present a
bottom-up approach to direct the self-assembly of shape-controlled plasmonic nanoparticles into
multiple large-area 2-dimensional (2D) and 3-dimensional (3D) metacrystals. Using Ag octahedra
and nanocubes, we demonstrate the ability to assemble each particle morphology into 3 distinct 2D
metacrystals with areas larger than 50 cm®. We further show the importance of crystal design in
surface-enhanced Raman scattering.

Shape-controlled nanoparticles can be assembled into structurally diverse superlattices. However, it remains
challenging to control the organization of one nanoparticle morphology into multiple superlattices over large
areas. In this presentation, we demonstrate the concept of ‘one nanoparticle, multiple plasmonic metacrystals’
using Ag octahedra and nanocubes. We tailor the nanoscale surface chemistry of the Ag octahedra [1] and
nanocubes [2] using a family of thiol-terminated molecules, enabling us to control their surface wettability.
Subsequent assembly of these nanoparticles at the oil/water interface gives rise to multiple plasmonic
metacrystals (Figure 1). Increasing the surface hydrophobicity of the nanoparticle surfaces leads to increasingly
open metacrystals with packing densities as low as 33 %. At this packing density, the nanoparticles are standing
on their vertices in their respective plasmonic metacrystals. Notably, we can achieve large areas of these

plasmonic metacrystals despite their structural instability.

Our ability to achieve such large-area plasmonic metacrystals also enable a structure-to-function
characterization for these metacrystals. We find that the lowest packing density metacrystals generates the
highest surface-enhanced Raman scattering (SERS) enhancement factors for both the metacrystals of nanocubes
and octahedra. Numerical simulations indicate that this strong enhancement arises from the large-area field
delocalization within the metacrystals (Figure 1). Our findings here indicate the importance of crystal design in
creating efficient SERS substrates. Furthermore, our findings imply that packing the highest number of
nanoparticles within a given area will not always generate the strongest SERS enhancement. With these findings
in mind, we proceed to build 3D plasmonic metacrystals possessing dual structures within a single supercrystal
and demonstrate its superiority over a uniform supercrystal in SERS.



Figure 1. One nanoparticle morphology, multiple plasmonic metacrystals. Ag octahedra assemble into (a)
hexagonal close-packed, (b) open hexagonal, and (c) square metacrystals, together with their corresponding local
electromagnetic field enhancements at 532 nm. Ag nanocubes assemble into (d) square planar, (b) wire-like, and
(f) hexagonal metacrystals, together with their corresponding local electromagnetic field enhancements at 532
nm. In (c) and (f), nanoparticles are standing on their tips within the metacrystals.
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Abstract-Ammonia has received considerable attention as a potential energy carrier and as a fuel in
addition to its use as a fertilizer because it is a non-carbon-based chemical that is easily condensed into a
liquid. In this study, we introduce the nitrogen fixation to obtain ammonia using plasmonic
photoanode composed of n-semiconductor and gold nanostructures. The plasmonic photoanode can

synthesize ammonia from nitrogen, water, and visible light.

Plasmon-induced charge transfer has been studied as one mechanism for plasmonic energy conversion. When
plasmonic metallic nanostructures make intimate contact with n-type semiconducting materials, the localized surface
resonance(LSPR)-excited intraband and interband transitions of electrons can be directly injected from the plasmonic
metallic nanoparticles (NPs) into the conduction band of the semiconductor, via overcoming the Schottky barrier
between the metallic NP and semiconductor. One of the attractive features of this approach is the circumvention of the
semiconductor bandgap-limited absorption energy band edge by harvesting the energy of photoelectrons ejected from
plasmonic metallic NPs. This discovery has led to the widespread development of photocurrent g,generationl'3 and
photoelectrochemical water splitting systems“‘5 using visible light energy.

Ammonia has received considerable attention as a potential energy carrier and as a fuel in addition to its use as a
fertilizer because it is a non-carbon-based chemical that is easily condensed into a liquid. Previously, we achieved
plasmon-induced ammonia synthesis via photoelectrochemical reduction of nitrogen using a strontium titanate
photoelectrode loaded with gold nanoparticles (Au-NPs) and co-catalyst via plasmon-induced charge separation.é’7
However, the electric properties and the reaction mechanism are still unclear because the previous study only
analyzed the chemical products. Furthermore, the reaction efficiency was still poor because of the limitation of ion
and electron transport path. In this study, we report on a quantitative evaluation of ammonia photoelectrochemical
synthesis on a two-electrodes system with the Au-NPs loaded strontium titanate as a plasmon photoanode and a
zirconium as a cathode.

The photoelectrochemical nitrogen reduction device using Au-NPs/niobium-doped strontium titanate (Nb-SrTiO5)
plasmon photoanode was fabricated as follows. Au-NPs were fabricated on a 0.05wt% Nb-SrTiO; single crystalline
substrate (110) using a sputtering and annealing method. The nitrogen reduction device comprised reaction cells with
two reaction chambers separated by ion exchange membrane. The Au-NPs/Nb-SrTiO; photoanode was installed in the
one chamber, and a zirconium coil as a co-catalytic cathode was put in another chamber. The both chambers were
filled with an H,SO,4 aqueous solution without a sacrificial donor. The Au-NPs/Nb-SrTiO3 photoanode was irradiated
by a xenon lamp using the visible light, and the cathodic chamber was bubbled with nitrogen gas during the reaction.
The photoelectric properties and chemical products of the reaction were monitored simultaneously.

As the results, we have successfully evaluated ammonia photoelectrochemical synthesis quantitatively, such as

bias effect, stoichiometry, and intermediate. Also, a novel reaction mechanism of plasmon-induced ammonia



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

SERS trajectory

Excitation SERS

Figurel: Surface-enhanced Raman scattering of individual molecules driven by a plasmonic gap of
nanoparticle and a thin film.
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Abstract

Composite materials with ordered honeycomb-patterned
morphology containing Ag” nanoparticles on the surface of
carboxylated nitrocellulose matrix were fabricated by a
simple solvent-evaporation method at the air/water
interface. By annealing initial honeycomb composite
structures, thin ordered films of silver nanoparticles were
formed. The simulation of optical properties of the obtained
structures was carried out and compared to measured
spectra.

1. Introduction

Microstructured honeycomb polymer films are of great
interest for such fields as microelectronics, biotechnology,
and optics, in development of new catalytic systems, sensor
devices, and membranes for various functional purposes [1—
3]. Honeycomb-structured films with uniform cell size,
based on macromolecular compounds, can be prepared by
such methods as lithography and microcontact printing [4].
They are based on transfer of a definite pattern from one
support to another using a phototemplate or a master [4].
The main advantage of this approach is good reproducibility
of the results. However, the process is time-consuming,
requires sophisticated expensive equipment and a template,
and in the case of lithography is also power-consuming,
which restricts its application. It is more promising to
prepare honeycomb-structured films by self-assembly of
water microdroplets under the action of humid air on a
liquid polymer film formed on the water surface [1-3].

Nanoheterogeneous composite materials with metal
nanoparticles entrapped in the dielectric polymer matrix
deserve attention in electronics and photonics due to their
unusual photo- and electric properties caused by the mutual
influence of the matrix and nanoparticles. The methods for
forming metal coatings on polymeric materials are quite
varied: thermal vacuum [5], electrolytic [6], and chemical
deposition of metals [7]. One of the promising methods is
the chemical metallization, which allows to obtain a
uniformly thick coating on the surface of products of not

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

2. Fabrication procedure

Honeycomb-patterned polymer films were prepared by
water-assisted method [8] from carboxylated nitrocellulose
(CNC). On the first stage, CNC solution (2 wt.%) in binary
solvent (i amylacetate:n-buthanol at a volume ratio 3:1) was
cast on a surface of cooled water (1-3°C), spread and formed
thin polymer film on the water surface. On the second stage,
formed liquid polymer film was blown by humid air
(relative humidity was 75 %). Water microspheres are
formed by the condensation of water microdroplets from
humid air at the air:polymer solution interface. The
honeycomb-like porous structure of polymer appears after
complete evaporation of organic solvent. Such hexagonal
packing results from the tending of the system to free
surface energy minimization.

Deposition of silver nanoparticles on the surface of
honeycomb films was carried by electroless plating.
Polymer film was immersed into silver nitrate solution (10
mg/ml, 5 min) followed by the reduction of the adsorbed
Ag’ by sodium tetraborate (0.5 mg/ml, 5 min):

Ag +BH, — Ag"+ BH;,

Morphology of formed films was studied by atomic force
microscopy (AFM) using scanning probe microscope
(Multimode III, VEECO Metrology Group, USA) in tapping
mode. Scanning conditions: TappingMode Etched Silicon
Probes with stiffness in the 20-80 N/m, a resonance
frequency of 330 kHz and tip radius of 8 nm. Scanning
electron photomicrographs of the samples was obtained on
microscope S4800 (Hitachi, Japan), equipped with a module
for X-ray fluorescence analysis (XRF, Avalon-8000, Japan).

3. Structural characterization

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



liquid polymer film and kept in it by surface tension forces.
The water microspheres pack in hexagonal array on the
surface of polymer solution in self-organization process
induced by thermocapillary convection in the evaporating
polymer solution. Figure 1 shows an AFM image of the
obtained honeycomb film having open spaced hexagonal
structure. The structure consists of circular pores of nominal
pore diameter about 0.8 um, separated by a distance about
0.5 um (Fig. 1).
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Figure 1: 3D (a) and two-dimensional (b) AFM images of an
ordered honeycomb film along with a section profile of
surface (c).

The surface of formed ordered honeycomb film was
modified with silver nanoparticles by chemical reduction of
Ag’, adsorbed on the polymer matrix (Fig. 2). It was
determined that a key factor which affects the selectivity of
the Ag” deposition on the surface of honeycomb film is the
duration of its treatment with AgNO; solution. Thus, the
optimal conditions of modification of ordered honeycomb
films by silver nanoparticles are the treatment the initial
polymer films with silver nitrate solution for 5 minutes with
subsequent treatment with reducer (sodium tetraborate) for 5
min. Such composite films represent the honeycomb
polymer matrix the surface of which is covered with a
uniform layer of silver nanoparticles.

According to atomic force microscopy (AFM) data the
obtained composite samples represent polymer film coated
with silver nanoparticles having the pore size of 700-800
nm, the depth of the cells of 650-700 nm and the distance
between them 450-490 nm (Fig 2a). Silver nanoparticles
with a diameter of ~ 20 nm are also visualized on the surface
of the polymer honeycomb films on scanning electron
micrographs of the modified samples (Fig. 2b).The presence
of silver nanoparticles is also confirmed by X-ray
fluorescence analysis. As compared with the XRF spectrum
of the initial polymer honeycomb film, in the spectrum of

modified sample appears characteristic lines of silver (Fig.
3).
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Figure 2: AFM (a) and SEM images of composite
honeycomb CNC film with Ag nanoparticles
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Figure 3: XRF spectra of initial and modified by silver
nanoparticles honeycomb CNC films

Thermal decomposition of the polymer matrix results in
forming of single-layer film of silver nanoparticles. Thus,
after the annealing of honeycomb CNC film modified with



Ag nanoparticles at 200 °C for 1 hour a layer of silver
(thickness is about 15 nm) we produced a nanoparticle
distribution that had periodic pattern replicating the
projection of initial ordered structure of polymer film on a
substrate (Fig. 4).
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Figure 4: AFM-image of CNC film modified with Ag
nanoparticles after annealing at 200 °C for 1 hour

4. Simulation

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

Figure 5: 3D model of polymer carcass coated with silver for
simulation of optical properties

The structure is a polymer carcass with spherical crossing
pores inside. The carcass is coated with the silver layer with
the thickness of 20 nm. The model design describes the
structure presented in Fig. 2.

In reflection and absorption spectra (Fig. 6) small region of
total absorption within the wavelength of 500-550 nm is
presented. For wavelengths smaller than 500 nm resonance
peaks are observed, which are conditioned by the ideal
periodicity of the simulated structure, and will not be
observed in experimentally obtained samples having random
deviations in pore gratings.
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Figure 6: Reflectance and transmittance spectra for the structure
shown in Fig. 5

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

i ".’03033.’.o°

o_ o®o0 0 ,, ®0
Soed  Tivete |
...'.. .....
0, ® o car® 20
000 ool
YRREY 0o 2® o.'t
‘.:. ce %00 ,0°°
.‘.Q.. o9 ‘...

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

The diameter of silver particles varied within the region of
40-60 nm. Reflection and transmissions spectra of the
structure on the basis of silver nanoparticles were calculated
(Fig.7). Using these spectra the efficient refraction
coefficient was calculated (Fig.8.).
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Figure 8: Simulated reflectance and transmittance spectra for the
structure shown in Fig.7
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Figure 9: Simulated effective refractive index of the structure after
annealing.

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

5. Conclusions

Using the solvent-evaporation method composite materials
with ordered honeycomb films based on carboxylated
nitrocellulose and silver nanoparticles were fabricated. For
simulation of optical properties of the obtained structure 3D
model of polymer carcass with silver was used.

Simulated reflectance and transmittance spectra for the
model structure were compared with the measured spectra.
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Abstract- We demonstrate a double-layer bi-anisotropic metamaterial showing strong asymmetric
polarization rotation, which can realize a controlled-NOT gate logical transformation between two
orthogonal linear polarizations around 0.53 THz. Such a 3D chiral metamaterial opens up new
opportunities for the construction of high efficiency optical logic processors towards ultrafast data
transmission and information processing.

Logical operation based on polarization encoding of light is important for future data transmission and
information processing [1]. However, in the terahertz (THz) region, chiral materials with large optical activity
are not available in nature, and achieving effective manipulation of polarization states remains challenging [2].
In this work, we propose and demonstrate a 3D asymmetric THz polarizer composed of a double-layer
metamaterials by the combination of a planar spiral structure and a cut-wire structure, separated by a highly
stable and low-loss polyimide dielectric layer. The excellent transformation properties between polarizations
transmitted through this structure demonstrate a superior CNOT gate functionality [3], which offers a new
approach for future all-optical ultrafast computing technology.

Theoretical design and device fabrication. The transmission properties of coherent light through the
proposed asymmetric metapolarizer can be studied in terms of a complex Jones matrix [4]. To realize
asymmetric polarization rotation and its application as a polarization-encoded CNOT logic gate, a possible way
is to have |T,,| > |T,| when |T,,| = |T\/|. Based on simulations with the commercial software CST MICROWAVE
STUDIO, the designed parameters can be chosen and optimized. The fabrication procedure is performed on on
500 pm-thick quartz substrate with standard photolithography and lift-off technique. which is quite simple and

importantly compatible with processing techniques used in traditional semiconductor industries.

Asymmetric transmission measurement. The transmission coefficient measurements were conducted with
Advantest TAS7500SP THz TDS system utilizing two femtosecond lasers. The transmitted THz signal was
collected by a photoconductive antenna-based THz detector, in which the pulse component was synchronized
with another femtosecond laser pulse. When THz radiation propagates along the +z direction, the simulated
cross-polarization transmission coefficient |Txy| in the spectral range from 0.4 to 0.7 THz is compressed below
0.22 and reaches its minimum value of 0.06 at 0.53 THz. At the same time, the cross-polarization transmission
coefficient |Tyx| yields a transmission peak at the frequency of 0.53 THz with maximum value of 0.62,

indicating effectively asymmetric transmission of linearly polarized waves.

Properties of the CNOT gate. On the basis of the characteristics of transmission spectra, the potential

application of the metamaterials as a basic optical CNOT gate can be explored. For each of the four possible

1



logical basis input states |C>|T>=|CT>=|00>, [01>, |[10>, and |11>, the output states would be [00>, |01>, 11>,
and|10> correspondingly, which indicates that the behaviors of our scheme satisfies the criteria for two-qubit
optical logic gate and works as a CNOT gate very well.
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Abstract-Understanding and controlling the light-matter interaction is of fundamental importance
for science and technology. Scenarios involving nanoemitters and nanoantennas are nowadays
routinely measured in the lab. However, interpretation of the observations is not always
straightforward. We will show here how conformal transformation can be used to provide an
analytical description of the commonly used bowtie nanoantenna and its trimer counterpart.

Most recent effort in nanophotonics and nanoplasmonics has been directed toward fabrication advancements.
Very complex structures have been realized experimentally and their properties are routinely measured [1]. In
combination with simulations the community has gained significant insight on the physics at the nanoscale
[2].[3]. However, further insight could be gained if analytical descriptions of practical scenarios are laid down.
In addition, an analytical frame would speed up the design procedure.

Transformation optics attracted the attention of the research community when it was used as a design tool for
invisibility cloaking [4]. More recently, this technique has shown great promise to understand plasmonic
nanoantennas [5], bridging the void of analytical tools at the nanoscale. Motivated by this, we looked at
conformal transformation to provide an analytical description of two-dimensional bowtie nanoantennas [6]. Here,
we extend this work on bowtie nanoantennas and investigate the underlying physics in trimers. We restrict
ourselves to two-dimensional nanoantennas operating in quasi-statics to keep the analytical character of the
results.

The bowtie nanoantenna and its trimer counterpart are complex geometries to handle analytically. However,
by applying the conformal transformation z = In(z’), where z and 7’ are the spatial coordinates in the transformed
and original frame respectively, the nanoantennas are mapped into an infinite array of metal slabs. If the
nanoantennas are excited by a single nanoemitter modelled as a line dipole, such line dipole is transformed into
an array of line dipoles; for the bowtie, the unit cell with periodicity 2z in the transformed space will be
comprised of two metal slabs, whereas for the trimer, it will include three metal slabs. By virtue of the conformal
transformation and the quasi-static treatment, the power dissipated in the original and transformed frames are
identical. The latter can be computed by simply evaluating the electric field at the dipole position:
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where P, is the nonradiative power emission by the dipole, o is the angular frequency, p, and p, are the

components of the emitter dipole moment along x and y directions, and E,, and E;, are the components of the

electric field along x and y in the region of the z plane where the line dipole is located.

Figure 1 shows the nonradiative Purcell
enhancement (P,, normalized to the 2D
dipole radiation P, = 1/160°polpl; o is the
free-space  permeability and Ipl the
magnitude of the dipole moment) for an
aluminum bowtie and its trimer counterpart
as a function of the nanoemitter orientation.
The extra arm of the trimer yields a
significant increase of the nonradiative
and makes the

nanoantenna more robust to the dipole

Purcell enhancement

orientation [7].
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different emitter orientation excitation.
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Abstract-We will discuss nonreciprocal optical effects that we have observed in (chiral)
nanostructured materials composed of Au, Ag and Fe;O4 nanoparticles.

Hybrid nanomaterials that combine different functionalities are currently of great interest. We recently
developed a self-assembly method to prepare multi-layered nanostructures composed of Ag, Au and Fe;04
nanoparticles that are linked together by organic molecules. Such structures combine plasmonic and
(superpara)magnetic properties and they can show unusual optical properties that cannot be observed in classical
materials (1).

We are particularly interested in nonreciprocal optical effects such as Faraday rotation. In this case an
external magnetic field is used to induce optical rotation. The effect is non-reciprocal since the optical rotation
adds up when the light travels back and forth through the sample. Faraday rotation is heavily used in optical
isolators. We will show that our hybrid materials exhibit extremely strong Faraday rotation due to the presence
of the superparamagnetic iron oxide and strong plasmonic enhancement due to gold and silver. Possible
applications are extremely small optical isolators or magnetic field sensors.

Faraday rotation is not the only nonreciprocal optical effect that can be observed. Another one is
asymmetric light transmission i.e., the dependence of optical transmittance on the direction of light propagation
in the material. The effect is induced by the presence of strong quadrupolar interactions in these plasmonic
materials and no magnetic field is required. We observed asymmetric transmission effects as large as 10%. The
effect can be used in optical isolators or photonic circuits.

When the hybrid structures are impregnated with chiral molecules, additional nonreciprocal optical effects
can be observed: in addition to natural optical rotation (which is reciprocal) we also observed a nonreciprocal
optical rotation component that is of the same order of magnitude as the natural optical rotation. Like for
asymmetric transmission, the origin of the nonreciprocal natural optical rotation is the existence of strong

quadrupolar interactions in the material.
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Abstract- We will present the applications of inverse scattering principles with digital holography.
Scattering of light in complex media or biological samples can be reversed and controlled by
actively controlling the wavefront of incident beams. Utilizing multiple light scattering on purpose,
we demonstrate 3-D holographic microscopy, the sub-wavelength focusing and imaging, the
reference-free optical phase conjugation, the reference-free holographic camera, and ultra-high
definition dynamic 3D holographic display

In this talk, we will present the applications of inverse scattering principles with digital holography. First, I will
present the recently developed 3-D holotomography setup using a dynamic mirror device, which is an optical
analogous to X-ray computed tomography. In particular, I will discuss the visualization of 3D refractive index
distributions of biological cells and tissues measured with the 3-D holotomography using the transfer function
method. For a weakly scattering sample, such as biological cells and tissues, a three-dimensional refractive index
tomogram of the sample can be reconstructed with the inverse scattering principle from multiple measurements
of two-dimensional holograms. The outcome demonstrates outstanding visualization of 3D refractive index maps
of live. In addition, we also discuss the applications of inverse scattering principle for highy scattering layers.
With wavefront shaping techniques using digital holography, we demonstrate ultra-high-definition dynamic
holographic display exploiting large space-bandwidth in volume speckle. Exploiting light scattering in diffusers,
we also demonstrate the holographic image sensor which does not require for the use of a reference beam.
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Abstract- The resonant properties arose from the electric and magnetic interactions between the
vertical split-ring resonators (VSRRs) and light are theoretically and experimentally studied.
Particularly, the magnetic resonance plays a key role in plasmon coupling in VSRRs. We perform
several VSRR-based metadevices for practical applications in optical communication frequency

such as Fano-resonance, highly sensitive nanoplasmonic sensor, isotropic absorber efc.

Split-ring resonator (SRR), a kind of building block for metamaterial unit cell, has attracted wide attentions
due to both the electric and magnetic dipolar responses can be excited under proper conditions. Here, different
from prior works, fundamental resonant properties and potential applications in novel three dimensional vertical
split-ring resonators (VSRRs) are theoretically and experimentally studied. Beside a single VSRR [1], tuning the
structural configuration of VSRR unit cells is able to generate various coupling phenomena in VSRRs, such as
plasmon hybridization and Fano resonance [2, 3]. Subsequently, the VSRR-based refractive index sensor will be
demonstrated. Due to the unique structural configuration, the enhanced plasmon fields localized in VSRR gaps
can be lifted away from the dielectric substrate, allowing for the increase of sensing volume and enhancing the
sensitivity [4]. We further perform a VSRR based metasurface for light manipulation at optical communication
frequency, in which the 2m phase modulation is from the changing of prong length along z-direction [5]. Finally,
isotropic VSRRs are introduced by optimizing the structural arrangement within a unit cell for realizing isotropic
VSRR-based perfect absorbers [6, 7].
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Abstract-Stratified anisotropic metamaterials with N cells within a period were N is an arbitrary
number are studied in this paper. Bandgap structure of such materials is under our consideration.
The accurate analytical method of investigating is obtained for the first time. The new
sign-functions are introduced. It is found that change of the arrangement of cells doesn’t affect
bandgap structure of metamaterials. It also is shown that boundaries between passband and
stopband are resonance characteristics of plane parallel resonator filled by stratified metamaterial.
Moreover change of a layer arrangement doesn’t affect the resonance characteristic of a device.
Analogous properties are observed in Bragg filters and periodic waveguide structures.
Periodic anisotropic metamaterial are very important to produce various microwave, optical devices, and
nanostructures [ 1,2] therefore investigation of these is relevant now.
To study various anisotropic periodic structures the translation matrix method is most widely used. However
the matrix has been obtained and analyzed in detail for double-layered period as rule. The translation matrix for a
N-layered isotropic structure has been presented in [3] and for a longitudinal magnetized ferrite it has been given
in [4]. Bianisotropic stratified media have been described by using such a matrix in [5].The translation matrix for
a stratified anisotropic metamaterial structure has been offered in [6]. However in that work the matrix has been
written for a single layer. Moreover the authors have considered uniaxial anisotropy only. But metamaterials
obviously are bi-axial anisotropic. It is very important advantage that the method presented here is accurate
analytical and the translation matrix is obtained in elementary functions.
In this paper we study wave behavior within stratified anisotropic metamaterial. Each sell of a structure is
described by the dyadics

. Exx Exy 0 . Hxx Hxy 0
E=|"Eyx Exx 0] a= —Hyx Haxx 0 (D
0 0 & 0 0 pz

with negative components €y, Hxx, €zz and Kzz. In general case the dyadic components can be complex values.

Note that here we take into account the effective parameters of a medium only.

In our work the translation matrix in the accurate analytical form is presented for the first time. The offered
method can be used for various metamaterial structures as the translation matrix of a single sell is the same for
them. The translation matrix is written here as the sum of the 2™ matrix group. Each group contains the 2™ matrix.
Therefore we can say about 2°~"' independent waves within a structure that is devided in 2" group. On other
words we can say about a g-th independent wave of a p-th group. Let us call these waves as equivalent waves.
The contribution of each wave is presented by the coefficient that we call as the contribution rate. Here we also
use two sign-functions
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The function (2) has been described in [3] in detail by us. The function (3) has been introduced in [5], but it
will be described here for the first time. The equivalent waves are the result of interaction of sell eigenwaves as
the electromagnetic thicknesses of these are the algebraic sum of the thicknesses of the eigenwaves. Herein two
eigenwaves of a same sell don’t interact with each other. The function (3) establishes the arrangement of
eigenwave interaction. Within each group, the wave electromagnetic thickness and the contribution ratios are
different. These values are depended on a sign, which is taken for the sell electromagnetic thickness. It is
obtained that within each group the signs vary in binary law. These changes take into account by the sign
function (2).

Here it is found that change of sell arrangement does not affect bandgap structure if a period length is
invariable. The analytical proof of this phenomenon for an isotropic medium has been presented in [6]. Now we
also have obtained the accurate analytical foundation of this property for an anisotropic metamaterial.

The property described for an infinite anisotropic metamaterials can find the practical applications. Indeed
Bragg filter based on an anisotropic metamaterial is a periodic structure and wave behavior in such a structure
can be described by the differential equations. Therefore bandgap structure can be found from analysis of
eigennumbers of the translation matrix. It is important that geometry of a studied filter can be more complicate
than it has been studied early. Here a period is N-layered. Analogously a waveguide with variable section and a
waveguide filled by periodic anisotropic metamaterial are described by constitutive relations (1) can be described
by the obtained translation matrix.

It is found that the boundaries between passband and stopband are the resonance characteristics of a plane
parallel resonator filled by inhomogeneous anisotropic metamaterial. Accurate mathematical proof of this
property will be given here.
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Abstract: We present a wide-field, high-throughput optical technique for locating solid-state
quanutm emitters with <10 nm accuracy, and apply it in the creation of micropillar sources with
near-optimal single-photon emission.

Solid-state quantum emitters, especially epitaxial quantum dots (QDs) with large optical oscillator strength, are a
promising candidate for future on-chip quantum devices. However, the deterministic creation and eventual scalability
of single QD devices greatly suffers from the random nature of the QD positions produced in their self-assembled
growth. To address this, a variety of approaches for locating such QDs prior to device fabrication have been reported,
and mostly rely on scanning techniques (such as confocal microscopy [1] or cathodoluminescence [2]), resulting
in relatively low throughput and long acquisition time. Among different positioning methods, photoluminescence
imaging is particularly appealing as it can combine high accuracy, short integration time, and wide-field capability
in a simple setup [3, 4]. Here, we present a new high-performance system for nanoscale location of QDs based on
photoluminescence imaging. This system exhibits improved positioning uncertainty and shorter acquisition time (3 x
lower and 100x shorter, respectively) than the first generation setup reported in Ref. [4]. We demonstrate its use in
the creation of state-of-the-art single-photon sources, based on micropillar cavities, that emit bright, pure, and Purcell-
enhanced indistinguishable photons [5, 6].

In our approach, schematically depicted in Fig. 1(a), a 630 nm LED is used to excite all of the QDs within the
system’s field of view (typically ~ 60 pm x 60 pm), while a long wavelength LED simultaneously illuminates the
sample. Emitted light from the QDs and reflected light off the sample are directed through one or more filters to
reject light from the short wavelength LED before going into a sensitive electron-multiplied charge-coupled device
(EMCCD) camera, or are coupled into a single mode fiber and sent to a grating spectrometer for spectral analysis.
Placing the objective in close proximity to the sample allows for the use of a high NA (0.9), which both increases the
solid angle over which emitted photons are collected, and also increases the LED intensity at the sample, ensuring that
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Fig. 1. (a) Schematic of the photoluminescence imaging system. The sample is on a z-y-z positioning stack within a 4 K closed-cycle cryostat.
Hanging above the sample, within the cryostat, is a 100 x magnification, 0.9 NA microscope objective. Two different color LEDs are combined on
a 50:50 beamsplitter and sent into the objective to excite the quantum dots (QDs) and illuminate the sample, respectively. (b) Typical image of the
QD photoluminescence and alignment marks taken by the setup. (c)-(d) One-dimensional line cut (along the x-axis) of the (c) QD emission and (d)
light reflected off an alignment mark. (e),(f) Histograms of the uncertainties in the QD and alignment mark locations across multiple samples.



saturation of all QDs within the field of view can be achieved. Furthermore, the absence of optical windows between
the objective and the sample leads to higher quality imaging. One example of an optical image used for positioning is
shown in Fig. 1(b), where the image is taken within 1s and without EM gain. Figures 1(c)-(d) show horizontal line cuts
through the QD and alignment mark from the image. Through maximum likelihood estimation and a cross-correlation
method, uncertainties of 3.9 nm and 7.5 nm in the center positions of the QD and alignment mark have been obtained,
respectively. We also show the statistics of our positioning technique in Fig 1(e),(f), where the mean uncertainties for
QD and alignment mark are 2.06 nm and 7.55 nm respectively.
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Fig. 2. (a) Photoluminescence image for quantum dot (QD) position extraction. The four alignment mark centers and center of the field are denoted
by the red crosses and star, respectively. (b) Photoluminescence image of a micropillar highlighted by the red circle with a single QD in the center.
(c) Spectra of the selected QD before (above) and after (below) fabrication of the micropillar. (d) Measured count rate on the spectrometer versus the
pulse area of the resonant driving laser field. (d) 2% order autocorrelation histogram for pulsed resonant excitation with a 7-pulse. (¢) Histogram
of HOM interference with the 12.2 delay time. Photons with parallel polarization are prepared here.

We apply our approach to the creation of micropillar cavities that contain a single QD in their centers, for use in trig-
gered single-photon generation. Figure 2(a)-(b) shows the optical images of our device before and after the micro-pillar
etching process. Before fabrication, individual QDs can be clearly identified while only the selected QD is located in
the center of the pillar after the dry etching process (this QD was chosen based on its spectral location corresponding
to the expected resonance location of the micropillar cavity). A direct comparison of micro-photonluminescence spec-
tra of the positioned dot before and after fabrication suggests that the targeted exciton emission is greatly enhanced
by the micropillar cavity structure, as shown in Fig 2(c). Lifetime measurements (not shown) further support this
point, with a radiative lifetime of ~ 100 ps corresponding to a Purcell factor of ~ 7.8. Resonantly exciting the QD
with a picosecond pulse, we observe characteristic Rabi-oscillation behavior as a function of the square root of the
pump power, which is the key signature for the pulsed coherent driving of the two level system, shown in Fig. 2(d).
Figures 2(e)-(f) present the second-order correlation and Hong-Ou-Mandel (HOM) interference measurements of the
emitted single-photon pulses from the fully population-inverted QD excited by 7-pulses at a repetition rate of 83 MHz.
g?(0) = 0.015 + 0.009, indistinguishability of (98.5 + 3.2) %, and an extraction efficiency of (49 +4) % within the
same device confirms an accurate placement of the QD in the center of the micropillar.
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Abstract- In this report, we provide the first experimental demonstration that silicon-
based nanoantennas can either enhance or inhibit spontaneous emission from fluorescent
molecules at the nanoscale. Using scanning probe microscopy, we analyse quantitatively
the near-field interaction between a fluorescent nanosphere and silicon nanodisks in three
dimensions.

Mie resonators, or high-index dielectric nanoparticles, have recently been proposed as new building
blocks to produce metamaterials!, metasurfaces? or optical antennas®. However, all prior studies have
focused on the passive resonant scattering properties of dielectric particles without demonstrating
their influence on active materials, a property that is crucial for nanoscale photon management. In this
report, we provide the first experimental demonstration that silicon-based nanoantennas can either
enhance or inhibit spontaneous emission from fluorescent molecules at the nanoscale (Figure 1).

Near-Field
Tip

Fluorescent

Nanosphere ¢ 600 700 800 900
- - Wavelength

g . 2 -25:170 nm
Dielectric . -2 =250 nm

Nanoantenna 50 100 150 200 250 300
Z distance [nm]

Figure 1: (a) Principal of the experiment: a fluorescent nanosphere is attached at the end of a near-
field tip and placed in close proximity to a dielectric photonic antenna. (b, ¢) Two dimensions of
dielectric antennas are considered to be either on resonance or out of resonance at the emission
wavelength of the fluorescent nanosphere (d). (¢) Enhancement or inhibition of the fluorescent
nanosphere spontaneous emission in the vicinity of the dielectric nanoantennas.

Using scanning probe microscopy, we analyse quantitatively the near-field interaction between a
fluorescent nanosphere and silicon nanodisks in three dimensions and at the nanoscale. Furthermore,



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

Direct laser writing (DLW) [1] — already one of the most versatile technologies for fabrication
of 3D nano- and microstructures — has enabled a variety of structures encompassing a large range
of applications, including but not restricted to metamaterials, photonic crystals and micro-optics
[2]. Tt is based on tightly focussing a laser beam into a photo sensitive material where via two pho-
ton absorption a material change takes place and a structure forms. Despite already being widely
applied, there is a demand of yet higher resolution, finer feature details, greater design fidelity,
more robustness and specific material properties of these structures. Therefore, ongoing effort is
put into improving the DLW system, especially the optical modes [3] (physical approach), and into
understanding all processes that lead to structure formation [4] as well as into the development of
new photo sensitive materials - the chemical approach.

Here, we present selected routes followed in our group that encompass both, the physical as well
as the chemical approach.
On the physical side we introduce a spatial-light modulator (SLM) into the DLW setup. The
phase shaping capabilities of the SLM allow sophisticated control of the focal mode. We present
automated aberration correction which is applicable in high numerical aperture DLW systems.
The iterative correction routine takes the intensity measured in the focal volume as feedback and
pre-compensates all major aberrations present in the system using the SLM. We show that the
aberration corrected excitation mode allows for substantially increased resolution of grating struc-
tures compared to the uncorrected mode.
The SLM not only enables aberration correction of the excitation mode but may be used in
stimulated-emission-depletion (STED) inspired lithography. There, a second STED laser mode
is overlayed with the excitation mode [5]. The STED mode locally depletes the excited photo
initiator and thus locally prevents structure formation. By specifically shaping these modes into,
e.g., so-called doughnut or bottle beam modes, finer feature details and higher resolution may be
obtained. Here, we show that both, shaping the depleting modes as well as aberration correction of
these modes, is possible using the SLM, and that both is necessary to obtain the desired resolution
increase in the final structure.
On the chemical side we make use of SLM generated multi foci [6] to take a closer look at the prox-
imity effect. We show that feature sizes and resolution is not only determined by the excitation
mode. Rather, the proximity effect plays an important role and contributes to feature sizes in a
distinct diffusive spatial and temporal manner [4].
Finally, we present our recent efforts in DLW of metal structures. Hereby, photo sensitive metal
salt solutions are developed that undergo a photo induced reduction to neutral metal which then
locally agglomerates to form a metal structure [7]. A number of effects, such as charge of metal
particles, thermal heating of and scattering by the evolving structure, need to be precisely con-
trolled or avoided.



In conclusion, SLM-based DLW enables accurate control and automated improvement of exci-
tation and depletion modes leading to higher resolution and finer feature details of nanostructures.
Furthermore, it allows for determination of spatio-temporal characteristics of the proximity effect
which follows a diffusive characteristic in various photo resists. In addition, DLW systems may
be used for additive manufacturing of metal structures. There, the reaction leading to the metal
structure needs to be photo-initiated and thermal heating needs to be controlled.
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Abstract - We demonstrate extremely efficient second harmonic generation (SHG) from
monolithic aluminum gallium arsenide (AlGaAs) nanoantennas suspended on a transparent
aluminum oxide substrate. When exciting with a pump laser centered at 1554 nm, we obtained
SHG with a conversion efficiency of about 10~ for a 1.6 GW/cm” pump intensity.

Metal-less nanophotonics has recently raised an increasing interest because the optical response of high-
permittivity dielectric nanoparticles exhibits negligible dissipative losses and strong magnetic multipole
resonances [1-3] in the visible and near-IR. Here we propose all-dielectric AlysGaggAs-on-AlOx
nanodisks, on which we measure second harmonic generation (SHG) with conversion efficiency up to 107
for a 1.6 GW/cm® pump in the optical telecom wavelength range [4].

Our samples were fabricated from a [100] GaAs wafer, with a 400nm layer of Alj35Gags,As on top of an
aluminum-rich substrate (see Fig. 1a). The result is an array of nanopillars on an aluminum-oxide (AlOx)
substrate. The linear and nonlinear optical response of such nanoantennas are modeled by using frequency-
domain finite element simulations in COMSOL [5]. We numerically predict a SH conversion efficiency

higher than 10 for a pump wavelength
between 1500 nm and 1700 nm. To
experimentally investigate the nonlinear
properties of the fabricated nanopillars, we
excited them with an ultrafast Erbium-
doped fiber laser centered at 1554 nm (150
fs pulses, 80 MHz repetition rate).

The SHG signal was collected from an array
of nanocylinders with radius varying from
175 to 225 nm, using single-photon
avalanche photodiodes. The dependence of
the detected SHG on the radius of the
nanocylinders is in excellent agreement with
the numerical simulations (see Fig. 1b). The
polarization of the emitted SHG, reported in
Fig. 1c as a function of the nanodisks radius,
is also in very good agreement with the
numerical simulations (see Fig. 1d),

demonstrating the strong dependence of the

SHG polarization from the nanocavity

modes involved for specific nanostructures

dimensions [6-7].
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Figure 1. a) Scheme of the fabricated sample of AlGaAs
nanodisks on top of a transparent (AlOx) layer. b) SHG
conversion efficiency (left) and overall SHG intensity emitted by
the nanodisks as a function of the normalized radius (r/\).
Polarized experimental (c) and simulated (d) SHG conversion

SHG intensity (x 10" ctsls)

SHG intensity (x 10" cts/s)



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

Hybrid quantum systems are attracting increasing attention thanks to their capability of merging the
strengths of different complementary fields. In the present case, semiconductor quantum dots (QDs)
are interfaced with alkali atoms. QDs are well known to be bright sources of on-demand single and
indistinguishable photons. A crucial limitation is set by the relatively short coherence time that can be
overcome by using alkali atoms, which display a very long coherence time and can take advantage
from the properties of QD-based non-classical light sources [1].

In this direction, we have recently proven an efficient QD-to-atom interface, by filtering two
consecutive single photons generated by a resonantly excited QD using of a Cs-based Faraday
anomalous dispersion optical filter (FADOF) [2]. The intrinsic tunability of the Mollow triplet allowed
tuning the two sidebands in resonance with the Cs-D; transition: a simultaneous filtering of both
spectral features with more than 10% transmission was achieved, while suppressing all other
components below the noise level.

The present study [3] represents a step further in the hybrid QD-atom interface, where the Cs vapor
is used as variable optical delay. A tunable, resonantly excited QD is used as source of on-demand
single photons, in resonance with the Cs-D; transition. We will report on the effect of vapor
temperature on the achievable delay for single photons with many different linewidth. A record delay
of 28 ns was observed for almost 100% of the transmitted photons (Fig.1 a). The ideal single-photon
nature of the emitted photons was proven by autocorrelation measurements (g2(0) =~ 0) after the
interaction of the photons with the atomic vapor.

Photon indistinguishability is another fundamental property for quantum information purposes. In
the present study we performed Hong-Ou-Mandel measurements under several different conditions
(Fig. 1 b), using the alkali vapor as variable delay line. When both successively emitted photons are
delayed, an increase of the photon indistinguishability is observed: we attribute this finding to a
photon wavepacket “filtering” effect. It is worth noting that when only one photon is delayed (At = 3
ns) the HOM visibility is fully maintained. These findings prove that photons coherence properties are
preserved after interacting with the atomic vapor, opening the way to the implementation of vapor-
based quantum memories for single and indistinguishable QD photons.
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Fig.1 (a) Photon delay as a function of vapour temperature: in the inset the record delay with
respect to non-delayed photons is also shown. (b) HOM visibility. The black curve shows the
reference HOM visibility. Delaying one photon with the vapour and making it interfering with a
non-delayed photon results in the HOM in grey. Both visibilities are around 0.65.

References

[1] N. Akopian, L. Wang, A. Rastelli, O. G. Schmidt, and V. Zwiller, “Hybrid semiconductor-atomic
interface: slowing down single photons from a quantum dot”, Nat. Photon. 5, 230-233 (2011).

[2] S.L. Portalupi, M. Widmann, C. Nawrath, M. Jetter, P. Michler, J. Wrachtrup, and I. Gerhardt,
“Simultaneous Faraday filtering of the Mollow triplet sidebands with the Cs-D1 clock transition-
Supplementary”, Nat. Commun. 7, 13632 (2016).

[3] H. Vural, S. L. Portalupi, M. Miiller, J. Weber, J. Maisch, S. Kern, M. Widmann, R. Léw, J.
Wrachtrup, M. Jetter, I. Gerhardt, and P. Michler, in preparation (2017).



Optoelectronic metasurfaces

Jeremy N. Mundayl’z*

! Department of Electrical and Computer Engineering, University of Maryland, College Park, MD, 20742, USA
? Institute for Research in Electronics and Applied Physics, University of Maryland, College Park, MD, 20742,
USA
“corresponding author: jnmunday@umd.edu

Abstract- Metasurfaces consist of flat, ultrathin optical components that can have a functionality
resembling that of optical structures that are over an order of magnitude larger in size. These layers
enable a significant change in the amplitude and/or phase of the electromagnetic wave within a deeply
subwavelength thickness. Separately, photodetectors and other optoelectronic devices are used to detect
photons through creation of charge carriers in a semiconductor. In this talk, I combine these concepts
and discuss the use of lossy, ultrathin film metasurfaces for the generation of hot carriers, and their
subsequent collection, enabling compact polarization and wavelength selective optoelectronic

components.

Perhaps the simplest form of a metasurface is an ultrathin, lossy film, which can enable a nontrivial phase
change upon reflection that differs significantly from zero or pi. With proper design, these structures can enable
nearly complete absorption in an ultrathin film. In cases where the absorption leads to excited free charge
carriers, so-called hot carriers, optoelectronic devices can be designed to take advantage of these carriers. When
a photon is absorbed within the metallic structure, its energy is transferred to an electron, which is promoted to a
higher state within the conduction band (a similar phenomenon can occur for holes depending upon the incident
photon energy and the density of states of the material [1]). These excited carriers can typically travel for a few
tens of nanometers before collisions cause thermallization. Some fraction of carriers will be able to make it to an
interface and, for a metal-semiconductor interface, be injected into the semiconductor, causing current. We have
found similar results for thin metal-insulator-TCO (transparent conducting oxide) structures [2-4].

In this talk, I will discuss our recent work on the theory, fabrication, and testing of optoelectronic devices
based on metasurfaces. By tailoring the absorption properties of these ultrathin films, both broadband and
wavelength selective IR detectors can be fabricated on a Si-based platform. I will also present results of various
imaging detectors based on these concepts.
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Abstract— We illustrate an active loss compensation scheme for a non-ideal negative index
flat lens (NIFL), based on the recently developed plasmon injection or PI scheme. The scheme
is applied to an image spectra where, noise similar to real imaging systems, is artificially added.
An external auxiliary source is used to amplify high spatial frequency features of the object.
The compensation scheme improves SNR and has the potential to be extended to higher spatial
frequencies.

Theoretically, a slab of negative (refractive) index material (NIM) can be used to amplify and
focus evanescent fields which contain information about the sub-wavelength features of an object [1].
This presents an unprecedented opportunity to overcome Rayleigh’s diffraction limit and achieve
super-resolution imaging. However, since NIMs are artificially realized with metamaterials which
are inherently lossy, compensation of these losses becomes a critical limitation especially under the
deep sub-wavelength regime where the Fourier components of the image spectra are suppressed
under the noise. A recently developed compensation scheme dubbed plasmon injection [2], was
conceptualized with surface plasmon driven NIM [3] and provides loss compensation without using
a gain medium or non-linear effects. This scheme was then applied passively as a post-processing
technique to reconstruct an object with sub-wavelength features [4]. However, passive compensation
(PC) is inherently prone to noise amplification under the deep sub-wavelength regime.

Here, we demonstrate that an external auxiliary source can be used to overcome noise amplifi-
cation and recover high spatial frequency features of the object, which are buried under the noise.
We call this “active” compensation (AC) to distinguish it from passive as in [4] We define the
NIFL imaging system by it’s relatlve permittivity and permeability, €, = € +iec and p, = p +ip’
with € = —1land ' = —1 and € = —0.1 and ¢ = —0.1. We construct an auxiliary source whose
Fourier spectra is

(2 kc)Q]. 0

A(ky) = 1+P0-6:L‘p[— E202

The spatial distribution of the auxiliary is A(y) = F~'{A(k,)}, where F is the Fourier transform

operator, is convolved with the object O(y). The new object, denoted by O'(y), is called the total
object and is

-/ " 0(y) - Aly — a)da @)

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

@ - kc)2

In(ky) = Tp(ky) - O(ky) + Tp(ky)O(ky) - Py - exp{— ]%QT

|+ ¥k, )
where N (k) is the noise. The second term of Eq. 3 represents an amplification effect provided by
the auxiliary source. This can be used to recover the spatial frequency components of the image
spectra that are buried under the noise by simply controlling the characteristics of the auxiliary,
such as its central frequency k., the amplification strength Py or its full width at half maximum o.
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Figure 1: (a) Passive [T»]~! and active compensation [T4]~! schemes. PC results in noise amplification in
the reconstructed spectra unlike AC. The reconstructed images are obtained by multiplying the raw images
with the corresponding compensation filter. (b) AC allows image reconstruction in the deep sub-wavelength
regime unlike PC. Note that the passive compensated image has been scaled down by 107.

The image spectra given by Eq. 3 is then compensated by the inverse of the active transfer
function denoted by T4 (k)

Ta(ky) = Tp(ky) + Tp(ky) - Py - ewp[ (k) "

to reconstruct the object. The inverse of T's(k,) is the active compensation shown in 1(a). Tp(k,) is
the passive compensation in the absence of an auxiliary or when Py = 0. The resulting compensated
Fourier spectra and spatial intensity distribution are shown respectively in figure 1(a) and (b), which
shows how AC can reconstruct deep sub-wavelength features while PC fails. Figure 1(a) also shows

how AC reveals a spatial frequency feature at Z—; = 3 from the noise floor which goes undetected
under PC. Moreover, AC significantly reduces noise amplification when compared with its passive
counterpart thereby improving the signal to noise ratio of the imaging system.

The AC scheme makes the NIFL imaging system more versatile and opens up new avenues of
high resolution imaging in the deep sub-wavelength regime where noise affects the image spectra.
We have also identified some potential methods to implement convolution in the spatial domain,
metasurfaces being the primary candidate. A more detailed analysis on how to design such a
metasurface which can be used to convolve the object with the pump will be the focus of our future
research endeavors.
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Abstract-We study gap solitons which appear in the topological gap of 1D bosonic dimer chains
within the mean-field approximation. We find that such solitons have a non-trivial texture of the
sublattice pseudospin. We reveal their chiral nature by demonstrating the anisotropy of their
behavior in presence of a localized energy potential.

A 1-dimensional (1D) periodic lattice with 2 different tunneling coefficients leading to the “dimerization” of
the lattice is one of the simplest configurations exhibiting topological properties [1]. The dispersion of such
system shows a splitting of a single s-type band into two bands, corresponding to the bonding and anti-bonding
states of the individual dimers. These subbands are characterized by a topological invariant (the Zak phase [2]).
The topology of the gap between them is determined by the Zak phase of the band below. Combining the
topology of the lattice with the topology of the excitations of a quantum fluid, such as a Bose-Einstein
condensate, is a particularly interesting problem of modern physics.

The properties of nonlinear solutions existing in the internal gap of the s-band of the 1D dimer chain can be
expected to be strongly affected by its topology. The Su-Schrieffer-Heeger (SSH) soliton is perhaps one of the
most famous examples of topologically nontrivial solutions [3] for a dimer chain. However, it involves
dynamical dimerization, that is, modification of the properties of the lattice itself (displacement of the lattice
sites or modification of tunneling coefficients): this soliton is a domain wall between two distinct lattices, each
with its own dimerization order. Such dimerization domains can be observed not only in electronic systems
(polymers, as in the original SSH work), but also in artificially created in photonic chains [4]. Recently, chiral
solitons of the SSH type were observed in double chains [5].

But there also exist solitonic non-linear solutions, called gap solitons, that do not require the modification of
the lattice and do not close the gap, contrary to the chiral edge states and the SSH soliton. Many of them have
been studied in dimerized and zigzag lattices in acoustics [6], Bose condensates [7], and photonic systems [8,9],
with a particularly interesting recent experimental observation [10]. However, the crucial role played by the
anisotropy of the Bloch part of the soliton wavefunction with respect to the two different atoms forming the
lattice (and defining the sublattice pseudospin) has remained unnoticed.

In this work [11], we demonstrate that a gap soliton in a single dimer chain can exhibit chirality. We study a
gap soliton in the topological gap of a dimer chain, first using the tight-binding variational approach, and then by
direct solution of the Gross-Pitaevskii equation with a periodic potential. This solution is strongly different from
the chiral SSH soliton [5], because it does not involve the modification of the lattice itself. It is also different
from the dark-bright solitons [12], because it does not involve neither the polarization degree of freedom, nor an
extended condensate. The topological gap soliton (TGS) is a typical localized solution, appearing from the states
at the boundary of a topological gap. We demonstrate that such solitons exhibit a nontrivial pattern of sublattice
pseudospin due to pseudospin-anisotropic interactions. We determine their sublattice-polarization degree and
demonstrate the chiral nature of these solitons via their asymmetric behavior with respect to a localized defect



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

We acknowledge the support of the project "Quantum Fluids of Light" (ANR-16-CE30-0021).
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Figure 1. Chiral TGS trajectories plotted as the particle density as a function of position and time, depending

on the initial position: a) oscillations b) free acceleration.
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Surface plasmon polariton mediated light-matter interactions in

monolayer molybdenum diselenide-nanoantenna hybrid structures
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Abstract: We report a simple approach to growing large area monolayer molybdenum diselenide
films on different substrates using chemical vapor deposition technique. We have investigated
surface plasmon mediated light-matter interactions in monolayer molybdenum diselenide-gold
nanoantenna hybrid nanostructures. Our results show significant changes in the lattice constant,
bandgap energy, photoluminescence lifetime and Raman lines as a direct manifestation of the
Purcell effect in MoS;-nanoantenna hybrid structures. Preliminary studies also offer indications of

strong coupling in optimized sample configurations.

Layered materials show remarkable properties when thinned down to monolayer limit because of their two
dimensional nature and strong electron confinement [1]. Two-dimensional (2D) monolayers of transition metal
dichalcogenides, such as molybdenum diselenide (MoS,) are currently being paid increasing attention, due to
their promising future in next generation electronics and photonics. Particularly, atomically thin MoS; films have
drawn significant interest due to the remarkable transition from an indirect bandgap to direct bandgap
semiconducting material [2,3]. In conventional approaches, MoS; layers are synthesized by various techniques
such as micromechanical exfoliation assisted by scotch tape, intercalation assisted exfoliation, solution
exfoliation, physical vapor deposition, hydrothermal synthesis, sulfurization of molybdenum trioxides, etc.
However, the size of MoS, monolayers obtained using most of these methods is limited to only a few tens of
micrometers, which is not suitable for large-scale integrated device applications. Recently, chemical vapor
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Figure: 1 (a) A large area monolayer MoS; film grown using chemical vapor deposition. (b,c)
Characterization of the film using Raman spectroscopy, and (d) changes in Raman spectrum of a
MoS: monolayer due to surface plasmon polariton mediated light-matter interactions.



deposition route has been extensively explored to achieve scalable synthesis of high quality MoS, monolayers
for the development of practical devices. We have developed a simple chemical vapor deposition approach to
growing large area monolayer MoS, films on different substrates [Fig. 1(a-c)] by sulfurization of MoO; in
ambient pressure. Our technique involves relatively lower temperature synthesis [4], and does not require any
kind of seeding or elaborate treatment of the substrate surface.

The focus of this work is to investigate nanoscale surface plasmon mediated light matter interactions in
MoS, monolayer-gold antenna hybrid nanostructures. Elliptical and rod-shaped gold nanoparticles supporting
localized surface plasmon (LSP) resonances act as efficient nano-antenna. Due to the strong plasmonic field
localization offered by these nanoparticles, we have observed significant changes in the lattice constant, bandgap,
photoluminescence lifetime and position as well as the width of Raman lines [Fig. 1(d)]. Our observations are a
direct manifestation of the Purcell effect in these MoS,-nanoantenna hybrid structures [5]. The changes in the
bandgap energy, and thus the absorption spectra are also supported by the bandstructure calculations, which take
into account the lattice distortions caused by the plasmonic fields. Preliminary studies offer indications of strong
coupling in optimized sample configurations [6,7].
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Abstract- We compare the third harmonic generation and incoherent photoluminescence
contributions to the nonlinear optical response obtained in individual gold nanoantennas upon
illumination with near-IR femtosecond pulses. With this procedure we could extract the dispersion
of the nonlinear susceptibility.

Nanoantennas are excellent tools for accessing the nonlinear response of metals owing to the strong enhancement
of light-matter interaction occurring in the near-field. For example, excitation of gold nanostructures with intense
radiation triggers both coherent and incoherent phenomena such as third-harmonic generation (THG) [1] and
multi-photon photoluminescence (MPPL), respectively [2,3]. In this work, we study the interplay between these
frequency conversion mechanisms in order to unveil the effective ¥ nonlinear response of metals.

In our experiment, we exploit tuneable near-infrared pulses from a femtosecond Er:fiber laser system to excite
individual gold nanorods. The resonant antennas are fabricated via electron beam lithography with subsequent
evaporation of gold and lift-off. The inset in Fig. 1 (a) shows a typical rod structure resonant at 2000 nm. This simple
geometry is chosen since its influence on the spectral shape of the MPPL is well understood [3]. The resulting
nonlinear emission of the nanorods under illumination is spectrally resolved, as depicted in Fig. 1 (a), showing the

prominent THG peak residing on a broad MPPL output.
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Fig. 1 (a) Typical nonlinear emission spectrum of single polycrystalline nanoantenna (black). The green line separates the
coherent THG peak (blue) from the incoherent MPPL contribution (red), so that they can be integrated individually. A SEM
micrograph of the corresponding nanoantenna is shown in the inset. (b) Ratio of the integrated THG output vs. the total nonlinear

emission. Each data point represents the result from a single individual antenna. The green line serves as a guide to the eye.



The assessment of the nonlinear response of metallic nanostructures is complicated by the simultaneous
occurrence of THG and MPPL combined to a field enhancement that cannot be determined with sufficient
precision. We circumvent this problem by comparing the yield of the two nonlinear processes in individual
gold nanoantennas illuminated by resonant optical pulses. This approach allows us to directly evaluate the
susceptibility of gold since the field enhancement is identical for the two processes that are measured
experimentally on the very same emitter. Figure 1(b) shows the ratio between the THG and the total nonlinear
emission for a large set of antennas, all excited resonantly with pulses of the same temporal duration and peak
intensity. This parameter is investigated as a function of the driving wavelength. The experimental results show
an overwhelming contribution of the THG to the nonlinearity for short wavelength excitation.

In summary, we have investigated the nonlinear emission of single gold nanorods. By comparing the yield
coherent and incoherent processes occurring on the same specimen, we overcome the dependence on the field
enhancement. With this procedure we could obtain a fundamental insight in the origin of the nonlinear response
by observing a strong dispersion of ¥® in THG that becomes more favourable when the fundamental excitation
approaches a three photon resonance for the direct excitation of electrons from the d-band to the Fermi level.
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Abstract- We use phase-change materials (PCMs) as a switchable dielectric environment for
infrared antennas and surface polaritons. Specifically, we combine an ultrathin film of PCMs with a
substrate hosting surface phonon polaritons and realize the all-optical, non-volatile, and reversible

switching of resonators for these ultra-confined polaritons.

The strong confinement and enhancement of light when coupled to surface waves or nanoparticles is key for
various applications in nanophotonics such as sensing, imaging or other devices that enable the manipulation of
light fields. In the mid-infrared spectral range, metallic nanoantennas and materials supporting surface phonon
polaritons (SPhPs) can be used as building blocks of such devices. In both cases, the optical functionality is

usually only obtained at a fixed wavelength, determined by the geometric design and the material properties.

In the first part of this talk, I will present our latest results on active mid-infrared plasmonics, i.e. the tuning
of nanoantennas resonances via variation of the refractive index n of an embedding medium based on
phase-change materials (PCMs) [1,2]. PCMs offer a huge contrast in the refractive index n due to a phase
transition from amorphous to crystalline state, which can be thermally, optically or electrically triggered. I will
show thermal and optical large-area switching of IR antenna resonances as well as individually addressable
switching of single structures. Application potential for switchable chirality [3] and switchable detectors [4] will
also be presented.
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Figure 1: Sketch of our concept of combining Surface Phonon Polaritons (SPhPs) with a thin,
switchable layer of Phase-Change-Materials (PCM) for achieving ultra-confined Polaritons and
re-writeable metasurfaces.

In the second part, I will introduce Phonon-Polariton-based IR antennas made from polar dielectrics which



exhibit lower losses and larger Q-values compared to metallic nanoantennas. Specifically, we employ a PCM as
a switchable dielectric environment for loading the SPhPs [5]. This allows us to realize all-optical, non-volatile,
and reversible switching of the SPhPs by controlling the structural phase of the PCM. We experimentally
demonstrate that single nanosecond (ns) laser pulses can locally switch an ultra-thin PCM (down to 7 nm, <
M1200) for exciting ultra-confined SPhPs (polariton wavevector k,> 70k, ko= 2n/A) in quartz. This offers a new,
elegant way to prepare all-dielectric, optically rewritable SPhP resonators without the need of complex
fabrication methods.

Our approach of combining PCMs and SPhPs (Fig. 1) opens up new possibilities for non-volatile, rewritable
and active nanophotonics, in particular for re-configurable, digital and memory metamaterials, flat optics and

metasurfaces.
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Observation of a chiral mode at the exceptional point of a polariton laser
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Bose-Einstein condensates show many remarkable properties, like superfluidity and excitation of quantized vortices [1].
Exciton polaritons in a semiconductor microcavity provide the opportunities to study Bose-Einstein condensation at a relatively
high temperature with direct spectroscopic imaging and optical controllability. Exciton polariton is a hybrid light-matter
quasiparticle, therefore the effects of the particle-particle interaction can be explored through its exciton component, while the
photon component results in a relatively high decay rates and the need for a continuous pump to maintain the population.
Due to the spatial and temporal coherence of the condensed exciton polaritons, their radiative decay results in a coherent
photoluminescence of the microcavity, thus forming a polariton laser [2]. The driven-dissipative nature of exciton polaritons
offers a platform for investigation of non-Hermitian properties [3] of Bose-Einstein condensate, which can be utilized to study
both the fundamental properties of an open non-equilibrium quantum system and future novel optoelectronic or photonic
micro-devices.
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FIG. 1: Experimentally observed crossing-anticrossing transition of the real (a,b) (energy) and imaginary (c,d)(linewidths)
parts of the eigenenergies with changing width of the optically-induced potential (white line), schematically shown in (e,f). A
vortex mode forms in the vicinity of the exceptional point, as confirmed by the image of spatial polariton density distribution
(e) and interference (f) with the reference beam.

In this work, we show the existence of a chiral mode in the form of a single charge vortex in an optically engineered ring
resonator. The resonator is formed by a spatially shaped optical pump beam which induces a non-Hermitian trapping potential
for exciton-polaritons. The two half rings have different widths, shown schematically in Fig.1(e,f), which affects the overlap
of exciton-polariton condensate with the gain region. By adjusting the width of the half-ring and the detuning between the
microcavity photon and exciton resonance, we observe the transition from crossing to anticrossing of complex eigen-energies,
which signals the existence of an exceptional point. Furthermore, we confirm the formation of a chiral mode - a charge one
vortex - at the exceptional point, in analogy with microwave [4] and optical [5] resonators. The fine manipulation of the relative
phase between the two dipole modes (see Fig.1(a,b)) offers a new opportunity to control the vorticity and realize the mode
switch in a macroscopic quantum system. Our method can be extended to generate high-order orbital angular momentum states
through coalescence of multiple non-Hermitian degeneracies, which can find application in optical switching and information
processing.
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Near-field imaging of chiral optical fields on plasmonic materials
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Abstract To investigate internal structures of chiral optical responses in nanomaterials, we
developed near-field optical activity imaging systems, and observed near-field CD images of two-
dimensional gold nanostructures. Local CD signals with amplitudes as large as 100 times the
macroscopic CD signals of the same samples were obtained, even for achiral structures.
Furthermore, local linearly polarized near-field excitation of highly symmetric circular disks (that
give no local CD signals) yielded circularly polarized scattering fields.

Chirality is a broad concept that characterizes structures of systems in almost all hierarchy of materials in
natural sciences. Chirality also plays a key role in nanomaterials science. It is of fundamental importance to
investigate internal structures of chiral optical responses in

. . . . . Absorbance AA
nanomaterials, to design functionality of chiral features of the 0 025 050 -015 =0 +0.15

a
circular dichroism, CD) imaging systems, and observed near- (@)
field CD images of two-dimensional gold nanostructures d
fabricated with electron beam lithography technique. We

materials. We developed near-field optical activity (typically

found local CD signals with amplitudes as large as 100 times 200
nm

the macroscopic CD signals of the same samples, for two-

dimensional chiral gold nanostructures.’  Even highly Figure 1. Nearfield optical images (at 633

2 ..
symmetric achiral structures (as typified by rectangular 1M of a gold rectangle.” (a) Transmission

nanostructures) gave locally very strong CD signals,” as shown image. (b) CD image.
in Figure 1. In this case, average of the signal over the
nanostructure yielded roughly null CD intensity.

While even achiral nanostructures showed local CD activities, circularly symmetric two-dimensional
nanostructures, such as circular disks, never give CD at any local positions. However, when the circular disk is
illuminated with linearly polarized light, the circular symmetry is broken, and it potentially yields locally chiral
optical fields. We extended the near-field CD microscope and conducted measurements of local optical activity
for gold nanodisks. It has been found that the disk scattered circularly polarized optical fields when it was
illuminated locally with linearly polarized excitation light, and that the ellipticity and the polarization azimuth
angle of the scattered field depended on the incident polarization angle and relative position on the disk. The
results obtained here may provide basic principle to get highly chiral optical fields, which may give us a chance
to pioneer analytical applications of chiral optical fields.
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Abstract- The gravitational-like interactions induced by radiation are analyzed
analytically a numerically for the particular case of two electric dipoles
illuminated with a fluctuating random field

The idea of gravity like interactions induced by radiation dates back to works by Spitzer in
1941 [1]. More recently, the analyses of the interaction between two dipolar particles in
isotropic random electromagnetic fields have shown how regions with gravitational like
potentials may show up at short distances [2,4]. The interaction between two particles
illuminated by artificially generated random fields has been very recently found experimentally
[4] and theoretical and numerical analyses have shown that the diffusion properties of a dipole
may be tuned also by using random light illumination [5,6].

In this work, we extend the analysis of gravitational-like interactions to more complicated
systems [7] and we analyze the dynamics of dipoles explicitly illuminated with a group of
fluctuating plane waves with wave vectors, polarizations and phases randomly distributed.
Molecular dynamics simulations are implemented, in order to look for the existence of Kepler
orbits in such a system.
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Abstract - Coherent perfect absorption (CPA) and coherent perfect transparency (CPT) is
discussed in 2D structures for instance based on graphene or intersubband transitions of a
semiconductor heterostructure. In particular, asymmetric devices are analyzed, either relying on
plasmonic resonances, properly engineered in a metal-dielectric metamaterial, or, more simply,
constituted by an optically conductive surface on top of a substrate.

The light absorption properties of a system are typically considered an intrinsic material feature, mostly
determined by its dielectric constant, thickness, etc. It has recently been shown, however, that full
interferometric control of absorption can instead be accomplished by varying the relative phase of two coherent
optical fields. Depending on the phase relation, the system can become totally opaque (coherent perfect
absorption — CPA) or tuned to complete transparency (coherent perfect transparency — CPT).

These phenomena are now starting to be widely investigated at a fundamental level (CPA is actually
considered the time-reversed process of lasing) and in view of innovative applications in plasmonics, or even in
diagnostics and imaging techniques where the high selectivity provided by the interferometric absorption control
could prove highly beneficial. Here I will discuss CPA and CPT in devices relying on polaritonic resonances,
properly engineered in a metal metamaterial on top of a quantum well semiconductor heterostructure. Using
diffraction gratings on Gallium Arsenide suspended membranes, "two-beam absorbance" measurements in a
counter-propagating Mach Zehnder geometry reveal the absorption phase modulation. Furthermore, we report on
experiments of coherent absorption on turbostratic multilayer graphene grown on silicon carbide substrate. From
the analysis of the experimental data, the graphene conductance G can be deduced independently of the substrate
and, thus, the number of layers Ng can be directly quantified.

For a proper interpretation of the experimental results, a general theory of CPA in linear two-port systems is
constructed, without any symmetry requirements except for reciprocity; it demonstrates that optical absorption
describes an ellipse as function of the difference between the intensities of the incident beams. The model is
interpreted in the polariton case within a standard coupled-mode theory, and allows casting the graphene results

in the more general landscape of optically conductive surfaces.
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Abstract— Extending nanoplasmonics to the UV-range has awaken a great interest due to
the current and potential applications in biological sensing, photocatalysis or spectroscopy. Very
recently, rhodium (Rh) has been proposed as a promising candidate for this purpose. Its low
tendency to oxidize overcomes the main problem with metals such as aluminum or magnesium.
In addition, it presents outstanding catalytic properties. As the synthesis of rhodium
nanocubes has been recently reported and because of its UV-plasmonic performance interest, in
this research we present an analysis of the plasmonic behaviour of Rh nanocubes aggregates.

Plasmonics in the UV range results of interest in fields such as biological sensing, photocatalysis or
spectroscopy [1, 2, 3]. Sanz et al. [4] studied several metals in order to find those whose properties
made them more promising for UV-plasmonics. Two of the most compelling metals for this purpose
are aluminum (Al) [5] and magnesium (Mg) [6]. However, nanoparticles (NPs) made of these two
metals suffer from the formation of a native oxide layer whose thicknes strongly depends on the
ambient conditions. Rhodium (Rh) has been proposed as an alternative due to competitive
plasmonic performance and its promising properties [7]. On the one hand, it is a non-oxidizing catalytic

metal. On the other hand, it is possible through chemical means to synthesize NPs with sharp edges like
cubes [8] and tripod stars[9, 7], with sizes down to 10 nm.
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Figure 1: (a,c) Logarithmic scale |E|? images at the resonant energy and (b,d) spectral absorption cross-
section Cyps for convex (left) and concave (right) NC dimers of several gaps, varying from 1 to 36 nm,
illuminated under normal incidence with P polarization. The inset in (b,d) indicates the electric field
intensity (|F|?) at the center of the gap as a function of the inter-particle distance.



In this work we report a detailed numerical analysis of Rh nanocubes (NCs), paying special
attention to the coupling and cooperative effects that appear when aggregates of NCs are considered.
We will analyze the effect of different deviations from the perfect shape that can be seen in TEM
images of synthesized Rh NCs, i.e. rounded edges and/or either concavity or convexity of their faces
[8]. The hot spots created in the region between two interacting NCs (dimer) are of particular
interest in SERS-like applications [10]. In this investigation we will study the dependence of
UV plasmon resonances and hot spots of Rh NCs dimers on their geometry, shape, and also on
electromagnetic parameters of the incident radiation like angle of incidence (AOI) and polarization
when they are on substrates.
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Abstract- The optomechanical response of a heterogeneously integrated two-dimensional photonic
crystal defect cavities on top of silicon-on-insulator waveguides is investigated and evidences an
optomechanical coupling involving both dispersive and dissipative mechanisms. By controlling the
optical coupling between the constituting elements, we were able to vary and understand the
relative strength of these couplings. This scalable platform allows for unprecedented control on the
optomechanical coupling mechanisms, with a potential benefit in cooling experiments, and for

optomechanical circuits for optomechanically-driven signal-processing applications.

Optomechanical systems, in which the vibrations of a mechanical resonator are coupled to an electromagnetic
radiation, have permitted the investigation of a wealth of novel physical effects. Typically for the most of these
systems, optomechanical coupling originates from a dispersive dependence of the nanocavity resonance
frequency on its geometry, which is modulated by mechanical motion. Dissipative optomechanical coupling
consists in the modulation of the lifetime of the cavity photons through the motion of a mechanical oscillator.
Very recently, it has been demonstrated that this effect is observed in a wide variety of devices [1-2]. Dissipative
couplings may significantly enhance the detection sensitivity in optomechanically-based sensing schemes [3]
and open new possibilities in optomechanical control with systems featuring both types of coupling mechanisms
[4], where a tailored coupling strength is highly desired.
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Figure 1. (a) S.E.M. picture of the photonic crystal membrane with an L3 cavity in the center above a Silicon
waveguide. Inside the membrane, InAs(P) Stranski-Krastanov Quantum Dots (SK-QD) have been incorporated
(b) in the InP membrane. A T.E.M. image is shown in (¢). The emission spectrum of these QD is represented in

blue (Fig. 1d) and the spectrum of the L3 cavity is in purple.



To fully exploit these phenomena in realistic devices or circuits, the integration of optomechanical resonators on

a standard semiconductor platform is required. Here, we propose a novel approach to heterogeneously integrate

arrays of two-dimensional photonic crystal defect cavities on top of silicon-on-insulator waveguides (Fig 1a).

Added to that, quantum dots (QD) are incorporated in the middle of the III-V photonic crystal membrane with an

emission spectrum around 1.55 pm (Fig 1b-d).

We are able to extract the dissipative and dispersive contributions of the optomechanical coupling of these

devices. Tailoring of different contributions was demonstrated using external mean or integrated controls on the

geometry of the optical access channel to the nanocavity
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Abstract- Mie-type leaky mode resonances supported by Semiconductor nanowires (NWs) can produce
an antireflective response for certain polarization and wavelengths of light. This paper presents the
design and simulations of 3D silicon nano pillars as Mie resonators canceling reflection from a
silicon substrate, which offers a broadband (400-600nm) near unity transmission and an average
reflectivity in the visible range (400-800nm) as low as 2.2% under unpolarized illumination. The
results are of interest to the solar cell community.

L. INTRODUCTION

Reflection is an essential factor limiting solar cell efficiencies. It is especially important for materials with
high refractive index like silicon, which is broadly used as an absorption material in solar cells. The
subwavelength scale of a metamaterial unit cell makes them a great candidate as a functional light management
component for ultra-thin solar cells. Metamaterials are normally constructed from resonant metallic
nanostructures and many efforts have been made in design metallic metasurfaces for light management purposes,
which suffer from intrinsic loss of metal in the operating wavelength of solar cells. In recent years, researchers
have proved semiconductor and dielectric nanostructures can also realize similar optical functionalities based on
optical resonances [1], which naturally avoid the loss from metallic materials.

This paper presents the design and simulation of 3D silicon nano pillars as Mie resonators canceling
reflection from silicon substrate, which offers a broadband (400-600nm) near unity transmission and an average
reflectivity in the visible range (400-800nm) as low as 2.2% under unpolarized illumination.

II. DESIGN AND SIMULATION

- : Semiconductor nanowires (NWs), especially silicon NWs, support Mie-type

C D leaky mode resonances and have been explored and demonstrated in recent years

[2,3]. These resonances can produce an antireflective response for certain

shape. Based on the same physical mechanism, a metasurface constructed by four

polarization and wavelengths of light, depending on their size and geometrical
Silicon |z ¥

x 3D nanopillars with different widths on top of a semi-infinite silicon substrate has
Figure 1 Unit cell of designed been simulated and optimized to act as a broadband antireflection layer for

structure. The four pillars with ynpolarized light, such as sunlight.
different size atop the silicon

substrate are marked as ABCD.



Fig. 1 shows the unit cell of the investigated
structure with four differently-sized parallelepiped pillars
marked as A, B, C, D. The optimized thickness of the
pillars is identical and fixed at 77nm.

To better understand how the pillar size affects the
reflection from the structure, a simulation was first
conducted using a structure with same sized nanopillars
(see inset of Fig. 2(a)). Fig. 2(a) shows the simulated
reflection spectra for pillar sizes of either 52 nm or 80
nm with normal incidence of unpolarized light, and unit
cell periodicity is 217 nm. Reflection of bared silicon is
shown as reference. Different reflection minima can be
observed for two different pillar sizes. The smaller pillar
gives resonance and reflection minima at shorter
wavelength and vice versa. The larger pillar size tends to
affect the the

range(400-900nm) we are investigating.

reflection more in wavelength

Fig. 2(b) presents the reflection spectra for the
nanostructure shown in Fig. 1 with different distribution
of sizes (see inset and legend of Fig. 2(b)). The unit cell
periodicity is 217 nm. We observe a broadband (400-600
the

reflection spectra for several different carefully designed

nm) of near-zero reflectivity from simulated

size distribution of the silicon nanopillars. In addition, a

tradeoff of reflection at shorter and longer wavelength
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Figure 2. (a) Simulated reflection from the structure shown in
the inset for two different pillar sizes 52nm(blue) and
80nm(green). Reflection of bared silicon is shown as
reference(red). The wunit cell periodicity is 217 nm. (b)
Reflection spectra of structure in Fig.l with four pillars with
different width. Designed pillar sizes are shown in the legend
with corresponded location ABCD as shown in Fig.1. The unit

cell periodicity is 217nm. Insets are the view of the structure

range can be seen in Fig. 2(b) by only adjusting one of the pillar’s size.

ITII. CONCLUSIONS

In conclusion, we showed simulations of a broadband polarization-independent antireflection coating by

carefully designed silicon nanopillars on silicon substrate (Fig. 1). The goal is to reduce the reflection of light for

solar cells. The average reflection in the visible range (400-800nm) of the proposed silicon-patterned

metasurfaces could reach as low as 2.2%. At the same time, from 400nm to 600nm, which is in the peak solar

energy wavelength range, a near unity transmission is observed.
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Abstract- Our work on sensing with chiral plasmonic systems has led us to develop new hybrid structures that
display unique optical properties such as large optical rotation and plasmonic induced transparency. The optical
properties are dependent on the strong coupling between individual components of the structures and are used to
develop new sensing paradigms for biomolecular structure and surface orientation not perceivable by classical
spectroscopic techniques. Here in we will describe the unique high-throughput fabrication method of these structures,

their optical properties and their applications to chiral plasmonic sensing.

Chiral Plasmonic sensing utilizes superchiral near fields generated by chiral nanostructures to sense
asymmetry in material.' Such materials are predominantly biomolecules such as proteins that have an inherent
chiral structure due to the amino acid building blocks. However the chirality is further propagated in the higher
order structure of the protein which are important in biochemical, pharmaceutical and medical research. In order
to detect these changes, we require new forms of more sensitive plasmonic systems that are able to detect the
increasingly complicated properties of biomolecules. We have developed new forms of plasmonic systems
utilizing an inverse and solid structure of various patterns thus forming a hybrid structure. These effectively
disposable plasmonic systems show enhanced optical properties and strong coupling effects between individual
elements.” Tullius et al ' have demonstrated the ability of such hybrid plasmonic systems to detect higher order
structure of proteins and detect changes in the structure due to binding interactions. In this work we will describe
properties of such hybrid structures and demonstrate that ability to sense biomolecular structure arises from the
strong coupling effects present within the nanostructures.
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Abstract- We present experimental and numerical investigation of core-shell plasmonic
nanostructures composed of noble metals and refractory oxides. A variety of nanostructures of
different geometries, including nanospheres, nanospheroids, and nanodisks, and a range of oxides,
such as SiO,, Al,03, ZrO, and TiO,, were investigated, which exhibit tunable optical properties
across broad ranges of wavelengths and significantly enhanced chemical and thermal stability. The
results provide important insight for developing effective optical nanodevices for applications in

high-temperature environment.

Refractory plasmonic devices are highly in demand in applications in high-temperature environment, such as

in data storage, solar thermophotovoltaics and nanoscale heat transfer systems !

. Alternative plasmonic
materials, such as refractory nitrides TiN and ZrN, are being under focused research due to their excellent
thermal properties and competent optical properties comparable to that of gold. However, these materials have
larger absorption cross-sections than those of noble metals. This generates much stronger self-heating effect
which is undesirable in many applications where high degrees of thermal, optical, and morphological stabilities

are crucial.

Here, we present the results of systematic investigations on core-shell nanostructures of various geometries
composed of noble metals and a range of refractory oxides such as SiO,, AL,Os3, ZrO, and TiO,. We compared
the optical and thermal properties for spherical, spheroidal and disk-shape core-shell nanostructures where noble
metals being either the core or the shell. All the nanostructures exhibit localized surface plasmon resonances
(LSPR) that are tunable across a broad range of wavelengths by varying the geometry and materials of either the
cores or shells. The results of a spherical Au nanoparticle coated with various thickness refractory oxides are
shown in Fig.1(a), which demonstrate how the optical properties can be readily tuned with various coating
materials and thicknesses. On the other hand, the refractory oxides coating can provide enhanced thermal
stability due to their high melting points and low thermal expansion coefficients which help shielding the noble
metal in the core. A thick coating layer of refractory oxides is found to increase the electric field intensity
enhancement on the surface of metal core significantly (Fig.1b, c¢). This could cause stronger self-heating effect
which is undesirable in some applications, for instance, in the heat assisted magnetic recording (HAMR)
antennas. However, it can be very useful in other applications requiring high field enhancements such as in
surface enhanced Raman scattering (SERS). We found that using oxides as cores and noble metals as shells can

significantly reduce the optical absorption and mitigate the self-heating effect, which in addition is strongly



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

enhancements of (b) a bare spherical Au nanoparticle of 40 nm and (c) coated with 15 nm SiO, layer, respectively.

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

In modern semiconductor optical cavities, non-trivial photon statistics may result from complex light-matter
interaction at the nanoscale. As an example, superthermal fluctuations (g®(t = 0) > 2) have been observed in
single mode micropillar cavities as a result of superradiant quantum dot emission [1], as well as polarization
mode switching in two-orthogonal polarization devices [2]. In the latter, mode competition has been identified as
the main ingredient leading to non-gaussian (bimodal) probability distributions and hence superthermal light.

Evanescently coupled micro/nano lasers gather particular interest in the context of multimode nonlinear active
cavity arrays. The possibility to engineer the coupling strength —both intercavity and intermode- has made
possible the observation of nonlinear bifurcations such as
spontaneous symmetry breaking between cavities [3] or
asymmetric scattering from the blue (symmetric (S),
in-phase) mode to the red (anti-symmetric (AS),
out-of-phase) mode [4]. The following question arises: to

what extent non-equilibrium dynamics and mode interaction
in coupled nanolasers enables controlling the full photon
statistics, i.e. beyond low order moments ? In this work we
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investigate a route for the generation of superthermal light

uM }bm

Pulse number

Figure 1: a) Coupled PhC nanolasers with barrier
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InGaAs/InGaAsP quantum wells (Fig 1a).



The sample is optically pumped with a pulsed laser (A
= 800 nm, 100 kHz repetition rate, 100 ps duration) leading

I each time to the optical emission of a single fluctuation.
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Figure 2: a) Histogram obtained from the n-time region around k = 0 (mode S) and shifted along the x

series on mode S of Fig. 2. b,c) Numerical direction for the AS mode (Fig. 1b). Signals are sent to two
density of photons on mode B before (b) and at Avalanche Photodiodes that deliver photocurrents
the pulse maximum intensity (c). Red line: proportional to the pulse energy. Typical n-time series
Fokker-Planck equation equilibrium distribution. contain 10* pulses. Fig. lc shows a segment of two

simultaneous n-time series showing both the AS and the S
mode signals for P = 6*Py,. These n-time series allow us to obtain photon number PDFs. While the AS mode
shows poissonian fluctuations, the S mode develops superthermal (g®(0) = 3.5) fluctuation. This value obtained
from the n-time series is confirmed by a Hanbury Brown and Twiss measurement. More importantly the
superthermal statistics is associated to a heavy-tailed distribution as apparent in Fig. 2a.

We provide a complete theoretical interpretation for the appearance of the heavy tail in the photon number
distributions from an analogy with out-of-equilibrium rapid cooling (quenching). In this framework each output
pulse is a different stochastic realization. which can is eventually formalized by solving the associated
Fokker-Planck equation [5]. We show that passing through the lasing threshold corresponds to an abrupt
decrease of the contribution of spontaneous emission —that plays the role of an effective temperature- during
which the statistics of the trajectories in phase space are dominated by nonlinear transport. Tuning the duration
of this out-of-equilibrium quenching phase allows to obtain long-tailed distributions (Fig 2b,c).

Besides a surprising analogy with our experiment, we show that this out-of-equilibrium transformation, in which
nonlinear transport dominates over diffusion fully explains the occurrence of heavy-tailed superthermal
distributions on the non-lasing mode of our coupled nanolasers. We then open the road to an intuitive way to
generate photon extra-bunching and, more generally, to mold the statistics of emitted photons in a nanolaser
device.
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Abstract-The large incident electric field intensities required to achieve extreme nonlinear optical
phenomena can be realized through plasmonic near-field enhancement in doped graphene
nanostructures. Here we show that the combination of strong local fields and a pronounced intrinsic
nonlinearity can result in efficient broadband high-harmonic generation and a dramatic modulation
in the optical absorption associated with plasmon resonances in graphene, paving the way for
compact ultraviolet and ultrafast light sources and all-optical switching in nanophotonic devices.

The remarkably high intrinsic optical nonlinearity of graphene can be pushed even further when the
frequency of impinging light matches that of its long-lived and electrically-tunable plasmon resonances
[1,2]. Through their enhanced absorption cross-sections, plasmons in doped graphene provide the means
to concentrate electromagnetic energy on extreme subwavelength scales, thereby generating enormous
local electric fields. Here we explore extreme nonlinear optical phenomena that are enabled by plasmonic
enhancement in graphene. In particular, we investigate (1) high-harmonic generation (HHG) and (2)
transient absorption arising from the elevated electronic temperature in the carbon layer upon ultrafast
optical pumping. Our studies of these plasmon-assisted nonlinear effects are based on rigorous
time-domain simulations, wherein graphene nanoribbons and nanoislands are described atomistically,
adopting a tight-binding description of their electronic states combined with the random-phase
approximation [3].

HHG usually necessitates cumbersome laser amplification schemes to reach the enormous incident
electric field intensities it requires. In the case of doped, nanostructured graphene, our results indicate
that high harmonics can be emitted with unprecedentedly large intensity by tuning the incident light to
localized plasmon resonances of ribbons and finite islands, which in turn can be modulated via electrical
gating. In contrast to HHG in atomic systems, we observe no cutoff in harmonic order, while a
comparison of graphene plasmon-assisted HHG to recent measurements in solid-state systems suggests
that the HHG yields from bulk semiconductors can be produced by graphene plasmons using 3-4 orders
of magnitude lower pulse fluence [4]. Our findings support the strong potential of nanostructured
graphene as a robust, electrically-tunable platform for HHG.

In contrast to the instantaneous nonlinear response that is commonly explored in the graphene optics
community, where input and output fields maintain relative coherences, a delayed nonlinearity also takes
place as a consequence of the strong dependence of the graphene response on the temperature of its
conduction electrons [1,5]. We demonstrate that strong transient modulation of the optical absorption
associated with plasmonic excitations in graphene nanostructures can occur when electrons are optically

pumped to an elevated temperature. We systematically investigate the effect of the transient chemical



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

promise for all-optical switching applications in nonlinear nanophotonic devices.
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Figure 1. High-harmonic generation (HHG) assisted by graphene plasmons. (a) Schematic illustration of a doped
graphene nanoribbon illuminated by an intense optical pulse that is resonant with the ribbon transverse dipole
plasmon. The latter produces strong in-plane electric field intensity enhancement (see color scale) that boosts the
generation of high-harmonics. (b) Absorption cross-section of a 20-nm wide armchair edge-terminated graphene
nanoribbon doped to a Fermi energy Er=0.4 eV, as predicted by atomistic tight-binding/random phase
approximation (TB-RPA, red curves) and classical electrodynamic (CEM, local-RPA conductivity at 300 K, blue
curves) simulations for transverse light polarization (see upper graphic). The prominent resonance feature
corresponds to the transverse dipolar plasmon within the 2Er optical gap. The dashed curve shows the classical
simulation for the undoped ribbon. (¢) Spectral decomposition of the light emission energy under illumination by a
normally-incident pulse (100 fs FWHM duration, centered at the frequency w, of the ribbon plasmon), as calculated
in the time-domain for three different pulse peak intensities (see legend) within the atomistic (TB-RPA, filled
curves, hw,=0.336 eV) and massless Dirac fermion/classical electromagnetic (MDF-CEM, unfilled curves,
hw,=0.330 eV) descriptions. Each curve is normalized to its own maximum value around the fundamental

frequency.
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Abstract- In recent years, nanotechnology and nanoscience have been expanding their toolbox
dramatically. Metallic nanoantennas — also known as plasmonic resonators — can be considered as
one of these novel tools providing an effective route to couple photons in and out of nanoscale
volumes. Emerging as a promising alternative are all-dielectric resonant nanoantennas which
demonstrate similar light concentration and manipulation capabilities yet benefiting from
negligible Ohmic losses. The higher the level of control over the way an optical antenna interacts
with light, the more effective this tool becomes and the further its applications will reach.
Essential to this end is a detailed knowledge of such an antenna’s supported modes and scattering
characteristics. Especially in nanophotonics applications where every photon counts, one
immediately benefits from directed photon routing for efficient photon collection.

We present a study of the modal field distribution in both plasmonic (i.e metallic) and all-dielectric
rod-shaped nanoantennas. Using experimental near-field mapping in combination with finite-difference-time
domain simulations, standing-wave TE and TM modes are revealed in these antennas operating at visible and
near-infrared frequencies. [1-3]

Symmetry-breaking of these resonators allows the coupling of dipolar resonance modes with higher order
(odd or even parity) modes. Interestingly, this effect gives rise to far field radiation patterns that can strongly
deviate from the omni-directional dipole radiation. Reducing the rod-shaped antenna’s symmetry into a V-shape
allows the standing-wave modes observed in the near-field to generate highly directional radiation patterns.
Additionally, the dielectric antenna even allows bi-directional color routing. We reveal the basic mechanisms
behind this phenomena for both plasmonic [5-6] and dielectric V-antennas. [7]

The obtained insight in how directional emission and scattering are generated and how different modes come
together to form far-field properties of a nanoantenna is indispensable to create new nanoscale optical devices

for, e.g., sub-wavelength color routing, self-referenced directional sensing, metamaterials and flat optics.
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Abstract- Strontium molybdate thin films have been studied by means of ellipsometry, XRD, and
DC resistivity measurements in order to evaluate their potential use in the advancing field of
plasmonics and nanophotonics. SrMoO; (SMO) thin films were grown by pulsed laser deposition
on three types of substrate: LaAlO;, MgO, and SrTiO;. It is shown that StMoO; exhibits tunable
plasmonic behaviour at wavelengths above 600 nm with losses comparable to those of gold.

Plasmonic phenomena are expected to have a significant impact in applications such as nanoscale imaging,
biological sensing, energy harvesting, and communication systems in the coming years. Traditionally, the
research into plasmonics has been focused on the noble metals Au and Ag as a result of their high carrier
concentrations in the near infrared'. However both materials are subject to excessive losses at optical
frequencies’, are incompatible with silicon-based electronics', and are unsuitable for high temperature
applications’, hence there arises a need for research into alternative plasmonic materials.

SrMoO; (SMO) is a compound with a perovskite-type crystal structure which has been shown previously to
exhibit both metallic and Pauli paramagnetic properties. Furthermore, the bulk material shows temperature stability up
to approximately 1000 K while thin films of SMO have been studied with a view to electrode applications as a result
of their low room temperature resistivity. With a cubic lattice constant of 3.975 A SMO is theoretically well-suited to
growth on substrates such as SrTiO; (STO), MgO and LaAlO; (LAO), though its potential for plasmonic and
nanophotonics applications has never previously been reported.

With such electronic properties in mind this article considers the potential for plasmonic and nanophotonics
applications of SrMoO;. We consider the optical, structural, and electrical properties of SMO thin films grown on
substrates of STO, LAO and MgO with film thicknesses ranging from 50 - 200 nm. Having studied the effects of
changes to the substrate temperature, laser energy, film thickness and deposition rate we observe that the ENZ
crossover can be lowered to 600 nm, though this is should not be considered a lower limit. In particular, the optical
properties of samples are shown to have strong dependency on the residual strain in the samples, controlled by both
film thickness and deposition rate (Fig. 1). It was found that a higher ENZ frequency could be achieved by reducing
the residual strain e.g. depositing thicker films at a lower deposition rate. In addition, it is noted that, as the ENZ
frequency is increased, the optical losses present in SMO decrease (Fig. 2) and so compare favourably to those of gold
and TiN.

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

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



o
o

o
=]

o
»

o

Current density / pA cm™
~N

o
o

|

50 100 150 200 250 300 350
Time/s

o

Figure 1: Plasmonic Perfect Absorber. A Diagram and SEM of the multi-stack structure. B Absorption spectra. C

Photo-current vs time for different stacks. D Comparison of the measured IPCE (dots) to the derived model (black lines).

Figure 1B shows that for the multilayer stack (black line), the absorbance (measured via specular and diffuse
transmission and reflectance) approaches 100% for some wavelengths and has a wide bandwidth. Figure 1C
shows that the increased absorbance leads to increase photocurrent in photoelectrochemical cells made with
these samples as photo-anodes. The efficiency (IPCE) also increases some 40x (when compared to non
super-absorbing samples) and the IPCE spectrum can be well described by a model that we have developed [1].
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Abstract- This paper describes the first observation of volume plasmon polariton (VPP) modes in
semiconductor hyperbolic metamaterials (HMMs). The metamaterials are grown using molecular
beam epitaxy, after which gold gratings are fabricated on top. These gratings allow light to couple to
the high-wavevector VPP modes in the HMM. Experimental data is compared to simulations, and a
good agreement is found; the experimental VPP dispersion curve matches predictions. Potential
applications of VPPs include subdiffraction focusing and waveguiding.

Hyperbolic metamaterials (HMMs) can be created using a superlattice of alternating subwavelength metal
and dielectric layers. We have previously demonstrated HMMs grown with molecular beam epitaxy (MBE)
using heavily doped InAs as the metallic component and undoped InAs as the dielectric component [1]. HMMs
have a variety of unique properties, including the ability to support high-wavevector modes, sometimes called
volume plasmon polaritons (VPPs). VPPs arise from the coupling of surface plasmon polaritons at every
metal/dielectric interface. = As more interfaces are added, more VPP modes are available. The
high-wavevector of the VPP modes means that they can be harnessed for a variety of applications, including
subdiffraction focusing and waveguiding. In this paper, we present data showing the successful excitation of
VPP modes in semiconductor HMMs.
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Figure 1. TM-polarized reflection as a function of wavelength for Sample 1 with grating period A=2.0pum.

Black is experimental data, which is fit from the plasma wavelength (5.8um) to 40pum using six Lorentzians
(colored curves). The cumulative fit is shown as a gray dotted line.



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

To our knowledge, this is the first successful excitation of VPP modes in a semiconductor HMM, and the
first such experiment to be performed using a grating coupler. Now that the dispersion of these modes is
understood, they can be leveraged for applications in infrared waveguiding, focusing, and imaging.
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Abstract-Different regimes of resonant scattering of quasi-linear excitations on solitary waves in
polariton systems are considered. One and two dimensional waveguides are studied by numerical
simulations. It is shown that the efficient new frequencies generation can take place in these
systems at low intensities of the pump. The resonance condition for the scattering is derived and
compared against the results of the numerical modeling. The recoil of the scattering on dynamics of
the solitary waves is also addressed.

Recently it was shown that solitary optical waves can form in exciton-polarton systems in weak coupling
regime [1]. The advantage of these systems is that strong nonlinear effects can be observed at very low intensity
of the pump. Apart from pure fundamental interest the systems under consideration can also find practical
application for example for new frequency generation.

In this work we theoretically study the interactions between strong and weak waves in polariton systems
described by the coupled equations for the optical E and exciton ¢ fields. In the dimensionless variables they
have the form

O0E — 0.E +y.E + 09 = f(x,t), (1)

09 +y29 + ailp|* + oF =0, )
where y; and y, account for the losses in the photon and the exciton subsystems, o is the coupling strength, « is
the nonlinearity coefficient and f(x, t) is the complex amplitude of the exciting optical field.

Choosing the appropriate shape and the intensity of the spatially localized driving force f(x, t) it is possible
to excite propagating solitary waves very much similar to the nonlinear pulses studied in [1]. In experiments the
shape of the driving force is controlled by the shape of the optical pump and by the structure of the coupler. To
study the interaction between the solitary and the dispersive wave we need the second low intensity component
of the pump having a different frequency. The mixing between the solitary waves and the quasi-linear
excitations results in the generation of new frequencies.

We would like to notice that the second source can be either resonant or non-resonant. In the latter case the
excitation efficiency is very low and practically no propagating waves are excited. However the induces non-
resonant field can interact with the solitary wave and this mixing couple a wave with detuned frequency into the
wavegude. This process is illustrated in Fig. 1 showing the interaction of such a kind. In panel (a) the temporal
evolution of the field is shown. The narrow intense line is the solitary wave which at t = 200 hits the area
excited by the non-resonant part of the pump. At this moment generation of the propagating scattered wave
starts. Panel (b) shows this process in spectral representation. The patterns corresponding to the soliton, to the
non-resonant excitations and to the scattered wave are clearly visible. It is seen that the frequency and the
wavenumber of the scattered wave are connected by the dispersion relation for the linear waves. We would like



to remark here that as it is seen in panel (a) of Fig.1 the trajectory of the solitary wave is changed because of the
interaction with the non-resonant field. This means that the weak excitations can be used to control the
parameters of the solitons in polariton systems.
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Figure 1. Panel (a) shows temporal evolution of the photon field in the system excited by a weak non-resonant
pump and by a strong resonant pump leading to the formation of a solitary wave. The non-resonant pump is
delayed by t = 130. The spectral representation of the field is shown in panel (b).
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In one-dimensional case it is difficult to provide efficient scattering of the propagating dispersive waves on
the solitons because either the scattering or the scattered wave experiences high losses. However in two-
dimensional case this kind of scattering can be obtained.
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Chemical modification of plasmonic nanostructures for biosensing.
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Abstract-The key point in constructing biosensors based on metallic nanostructures concerns
proper modification of their surfaces with defined (bio)receptors. This important tasks involves not
only reproducible synthesis of homogenous nanostructures, but also establishing reliable methods
for functionalization of the nanostructures that would enable efficient exploitation of plasmonic
interactions in such a hybrid system. In the presentation we describe several architectures where

successful control of biosensor activity of metallic nanostructures has been demonstrated.

In this work we present several ways of modification of metallic nanostructures for applying them
as optical biosensors. One example concerns immobilization of an antibody for the bacteriophage T7
on gold nanospheres. The nanospheres were chosen to have the localised surface plasmon resonance in
the visible range, i.e. at 520 nm, while the T7 bacteriophage was used as a model system of mammalian
viruses belonging to the family of adenoviruses. In the presence of the target virus, which forms an
immunocomplex with the antibody, the nanospheres tend to agglomerate. The resulting shift of the
plasmon absorption band can be easily be detected by eye as the sample suspension changes its colour.
The efficiency of this effect scales with the virus concentrations. An alternative approach employs a
biopolymer with selected functional groups instead of antibodies as the biorecognition element. These
relatively simple modifications of the metal nanoparticle surfaces resulted in fast and sensitive
immunotests with detection limits in the range of pM [1] or fM [2]. We also showed that properly
modified metal particles can have reasonable selectivity against non-specific viruses, in this case the
M13 bacteriophage.

Metallic nanowires, due to their ability to efficiently transport excitations, are also very suitable
nanostructures to construct biosensors. Moreover, diameters of such nanowires, which are in the range
of 100 nm, are small enough to exhibit plasmonic effects in the visible spectral range, while their
lengths exceeding tens of micrometers make them visible with a standard optical microscope. We
intend to discuss selected properties of silver nanowires synthesized using a wet-chemistry approach
[3]. The surface of the nanowires is amenable to a large array of surface functionalisation techniques,
for example using thiol reactions. In the experiment focused on attaching photosynthetic
pigment-protein complexes to the nanowires we demonstrate strong enhancement of fluorescence of
these complexes due to plasmonic interactions by combining advanced fluorescence microscopy
techniques. This is the first observation of metal-enhanced fluorescence in such a bioconjugated hybrid
nanostructure.
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In the presentation, I will show our results on lasing in plasmonic nanoparticle arrays at visible
wavelengths [1]. The most startling result is that the lasing action occurs simultaneously in two modes
at different energies, namely the bright and dark modes of the plasmonic lattice. We have found an
intriguing out-coupling mechanism through which the dark mode can radiate to the far field. The
out-coupling mechanism is based on the finite size of the array and is explained with gradual built-up
of dipole moments in nanoparticles towards the array edges.
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Figure 1. Left: Measured output power and linewidth of the dark mode (blue) and the

bright mode (red) as a function of pump fluence. Inset: the momentum-energy distribution
of the emission above threshold. Here, kyrefers to the in-plane momentum along one of
the principal directions of the square lattice. Right: Real space distribution of the laser
emission of the dark and bright mode, respectively.

We use an organic dye, Rhodamine 6G, as the gain material. The arrays consist of cylindrical silver
nanoparticles with a diameter of 60 nm and a height of 30 nm, arranged in a square lattice. The
periodicity is varied between 370 — 390 nm and the samples exhibit lasing in the wavelength range of
560 — 595 nm. We achieve a remarkably narrow linewidths of < 0.2 nm, beam divergence of 0.3° and a
spatial coherence across the whole 100 x 100 pm? sized array. The results demonstrate a novel access to
the dark mode and pave the way for studies of strong light-matter interaction and condensation

phenomena in plasmonic lattices. In the presentation, I will also discuss recent advances related to this
work.

[1] T. K. Hakala et al., Nature Communications 8, 13687 (2017), doi:10.1038/ncomms13687.




Dyakonov plasmons in mid-IR
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Abstract— In this work, we theoretically analyze Dyaknov surface plasmons (DPs) and bulk
plasmon waves in CMOS compatible hyperbolic metamaterial slab. The slab consists of alternate
layers of Si and aluminium-doped ZnO (AZO). We have shown that the dispersion and directivity
of the analyzed waves can be efficiently tailored in the mid-IR by change of geometrical parameters
of the structure and doping level of AZO layers.

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

The structure shown in Fig. 1(a) represents a high-aspect ratio (1:20) aluminium-doped ZnO
(AZO) trenches partially filled by silicon. The thicknesses of AZO and silicon layers are the same
and equal to 200 nm, the thickness of the slab is 4 pm.

The equal-frequency contours were found numerically by simulations of the reflectance spectra
in the Otto geometry with high-index ZnSe prism. The reflectance map [Fig. 1(c)] plotted in the
Fourier plane shows presence of several waveguide modes with hyperbolic dispersion. The analysis
of the field profiles [see Fig. 1(b)] makes clear that these are surface (Dyakonov plasmons) and bulk
plasmon modes. Dispersion and directivity of the Dyakonov plasmons and bulk plasmon modes
can be effectively tailored by change of doping level of AZO, thickness of the layers and Si amount
in the trenches.



In conclusion, we have proposed the CMOS compatible photonics structure supporting Dyakonov
and bulk plasmon modes. Flexibility of the optical properties of the analyzed structures makes them
very prospective for a plethora applications in photonics and biosensing. The obtained results
provide useful guidelines for practical implementations of structures supporting Dyaknov plasmons
in the mid-IR.
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Abstract--We demonstrate that the photonic Peierls chain, in which couplings alternate between
electric and magnetic, has different topological phases with different boundaries. Furthermore, we
measure the density of states, the symmetry type of the band-edge states and the topological
winding number with the aid of experimentally measured dispersion and mode characteristics.
These results are powerful evidences to demonstrate the topological phases trivial or not. This is the

first time to measure the winding number since the proposal of topological metamaterials.

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

Figures: .
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Fig. 1 The schematic illustration of the photonic Peierls chain. In this photonic Peierls chain, the couplings
between the split ring resonators alternate between electric and magnetic (negative and positive). The appearance
of the non-mutual next-nearest coupling causes the non-Hermitian nature with Parity-Time symmetry.
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Fig. 2: The experimentally measured densities of states for different split ring reasonators with different
boundaries, so as with different topologies. The topological non-trivial phase shows clearly a “zero-energy” state
within the gap that corresponds to the topolgoical edge state.
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Fig. 3: The experimentally measured band dispersion and winding number for the photonic Peierls chains
with two different boundaries. The lower two sub-figurs show clearly the “zero-energy” mode and the nonzero
(unit 1) winding number for the topological non-trivial phase.
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Abstract-We present our recent advances in the development of high-efficiency fiber-chip surface
grating couplers engineered by sub-wavelength grating nano-structuration. The intriguing
technological concept of sub-wavelength grating refractive index engineering affords an additional
design freedom in the development of high-quality optical coupling interfaces for sub-micrometric
silicon-on-insulator technology. We present an overview of various demonstrations of
high-efficiency surface grating couplers, particularly develop for applications in silicon photonics
across the near-infrared wavelengths.

We have demonstrated by both designs and experiments a set of different fiber-chip surface grating couplers
engineered by sub-wavelength grating metamaterials, requiring only a one step of lithography patterning and
reactive ion etching, while providing the state-of-the-art fiber-chip coupling performance [1-7]. In particular, we
have reported on apodized single-etch grating couplers with optimized thin film interference pattern. Those
grating couplers are implemented in a conventional 220-nm-thick silicon photonics platform, with a coupling
efficiency of up to -2.2 dB and -2.5 dB for wavelengths near 1.55 and 1.3 pm, respectively [3-5]. In addition, a
sub-decibel fiber-chip coupling efficiency of -0.70 dB has been experimentally realized by utilizing the
CMOS-compatible manufacturing via backside metallization [5].

We have also developed a flexible grating coupler concept with an ultra-high intrinsic directionality. The
grating couplers can be fabricated by using only two, deep and shallow, etching levels, typically used in silicon
photonic foundries [6, 7]. This coupling structure obviates the need of using typically complex fabrication
processes such as high-index overlays, customized etch depths, and bottom mirrors. In particular, we have
shown that the blazing effect can directly be implemented in any conventionally used silicon-on-insulator
substrates, with a negligible dependence on the thickness of the BOX layer. We reported an experimental
coupling efficiency of -1.3 dB near 1.55 pm in a standard 220-nm-thick silicon platform [7].
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Figure: Single-etch step apodized surface grating couplers in (a) linearly-tapered and (b) curved layout
configurations, and subwavelength grating nanostructure inside the trenches. (c) Optical micrograph image
of the surface grating couplers layout with metal reflector underneath. (d) Dual-etch surface grating coupler
with interleaved deep and shallow etched trenches and subwavelength grating index-matching region.
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Abstract- We demonstrate an electromechanically tunable metal-air-metal structure based on a
gold nanowire suspended on a gold substrate in visible range. By applying voltage to the nanowire,
the suspended nanowire can be pull down by the electrostatic force, resulting in scattering spectral
change due to Fabry-Perot resonance of a plasmonic nanocavity. Such nanocavity provides a
promising route for achieving dynamical control of the interaction between surface plasmon and
inserted objects such as fluorescent molecules or quantum dots in the gap.

Metal-Insulator-Metal (MIM) structure is a fundamental structure for plasmonics. In recent years, MIM
structures have been applied to an efficient light absorber as a component for plasmonic metasurfaces. In such
applications, a finite-length MIM structure, i.e. an MIM resonator plays a crucial role to control the efficient
interaction between surface plasmon to light. Recently, electromechanically reconfigurable plasmonic
metamaterials have been proposed for achieving tunable plasmonic characteristics [1]. More recently, we have
reported static gap plasmon resonance in various gap sizes of a plasmonic nanowire (NW) suspended on a metal
substrate [2]. Such structure, so called Metal-Air-Metal (MAM) structure, has a great potential for the dynamic
control of gap plasmon resonance. Achieving electrical tuning of plasmon resonances in visible range remains a
challenge, in contrast to the great success of tunable plasmonic nanostructures in the other spectral regimes.

In this paper, we demonstrate electromechanically tunable MAM structure in visible range, which is capable
of dynamically tuning the resonant properties of the nanocavity [3]. In addition, we report our recent results
about the modulation of light emission from colloidal quantum dots placed inside the MAM resonator.

Figure 1 shows a SEM image of a 500-nm-wide and
150-nm-thick gold NW suspended over Al,O; coated (20 nm thick)
Au film (80 nm thick) with a suspended length of 13.4 um and an

Electrode

initial air gap of ~250 nm [3]. The suspended NW was fabricated Suspended gold NW
using a probe-based pick-and-place method capable of arranging
NWs on a substrate. P

We measured dark field image of the NW under applying voltage & ALO, / Gold / SO, substrate
to the NW and performed spectroscopy. We observed the scattering =
color of the NW was changed with decreasing of the gap distance

between the NW and the substrate from 250nm (initial) to 100nm.

. . . Fig. 1 SEM i f th
Hence, the gap distance can be tuned by applying voltage, resulting s S image of the suspended

in controlling Fabry-Perot resonance of MAM nanocavity. gold NW. The scale bar is 2pum.

In conventional MIM nanocavity, the spacing insulating layer prevents access to the enhanced filed spot in
the gap, making them limit to use in static applications. Such dynamic MAM nanocavity provides a promising
route for achieving dynamical control of the interaction between surface plasmon and inserted objects such as



fluorescent molecules or quantum dots in the gap. We have placed colloidal quantum dots (CQDs) inside the
MAM resonator and observed the light emission from CQDs. We report our recent results about the modulation
of light emission.
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Abstract- We report on the fabrication of plasmonic hybrid Ni-Au nanoantennas. The optical
properties of such nanostructure depend on the applied magnetic field and/or the temperature. Thus,

we tune under control the plasmon resonance using external stimuli.

Over the past two decades, metallic nanoparticles have attracted increasing interest because of their varied
and complex optical properties. These properties are mainly governed by the collective oscillations of
conduction electrons called "plasmons". In particular, the excitation of the latter by optical fields leads to a local
exaltation of the electromagnetic field on the surface of the nanoparticle. This very intense nanosource makes it

possible to envisage nanometric optical concepts by

controlling, manipulating and amplifying light at this
25t .
scale. In recent years, a new challenge is the control and
manipulation of optical properties using an external
20r stimulus [1].
S 5 In this context, we developed Ni-Au plasmonic
X . i .
hod nanoantennas which exhibit an optical response that can
<
S 10f be modulated either by the application of an external
magnetic field or by a change in temperature. Thus, we
I ‘ rod length: 80 nm (shape ration: 1.6)
s L rod length: 100 nm (shape ration: 2) are able to control the plasmon resonance of such
i — rod length: 120 nm (shape ration: 2.4) . L. .
— rod length: 145 nm (shape ration: 2.9) individual nanoobjects over several tens of nanometers as
— rod length: 175 nm (shape ration: 3.5) .
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Figure 1. Relative shift of the plasmon resonance as a function of the applied magnetic field.
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Abstract: Photonics structures are currently the leading platform for on-chip nonlinear optical application.
However, limitations in compactness, interfacing with electronics and broadband operations have open the
path to complementing and competing platforms such as the base based on plasmonic structures. These are
promising for nonlinear optics because they strongly confine light at the nanoscale, enhancing in this way the
light-matter interactions. Although Ohmic losses are an impediment to the full success of plasmonic-base
structures, we showed here how plasmonic structures perform better than any other platform by harnessing
efficiently the material nonlinearities manly thanks to a slow-light effect, exhibiting a different behavior than
the one in dielectrics.

The Kerr effect leads, amongst other things, to a variation An of the refractive index with light intensity I. In turn, this
leads to an intensity-dependent nonlinear phase shift Adn.. The key challenge that needs to be overcome in nonlinear
optics is that these effects are weak and so it is crucial to use materials with the strongest possible nonlinearity and
geometries which maximize these effects in small volumes, compatible with modern chip-based devices. For many years,
metal-based (i.e., plasmonic) devices have promised to meet this challenge'”, but though the metal can compress the
light very strongly, leading to huge intensities, they are also lossy, quickly dissipating these high intensities upon
propagation.
Here we report which characteristics make plasmonic metal-dielectric-metal (MDM) structures the most promising
nanoscale platform for nonlinear optical signal generation. After reviewing our previous work where we introduced a
simple figure of merit, F = yPy, LATT,4 where Larr = 1/a with o the absorption coefficient, we then show that for MDM
structures F o< 1P with 1 < B < 3, where p depends on the detailed properties of the device and n is the refractive index
of the nonlinear medium. It is thus very advantageous to use nonlinear materials with low refractive index in this
geometry.
We then introduce the concept of nonlinear effectiveness EFFy, in order to quantify the ability of a waveguide mode to
make use of the material nonlinearity, i.e., to convert a material’s nonlinear index change into a nonlinear phase shift.
The EFFNL is defined as EFFy, = AP Lmode Purn = f,*S " py,, where the numerator and the denominator
W
represent respectively the nonlinear phase shifts for the mode and for a plane wave in bulk, and therefore for a plane
wave in bulk material, EFFy; = 1. The nonlinear effectiveness is also proportional to a factor fj, which represents the loss
of the waveguide structure; f; = 1 for a lossless mode and f} = 2/(3In(3)) for a lossy mode. The second factor S represent
the slow-light effect, and the third, png, is the field overlap with the nonlinear medium, which quantifies the fraction of
energy in the mode that contributes to the nonlinear effects and the degree to which it does so (0 < pyp, < 1). Figure la
shows the EFFy; comparison between the best plasmonic structure for nonlinear optics, the MDM, and the one for all-
dielectric waveguide, the Si-slot waveguide. Here the nonlinear effectiveness is plotted versus the thickness of the central
layer for the MDM structure (dark blue) and an all-dielectric silicon slot waveguide (pink), Si-slot waveguide.
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Figure 1. (a) Nonlinear effectiveness versus 7. for MDM structures (dark blue), the MDH structures (red) anc
an all-dielectric silicon slot waveguide (pink). (b) Four-wave mixing efficiency versus propagation length for
five devices.



The nonlinear effectiveness of the MDM structure is superior to that of the Si-slot waveguide as 7. — 0. This is because
the field remains confined in this limit while the presence of slow-light effects contributes to the efficient use of the
nonlinear refractive index change. In contrast, Si-slot waveguides exhibit modest slow light effects and cannot confine
the light when the low-index layer becomes too thin.

In Figure 2b we compare the nonlinear performance for five structures, showing #,,,, versus propagation length. We
consider two MDM structures with #=25 nm (dark blue) and 7=5 nm (light blue); two silicon slot waveguides, with
t=800 nm (purple) and 7=200 nm (pink), and a silicon slot waveguide with a slow-down factor of S=6 (dashed), which
mimics typical photonic crystal waveguides. The silicon slot waveguides consist of a nonlinear central layer with
thickness ¢., surrounded by two 100 nm thick silicon layers (n=3.47), surrounded by air. Each of these is driven at the
maximum power level of the thin MDM structure. Note that the thin MDM structure reaches 7,4, =107 after only 2.5 pm
of propagation length, while all other devices require at least an order of magnitude more propagation lengths to reach
the same efficiency.

Furthermore, we show that the slow-light effect mechanism is substantially different between an MDM and an all-
dielectric waveguide such as a photonic crystal structure. The slow-light effect in MDMs arise because the energy in the
metal propagates backwards due to its negative permittivity. This mechanism differs from that for slow-light effects in
photonic crystals which rely on a narrow band structural resonance. Since the metal and dielectric permittivity have
opposite signs over a large wavelength range, the slow-light effects and thus the MDM’s nonlinear effectiveness are
intrinsically broadband.

We have investigated the merits of plasmonic structures for degenerate four-wave mixing. We find that the MDM
structure has the highest performance thanks to a combination of strong field confinement and slow light effects, but is
limited by the damage threshold of the nonlinear material. Such structures beat all-dielectric structures if the required
efficiency is low. The performance scales linearly with the damage threshold, and can thus be improved by using better
nonlinear materials.
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Abstract— Chirality, an exciting property of objects lacking in mirror symmetry, provides
the ability to sense the handedness of light’s polarization. Instead of following the conventional
apporach based on purely geometrical aspects, we now introduce a novel and versatile concept
realized by a heteromaterial composition of nanostructures. Here, we report on our experimental
and numerical observation of optical activity of geometrically symmetric nanoassemblies enabled
by heteromaterial selection.

According to the definition introduced by Lord Kelvin [1], chirality refers to a lack of mirror

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

200 nm
——

C:

Au

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

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



silicon nanospheres on a glass substrate, utilizing a pick-and-place technique developed in-house [6].
For normal incidence, circular dichroism, i.e., the differential absorption of right- and left-handed
circularly polarized light is observed. The experimental results are in excellent agreement with the
numerically calculated optical response of the nanotrimer.

The heteromaterial-driven chiroptical effects can be further tailored by involving particles made
of many different materials, changing the number of particles or changing their arrangement. We
envision that heteromaterial selection will allow for the development of many different geometries of
nanostructures exhibitng a chiral optical response. Even simpler geometries than the one described
above may feature optical activity. Indeed, our recent studies confirm that optical activity can be
induced also in a heterogeneous two-particle-assembly (Fig. 1b). Details will be discussed in the
presentation.

In summary, we propose and investigate experimentally and numerically a new concept of chiral op-
tical activity of a single nanostructure. In contrast to the studies reported so far, the chiral behavior
originates from heterogeneous material selection of the individual constituents of the geometrically
symmetric nanoassembly. Our concept of the heteromaterial-driven chiroptical response provides
a new degree of freedom for precisely designing the chiral properties of individual structures at the
nanoscale.
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Abstract— A negative Kerr nonlinearity of quasiundoped graphene at telecom wavelengths
is demonstrated experimentally based on our novel chirped-pulse-pumped self-phase modulation
approach. Since a positive Kerr nonlinear index had been assumed for graphene so far, our result
will modify considerably strategies for exploiting waveguide nonlinearity enhancement induced
by graphene layer deposition.

Graphene became a topic of intense research since its isolation [1] due to the panoply of appli-
cations relying on the unusual band structure of this 2D honey comb lattice of carbon atoms [2].
Particularly, graphene is a promising material for nonlinear optical applications due to the ex-
tremely large magnitude of its Kerr nonlinear index, ny (five orders of magnitude larger than ns
of silicon, which is one of the largest available in integrated photonics), as was demonstrated ear-
lier using four-wave mixing (FWM) experiments [3]. Although the sign of ny does not affect the
(optimum) conversion efficiency of FWM, a positive ng had been tacitly assumed for graphene [4].

In this work, we carry out self-phase modulation (SPM) experiments where graphene-covered
silicon-on-insulator (SOI) waveguides are pumped with positively and negatively chirped pulses in
order to determine both magnitude and sign of the waveguide nonlinear coefficient, yx. Moreover,
ng of graphene can be extracted since the nonlinear coefficient of bare SOI waveguides is also
measured. A new analytical model that accounts for SPM and linear losses but also the interplay
between SPM and the input chirp is used to fit the experimental spectral broadening induced by
SPM and as such extract yx. Based on this analysis, we conclude that quasiundoped graphene
possesses a negative ng at 1.55 um, while its magnitude is in accordance with previous reports [3].

Our chirped-pulse-pumped SPM method relies on the following equation that governs the evo-
lution of the root-mean-square (RMS) spectral width, us, of the pulse along the waveguide (in the
z—direction):

pa(z) 1 27k PoAzerCoos1 + (Y PoAzesr)>oan
=1+ ; (1)
112(0) 1+4Cjon

where Py refers to the input pulse peak power, Az is the effective length, Cj accounts for the input
pulse chirp and o-coefficients are positive-valued dimensionless shape-factors [5]. This equation
shows how the spectrum can broaden or get narrower depending on the sign of vxCy in the low-
power regime, namely, when the term that depends linearly on Py becomes important compared to
the term that depends quadratically on Py. This model allows determining vy, including its sign,
by means of measurements of us for different z—lengths, provided Cp is known.

The most important features of the graphene-covered SOI waveguides and the laser sources
employed in our experiments are described in Fig. 1. Further information about the laser sources,
graphene deposition and patterning to vary the length of the graphene sections can be found in [5]
and references therein. The relative spectral broadening is measured for six SOI waveguides covered
by a graphene section with a length varying from 0 (i.e., no graphene coverage) to 250 pm. When
Source (1) is used [see Fig.1(b)], 1.2ps, 1.8 W pulses at 1.55 ym with Cy = 0.8 are injected into
the on-chip waveguides. In this case, the laser source provides directly positively chirped pulses.
In contrast, to provide negatively chirped pulses at the waveguide input, the (slightly positively
chirped) pulses emitted by an optical parametric oscillator (OPO) are sent through a negative-
dispersion fiber with properly chosen length. As a result, 3 ps, 1.7 W pulses with Cy = —0.25 excite
the waveguides when Source (2) is considered.
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Figure 1: (a) Outline of the waveguides used in our experiments. (b) Experimental setup for the SPM mea-
surements. The acronyms refer to variable optical attenuator (VOA), single-mode fiber (SMF), polarization
controller (PC), and optical spectrum analyzer (OSA). Note that the input and output spectra are measured
simultaneously using two OSAs.

Our experimental results are shown in Fig.2. The experimental broadening factors for both
positive and negative input-chirp cases can be fitted on the basis of Eq. (1) with yx as only fitting
parameter. This fit provides v = —1.4 W~ mm™! in the graphene-covered sections, which yields
ng = —10713m? W~! for graphene. In Fig.2, the red lines are the theoretical curves for the case
where the graphene-covered sections would have the same (positive) nonlinearity as that of bare
SOI waveguides. The poor correspondence between these hypothetical curves and the experimental
data showcases the strong impact of graphene on 7. Although the magnitude of the no that we
find agrees with previous works [3], this previously unreported negative ny of graphene changes
drastically present approaches that pursue larger vx through graphene layer deposition.
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Figure 2: (a) Experimental measurement of vx for a positively chirped input pulse. (b) Experimental
measurement of yx for a negatively chirped input pulse.
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Abstract-We discuss the concept of photonic wheels, i.e., light carrying an angular momentum
(density) perpendicular to the propagation direction, as a versatile and very flexible tool for
nanophotonics. We review recent studies involving transverse angular momenta.

Evanescent fields, waveguide modes, propagating surface plasmons and focused light beams share an
intriguing feature. As a direct consequence of the spatial confinement they are resulting from, components of the
field oscillating along the propagation direction are formed, which are usually dephased by +n/2 with respect to
their transverse counterparts [1]. Hence, the electric or magnetic field (or both) are elliptically polarized with the
polarization ellipse coinciding with a plane of propagation. Richards and Wolf first recognized this subtle detail
for tightly focused light beams [2] and Huard and Vigoureux for evanescent waves [3]. In the notation of the
angular momenta of light, such confined fields therefore exhibit components of the spin, which are orthogonal to
the propagation direction [1] in contrast to the conventional case of circularly polarized light. This research area
of transverse angular momenta was initiated in 2009 [4] and, since then, received considerable attention (see for
instance [1] for a review). In some cases, the angular momentum (spin) density or the net angular momentum
might be even purely transverse [4-7].

The most flexible scheme for which this phenomenon of transverse angular momentum in general and
transversely spinning fields in particular can be observed and even, more importantly, also spatially tailored is
the framework of nonparaxial propagation in free-space. By properly choosing the input beams to be tightly
focused, tailored landscapes of locally varying transverse and longitudinal angular momenta can be created at the
nanoscale [1,5-7,12]. The resulting field distributions can be used, e.g., to selectively excite individual
nanoparticles or other nanoscopic systems and to control their emission. In this context it was shown that an
electric field spinning around an axis parallel to a nearby interface results in highly directional emission across a
dielectric interface or directional coupling to plasmons [1,6-11], with the emission direction depending on the
spinning sense. The latter one can be controlled easily by placing the nanoparticle in the focal field of a tightly
focused light beam where the local spin (density) depends on the relative particle position [6,7].

This effect of transverse angular momentum components in focused light beams in combination with the
aforementioned directional emission of a spinning dipole across an interface paves the way for a wide range of
different applications and effects [1,5-11], some of which will be discussed in this presentation.
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Microgels are cross-linked polymeric chains with dimensions ranging from several hundreds of nano- to a
few tens of micro-meters. Microgels are highly sensitive to the environmental changes. Their shape and volume
can experience a dramatic change in response to external stimuli such as temperature, pressure and ionic strength.
This ability has attracted a lot of attention due to potential applications as micro-sensors, micro-actuators,
micro-valves and drug delivery devices. In particular, temperature-responsive microgels can exhibit extremely
large deformation in response to a variation of temperature of the environment. Combining photo-thermal
materials (plasmonic nano-particles) with microgels opens a unique opportunity to design micro-dynamical
systems, which can be controlled all-optically. In this presentation, we discuss our recent advances in the
development of physical models capable to describe optically controlled, gold nanoparticle loaded microgel
systems. Appropriate consideration involves self-consistent coupling of diffusion, elasticity, heat transfer and
electrodynamic models. Using simple examples, we discuss how shape and volume of microgels can be

controlled using light.
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Two-dimensional metal dichalcogenides (2D TMDCs) have been of great interest lately due to their
unique potentials for forming new optoelectronic devices. This talk is focused on the integration of 2D
TMDC nanostructures with plasmonic nanostructures to considerably enhance their optical properties
for enabling new devices for light emission and detection. It is shown that by using a carefully
engineered plasmonic nanocavity, orders of magnitude improvement in light-matter interaction in these
hybrid materials can be achieved. Supported by theoretical calculations, this technique will be
experimentally presented for a variety of hybrid nanostructures, and its prospects for forming practical
nanophotonic devices will be discussed.
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Abstract— We show sensitivity of second harmonic generation to the surface plasmon propa-
gation direction at anisotropic Au/dielectric interfaces. The symmetry of the iron garnet enables
interplay between even and odd components of the nonlinear susceptibility leading to a 95% asym-
metry of the second harmonic output. Illustrating this interplay with a simple two-component
model, we discuss its applicability to nonlinear magneto-plasmonics and nanophononics.

Featuring strong electromagnetic field localization, surface plasmon-polariton (SPP) excitations
are key building blocks of modern nanophotonics. Recently, nonlinear plasmonics [1] benefited from
numerous observations of SPP-enhanced second harmonic generation (SHG). Often isotropic inter-
faces between air and polycrystalline noble metal films are considered, where the optical properties
are independent of the SPP propagation direction. Prominent SHG sensitivity to the symmetry
breaking suggests its applicability for probing excitations at anisotropic interfaces where new in-
triguing phenomena can be expected. SHG non-reciprocity with respect to the SPP propagation
also holds promise for nonlinear magneto-plasmonics [2].

In this work, we probe SPP-assisted SHG from an anisotropic interface in Bi,Tm-doped iron
garnet/Au hybrid plasmonic crystals. We observe strong variations of the SHG response when the
SPPs are propagating in the opposite directions, in a striking contrast to the negligible variations
of the linear transmittivity. In the vicinity of the SPP resonance at the anisotropic Au/garnet
interface, the modulation of the SHG intensity reaches 95%. We consider a two-source model
where SHG is generated at the Au/air and Au/garnet interfaces [3]. When the SPP is excited,
the relative SHG efficiency at the two interfaces changes, and the interference results in a complex
shape of the SHG response. The results of the SHG phase measurements allowed us to consider
SPP-induced resonant enhancement of the fundamental field as F| = Eﬁ’ Ry Ef‘. The crystalline

anisotropy of the garnet film enables both even and odd x(@ components with respect to the angle
of incidence #. Within this approach, the outgoing SHG field takes the following form:

PE(0) = 37 B2 sin(0) + x5 | (ENT + EF )2 cosd, (1)
where the lower indices 1,2 stand for the Au/air and Au/garnet interfaces, respectively.

This interference of the SHG contributions with different parity with respect to 6 holds high
potential for rapidly growing fields of nonlinear magneto-plasmonics and nanophononics. Firstly,
interface anisotropy can be utilized to enhance variations of the SPP-driven SHG output upon
the magnetization reversal in garnet. Furthermore, anisotropic interfaces constitute a popular
playground in nanophononics where surface phonon-polaritons (SPhPs) in polar dielectrics are
excited instead of SPPs in metals. In particular, interplay of anisotropy-driven phonon modes with
SPhPs was shown to strongly enhance the SHG output in the mid-infrared [4].
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Abstract Octahedral Au-core/Pt-shell (Au@Pt) nanoparticles were successfully prepared via a
galvanic replacement of Cu monolayer underpotentially deposited on Au core with a Pt monolayer.
The visible-light irradiation to Au@Pt nanoparticles-immobilized electrodes enlarged a cathodic
current of oxygen reduction reaction (ORR), suggesting that the electrocatalytic activity of Pt shell
layer was enhanced by the photoexcitation of localized surface plasmon resonance peak of
octahedral Au-core particles.

Noble metal nanoparticles (NPs), exhibiting localized surface plasmon resonance (LSPR) in visible-light
region, have attracted much attention because their optical properties can be tuned by precise control of their
shape and size.!'"” Recently, the enhancement of catalytic properties by the plasmonic properties of metal NPs
has been intensively investigated, because hot carriers could be created in plasmonic metal NPs by the
photoexitation of LSPR."! In this study, we try to improve the catalytic activity of Pt with LSPR of octahedral
Au NPs. An electrochemical technique is used for preparing Pt shell layer on octahedral Au NPs, resulting in the
formation of Au@Pt core-shell NPs. The photoexcitation of LSPR peaks of octahedral Au core in Au@Pt NPs
can modify the catalytic activity of Pt shell layer for oxygen reduction reaction (ORR) as a model reaction.

Octahedral Au NPs were prepared by reduction of HAuCly, in diethylene glycol containing
poly(diallyldimethylammonium chloride) at 230 °C for 1 h. The underpotential deposition (UPD) of Cu

monolayer onto octahedral Au NPs immobilized on an HOPG
electrode was carried out with constant potential application at
0.26 V vs. RHE in an aqueous solution containing 1.0 mmol
dm CuSO; and 0.1 mol dm H,SO,. Thus-obtained
Cu-deposited Au NPs on HOPG substrate immersed in
aqueous solution containing 0.5 mmol dm™ K,PtCl, for 10 min
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to replace Cu monolayer by Pt, resulting in the core-shell
structure of octahedral Au@Pt NPs.

The Pt shell deposition on Au surface increased the average
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. . Figure 1. SEM images of octahedral (a) Au
Fig. la and b. To elucidate the surface Pt coverage on the NPs and (b) Au@Pt NPs. (c) Cyclic

edge length of octahedral NPs from 65 nm to 66.5 nm without
significant change in shape as observed in the SEM image of

particles, we obtained the electrochemical active surface area  yoltammograms of octahedral Au and
(ECSA) of octahedral Au@Pt NPs by measuring cyclic ~Au@Pt NPs in O, saturated 0.1 mol dm™
voltammograms. The deposition of Pt layer on Au NPs HCIO4 aqueous solution.



decreased the peak current assignable to the reduction of Au oxide layer (ca. 1.15 V vs. RHE). In contrast, the
peaks originating from the reduction of Pt oxide layer and the H, desorption on Pt surface were newly observed
for Au@Pt NPs at 0.65 and 0.05V vs. RHE, respectively. These results indicated the surface of octahedral Au
NPs was partially coated by the Pt shell layer. The Pt surface coverage was determined to be 85 % on octahedral
Au@Pt NPs from ECSA.

Figure 1c shows the cyclic voltammograms of the octahedral Au and Au@Pt NPs for ORR in a dark condition.
The cathodic current for ORR on octahedral Au@Pt NPs was observed at more negative potential than ca. 0.85
V vs. RHE, the onset potential of which was more positive than that of bare octahedral Au NPs, indicating that
the electrocatalytic activity for ORR was much larger on the surface of Pt shell layer than on the bare Au surface.
Furthermore the visible-light irradiation to octahedral Au@Pt NPs twice enlarged the cathodic current density of
ORR at 0.7 V vs. RHE from -0.12 to -0.21 mA cm™. These results suggested that the LSPR excitation of the Au
core in Au@Pt NPs greatly modified the electrocatalytic activity of the Pt shell layer for ORR.
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Abstract- We report on developments in fabricating nanoplasmonic volumetric isotropic and
anisotropic materials with plasmonic resonances at visible and infrared wavelength ranges. We
push the melt-based crystal growth techniques for developing novel methods as the NanoParticle
Direct Doping method enabling doping dielectric matrices simultaneously with plasmonic
nanoparticles and quantum dots or rare earth ions. We also push the methods utilizing the

self-organization mechanism as in directional solidification of eutectic composites.

Two types of materials will be discussed: (i) based on directional solidification of eutectic composites [1,
2], and (ii) directional solidification of dielectrics directly doped with functional nanoparticles of various sizes,
shapes and chemical composition (metallic-plasmonic, quantum dots) as well as various additional elements as
rare earths, obtained by the NanoParticles Direct Doping, NPDD [3, 4].

It has been shown previously that with self-organization mechanism during the eutectic crystallization
various shapes pertinent to metamaterials can be obtained as the 'split-ring resonator' geometry [1], rodlike [5] or
lamellar structures which can be used as hyperbolic metamaterials [6], or for subwavelength transmission of
electromagnetic waves [7, 8]. It has been also shown that porous three-dimensional structures can be obtained [9]
as well as curved multilayer structure obtained by rotation during the eutectic growth - resembling necessary structure
for metamaterial hyperlens [10]. Recently we demonstrated eutectic-based tunable nanoplasmonic materials for
the first time in visible [11, 12, 13], and we have demonstrated a composite with plasmonic resonances at
infrared wavelengths [to be published].
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Abstract- The effect of anisotropy and spatial dispersion of a metamaterial on the Talbot effect may be
engineered in principle. This has profound implications for applications of the Talbot Effect such as the
design of multimode interference coupler (MMI). The presentation reports findings on the design of a
metamaterial, and its approximation by a Kronig-Penney material that is designed to suppress the modal

phase error, which limits the scaling of MMI port dimension.

The (fractional) Talbot effect describes the longitudinally spatially periodic (multiple) self-imaging of
transversely spatially periodic in free-space. The theory of the Talbot effect assumes Fresnel diffraction,
equivalently of a spectrum of plane wave modes concentrated on-axis, and the phase relation between the
self-images predicted evinces an intimate relationship with number theory [1]. The free-space Talbot effect may
be mapped to a description of the self-imaging properties of a planar multimode waveguide. The theory of the
waveguide Talbot effect follows that of the free-space Talbot effect once account is taken of the (near) zero of
the field introduced by the waveguide sidewalls. This somewhat complicates the phase relations. The free-space
Talbot effect extends naturally to a homogenous medium and, consequently, to metamaterials.

There have been significant improvements in MMI design to improve performance (uniformity, efficiency,
bandwidth) and to reduce the size of its foot-print. However, the performance of MMI on a high index contrast
platform decreases significantly as the number of ports is increased. The modal phase error scales with the
number of ports. This can be ameliorated by the use of a low index contrast platform [2] but this expedient
conflicts with the requirement for high quality fractional self-imaging that the modal expansion is close to a
Fourier series. It is modal phase errors caused by the failure of the paraxial approximation that impair
performance, whether introduced by coupling of the access-waveguides or by failure of the paraxial
approximation in a multimode section.

Additional degrees of freedom are needed to tune the individual phases of the intermediate modes, which
might be introduced by appropriate patterning of the geometrical or optical properties of the multimode section.
The perturbation of the lateral refractive index profile in the multimode section to reduce the modal phase errors
has been considered theoretically [3]. Shallow etching of the multimode region can also reduce the effective
index contrast [4], but these solutions have the demerit of requiring a multiple etch steps in the fabrication
process. MMIs formed using a subwavelength grating waveguides (SWQ) structure offer a solution requiring
only a single etch step. In this way, the lateral refractive index contrast may be reduced by using SWG in the
lateral cladding regions of the multimode section while the high index contrast on the access waveguides
remains to be able to place them closely to reduce the size of MMIs when the number of ports increases [5].
Moreover, the modal birefringence of the waveguide can be controlled by depositing low and high index layers
with the subwavelength pitch on the top of the waveguide [6]. MMIs that make use of the anisotropy of SWG
structure to achieve ultra-compact footprints have been reported recently [7] and an MMI with ultra-broad

bandwidth of 450 nm and phase deviation below 3 degrees has been achieved [8] by engineering the dispersion



properties of the multimode region using SWG to mitigate the wavelength dependence of the Talbot distance.
Homogenised bulk SWG behave as strongly anisotropic materials with a c-axis normal to the layers of a 1D

multi-layer (Kronig-Penney) or for a 2D photonic crystal in 3D along the axis of uniformity. A Kronig-Penney
structure is uniaxial as is a 2D square or hexagonal lattice of circular cylindrical holes in 3D. Anisotropy can
help reduce the Talbot length but temporal and spatial dispersion is necessary to control the modal phase error
and the wavelength dependence of the Talbot length. Anisotropy and, even more so, spatial dispersion
complicate the theoretical description of waveguide structures. The metamaterial can result in a Talbot length
substantially independent of vacuum wavelength — thereby permitting broadband operation [7]. In principle, the
paraxial approximation may be made exact in the metaxial regime and therefore modal phase error eliminated —
thereby permitting the scaling of MMI port dimensions.

The presentation reports findings on the design of a metamaterial, and its approximation by a Kronig-Penney
material that is designed to suppress the modal phase error, which limits the scaling of MMI port dimension. The
findings may enable the realisation of photonic integrated circuits components of unprecedented performance.
For example, a compact broadband MMI with large port counts would constitute a breakthrough in integrated
passive coupler / splitter components enabling, for example, single component discrete space passive DFT
functions and large cross-overs with accurate port phase relations.
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Abstract-We present theoretical and numerical investigations on the locally resonant nanophononic
metamaterials with ultralow thermal conductivity. The anomalous dynamics and thermal transport
properties induced by various hybridizations between the local resonances of the branched
nanopillars and the bulk modes of the host nanowires are verified by finite element analysis. A
cantilever-in-mass model is proposed to theoretically analyze and control the resonance
hybridization band. Particularly we report on near-zero thermal coefficients at local resonances with
flat dispersion curves.

Analogous to locally resonant acoustic/elastic metamaterials, an emerging concept of nanophononic
metamaterials (NPM) has been proposed recently for thermoelectric energy conversion [1]. Based on the local
resonances of the nanopillars built on the surface of a host membrane, NPM can reduce the thermal conductivity
without causing undesirable obstruction to the electron transport and thermoelectric conversion efficiency.
Various numerical investigations on NPM have been conducted by using lattice dynamics (LD) calculations and
molecular dynamics (MD) simulations [2, 3]. Little work has been reported about the analytical model of this
emerging nanostructure. In this work, to theoretically investigate the dynamics and thermal transport properties
of a side branched NPM (see Figure 1(a)), we propose a cantilever-in-mass model to describe the one-side
branched nanowire. As shown in Figure 1(b), the host nanowire can be represented by an outer mass of m;, and
the side branched nanopillar can be enacted by a mass-less cantilever beam with an effective length of L.y and an
inner mass of m,. This cantilever-in-mass model can be further transformed into a classical spring mass-in-mass
model [4]. On basis of Euler—Bernoulli beam theory, we can calculate the equivalent spring stiffness of the

nanopillar as &k =3EI, / L’Zﬂ , where [, is the moment of inertia about the bending z-axis or y-axis. Using the
spring mass-in-mass model, we obtain the effective mass of the one-side branched nanowire as

w,m
me/j’lzml+ 22 22 (1)

where @, is the locally resonant frequency of the internal resonator and can be written as

2)

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



shapes at three representative frequencies (I, II and III) around different flat bands are visualized. It is observed
that within the flat bands, the branched nanopillars exhibit distinct resonant profiles whereas the host wire does
not confine any vibrations. Strong resonance coupling and hybridization between host structure and nanopillars
induce the flat bands, which further result in a distinct reduction in group velocity. Using the Equations (1) and
(2), we can theoretically analyze and control the first resonance hybridization bands. By modifying the resonator
size, the thermal conductivity of the NPM can be further theoretically manipulated and tailored, which could be
potentially significant in thermoelectric conversion.
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Figure 1. (a) Schematic diagram, (b) equivalent cantilever-in-mass model and (c) phonon dispersion relation for
a one-side branched nanowire.
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Abstract-We perform spatiotemporal imaging of acoustic waves in a metamaterial based on silica
microspheres arranged in different patterns on a glass substrate, including waveguides. An ultrafast
optical pump-probe system is used to obtain time-resolved two-dimensional images of both surface
and bulk acoustic wave interactions with the microspheres. We also identify the metamaterial
frequency band-gap regions through a detailed examination of the experimentally and theoretically
obtained acoustic dispersion relations.

Materials consisting of two-dimensional arrays of particles demonstrate interesting effects on macro- and
micro-scales [1,2]. Such materials exhibit a number of vibrational resonances corresponding to different types of
particle motion and their mutual interactions. In
particular, metamaterial structures consisting of
microspheres on a glass substrate have lately been
investigated by examining their interaction with
propagating surface acoustic waves (SAWs), allowing
the elucidation of the nature of the particle contacts

| —
o .
Amp. (arb. units)

and the demonstration of metamaterial band gaps

f (GHz)

corresponding to different resonances [2—4].
Arranging acoustic metamaterials in different
patterns to form structures such as waveguides and
cavities, in a similar way to analogous
phononic-crystal and photonic-crystal structures,

allows the construction of devices to control acoustic B 0 1 2

wave propagation. Such structures are ideally suited -1

to spatiotemporal imaging studies. However, such ky (km )

real-time imaging has not been performed in acoustic ~ Fig. 1 Dispersion relation (frequency f'vs wave number £,
metamaterials. In the case of particle arrays, the along the propagation direction) of SAW propagation in a
interaction of the particles with surface and bulk  metamaterial arranged in the form of a linear waveguide.

modes is expected to exhibit metamaterial band gaps.  Inset: optical micrograph of a section of the sample.



However, gaps formed by bulk modes have not been experimentally studied in detail.

Here we experimentally investigate the interaction of propagating acoustic waves in a float-glass substrate
with a surface structure consisting of a monolayer of 1.08 um diameter silica spheres, demonstrating interactions
with both SAWs and surface-skimming longitudinal bulk waves (SSLWs). These are excited and detected using
an optical pump-probe set-up with a Ti:sapphire femtosecond laser operating at 75.6 MHz [5]. The glass
substrate is coated with a 0.1 um aluminum film for coupling with the laser pulses. The probe pulses, of
wavelength 830 nm and duration ~200 fs, detect the out-of-plane surface particle velocity of the propagating
waves. The beams are focused to spots of about 1 um in diameter, and images are generated over areas up to
~200%200 pm?, allowing animations of the surface motion to be obtained at acoustic frequencies up to ~1 GHz.
Time-resolved images show acoustic waves—in particular SAWs and SSLWs—propagating along the sample
surface.

Fourier analysis allows the propagation to be visualized at different frequencies, and allows the acoustic
dispersion relation to be determined. In this connection, k-space images of the wave propagation on
homogeneous samples show the presence of two acoustic modes, representing the SAWs and the faster SSLWs.
Figure 1 shows the dispersion relation of SAW propagation for an arrangement of particles in the shape of a
linear waveguide, in which case only the SAW mode appears. The inset of the figure shows an optical
micrograph of the metamaterial waveguide sample, which consists of a column about 4 um wide of closely
packed microspheres. There is a pronounced dip in amplitude around ~300 MHz, corresponding to a wavelength
of ~12 um—considerably larger than the particle diameter—as expected for metamaterial-related resonances for
this type of structure. This dip corresponds to the metamaterial band gap, a region in which the wave vector is a
complex quantity.

The dispersion relation of a uniform array of microspheres is investigated by means of an analytical theory
based on the interaction of the acoustic waves in the substrate with the particle vibrational resonances. We find
good agreement with this theory and the experimentally determined dispersion relation of such a uniform array.

This work demonstrates the application of ultrafast laser imaging to microscale metamaterials. Future
perspectives include the investigation of anisotropic effects in ordered structures and crystalline substrates, as
well as the investigation of wave propagation in more complex 2D heterogeneous structures.
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Abstract-The work is devoted to the development of the novel design of magnetoplasmonic
nanostructures for improvement of magneto-optical properties. Namely, we propose (1)
magneto-plasmonic crystals with broken symmetry for obtaining the Kerr effects at normal
incidence, and (2) magneto-plasmonic quasicrystals with the broadband magneto-optical response.

Resent research has demonstrated the enhancement of magneto-optical effects in structured media. In
particular, the attention has been paid to plasmonic crystals which are periodic structures supporting surface
plasmon polaritons. It was demonstrated that the transverse Kerr effect and the Faraday effect are resonantly
enhanced in magnetoplasmonic crystals, and also novel promising effects arise, namely the longitudinal intensity
effect. As a rule, these effects are of resonant nature, due to their relation to the excitation of eigenmodes, which
leads to narrow spectral range of magneto-optical response.

A specific kind of nanostructures that attracts attention is plasmonic quasicrystals [1], that demonstrate
broadband optical response and, moreover, it is polarization-independent for 2D structures. We investigate
magneto-optical effects in plasmonic quasicrystals formed by a uniform magnetic dielectric and a quasiperiodic
ID or 2D metallic lattice. Theoretical approach is developed and experimental results are presented. The
experiments were performed with two types of structures: (i) the 1D quasi-periodic grating specially designed
for obtaining plasmonic resonances at certain range of frequencies, and (ii) the 2D structure with 10-fold
rotational symmetry. The Faraday effect as well as the transverse Kerr effect demonstrate broadband
enhancement. We also find the conditions for the enhancement of the longitudinal magneto-photonic intensity
effect.

Due to symmetry reasons linear effects associated with in-plane magnetization (such as the transverse Kerr
effect) are prohibited at normal incidence. However, for practical reasons it would be useful to observe the
transverse Kerr effect at normal incidence. For that reason, the spatial symmetry of the structure should be
broken. To achieve that we investigate a plasmonic crystal formed by a uniform magnetic dielectric and a
non-symmetrical metallic lattice. The obtained results for the transverse Kerr effect measurements at normal
incidence are consistent with the theoretical considerations.

Acknowledgements: The work is supported by the Russian Foundation for Basic Research (project
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Parallelization of single nanoparticle biosensors
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There is steady increasing demand for a reliable and sensitive detection of a broad range of biomolecules.
Among various different approaches for detection, our group is interested in the use of localized surface plasmon
resonances (LSPR) as a transducing principle for the biomolecular binding. The LSPR occurs in metallic
nanostructures, where the spectral position and shape of the resonance can be engineered by the shape of the
structure. We have used several approaches with a different degree of complexity for the customized formation
of the nanostructures such as microfluidic synthesis of anisotropic particles [1,2], double concentric structures by
colloidal lithography [3], pyramidal structures by template stripping and colloidal lithography [4] or by thermal
annealing of thin continuous metal layers [5]. The reliable readout of the spectral position of the LSPR with very
low noise is one of the key challenges in the biosensing process. The relatively simple detection can be realized
on nanoparticles ensembles, but the step to the spectroscopy of a single particle is challenging [6]. Often only
single or a small number of nanostructures can be measured at once and therefore a parallelization of these
measurements is very time consuming. In our approach we have established hyper-spectral imaging combined
with microscopy imaging system, which allows to record spectral properties of many particles simultaneously
[7]. We were able to map spatial variation of the protein adsorption and to demonstrate the limitation of the

ensemble LSPR measurement caused by the shape variation of the metallic nanostructures.
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Abstract- We introduce a new technique to resonantly post-tune ensembles of nanophotonic
resonators with light. The method is scalable, highly precise, and compliant with on-chip structures.
Building on the method, we develop medium-scale nano-optomechanical architectures where first
collective phenomena do emerge. We report as first example the light-mediated frequency locking

of multiple nanomechanical oscillators.

The interaction between light and mechanical motion, at the core of optomechanics, is boosted in lightweight
nano-optomechanical resonators. After landmark experiments realized on single resonators, the investigation of
collective phenomena now requires controlling vast ensembles of coupled resonators, with the coupling mediated by
light or vibrations. This evolution towards collective nano-optomechanics bears potential for a variety of sensing
applications of course, but for quantum or topological photonics as well. It is however impeded by the residual
disorder imposed by nanofabrication techniques, which naturally detunes high-Q resonators and precludes resonant

interactions between them.

Here we present a new technique to tune ensembles of nanophotonic/mechanical resonators. Light resonantly injected
into the optical mode of a first resonator immersed in a fluid (gas or liquid) triggers an etching process, leading to a
fine-tuning of the resonator’s dimensions. The evolution of dimensions is monitored continuously by tracking the
resonator’s optical resonance with a laser. This tuning process, dubbed resonant photo-electrochemical etching, is
naturally scalable to multiple resonators and allows us to tune small ensembles (2 to 5 resonators). We demonstrate

the versatility of the process and discuss its implementations in various contexts.

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

oscillators.
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Abstract. This work experimentally revealed, that ®Co-gamma-irradiation of potash-
alumina-borate glasses doped with 2 mass.% of iron oxide to the dose of 1.7 MR in
the temperature range of 150-300 °C induced differential optical density changes
within -5.7<AD<-3 in the wave length range of 300+350 nm, which is characteristic
for meta-material. Calculations have shown that variation of optical refraction index
within -0.66 <dn/n,< 0.1 due to microstructure transformation causes changes in the

differential absorption coefficient of the glass -7.86< Aa.<0.11.

Introduction. Besides synthesis of metamaterials [1], alternative possible way is the
dynamic nonlinear effect — self-organization of multiclement disordered matrix under
simultaneous influence of heating and ionizing irradiation radiative effects.

Levy P.W. [2] showed that it is possible to present the radiation induced absorption
formed by superposition of several individual absorption bands, in the form of Gaussian for
each color center o (E) in the glasses as coefficient of absorption of photons with energy E:

o(E)=amexp[ - (4In2/AE1)(E — Eo)*], (1)

where o, — absorption coefficient at the maximum of Gaussian curve; AE, — width on half-
height maximum. Dexter D.L. [3] studied absorption of light by atoms in ionic crystals and
improved Smakula's formula for the concentration of color centers, but this one can be use
for oxide glasses

Ni-f=0.87-10"7-[0/(n*+2)*]-AE "0, 0m = (2,303/d)'D  (2)

where f-oscillator force, n- optical refraction index, D-optical density, d—sample thickness in
cm.

The purpose of this work is to study "meta" — like optical properties related with
structural transformations at thermal radiation treatment of multi-component oxide glasses.

Theoretical background. Earlier we showed that for borosilicate glasses [4]
proceeding from doses dependences of optical density (D) it is possible to estimate the
number of color centers N;

Considering dispersive curves and their relation through (1) and (2): ap=0m (E), n =

n(E), for changes of o, and n we can write

[doym(E)/dn(E)] = [dowm(E)/dE] / [dn(E)/dE]. 3)

Let's assume that n(E)=ng + dng = ny(1+(dng/ny)), 4)



where ng - constant index of refraction, dng/no— the relative index of refraction taking into
account dispersion. Replacing, for simplicity am(E) =a-; ng=n. and considering (2) and (3)

for derivative [da- / dn.] we find:

lda_1dn )= C-[N/AE,, Jd/dn \(n2 +2)/(ny +n.))+ (2 +n)/(ny +n )} (5)

For simplicity we will designate (nN /n, ) =n_

and finally obtain

ldce 1an J= e =polien - |is@rm )sn F |- |on V10 ) ©

For meta-material [5] it is possible to accept limits of change -0,66<dn/n,<0,1 and

calculate according to (6) -7.86< Aa.< 0.11. Thus, due to the thermal-radiation effect, the
negative value of absorption coefficient caused by results in a negative value of optical
refraction index of the oxide glass. It means physically self-transparency under certain

experiment conditions.

Objects of research and experimental results. We studied experimentally KAB-50
glass matrix with the composition (50B,0325A1,0325K,0) mol. % doped with 2 mass.%

10

AD, differential density

Wavelength, nm

Fig. 1. Differential absorption spectra of the iron
doped glasses S0co J-irradiated at:
1-150°C; 2200 °C; 3 - 250 °C; 4 - 300 °C
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Self-assembled optical metamaterials.
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Abstract- Self-assembled metamaterials constitute a promising platform towards bulk optical
materials with unusual effective properties. Reporting on several experimental systems, we show
that they can reach unprecedented values of bulkiness and homogeneity figures of merit. This is
achieved by assembling plasmonic nanoparticles into dense 3D structures, in which the localized
surface plasmon resonances of the particles provide specific optical responses. We produce
self-assembled hyperbolic metamaterials and self-assembled bulk nanocomposites presenting
optical magnetism at visible wavelengths.

Among the exciting emerging functional nanomaterials, metamaterials are artificial composites presenting
unusual properties of light propagation thanks to a specific structure at a length scale smaller than wavelength.
The search for meta-properties in the visible domain has been mostly focused on nanostructured plasmonic
systems. This has led to the search for new and versatile fabrication methodologies, among which nanochemistry
and self-assembly have become promising routes. Two experimental systems will be discussed here, using
self-assembly of metallic nanoparticles into dense organized structures, in which tailored localized surface
plasmon resonances (LSPR) of the nanoparticles provide large amplitude and specific properties of the optical
responses.

We produce anisotropic nanocomposites by the assembly of gold nanoparticles templated with
spontaneously ordered matrices of diblock copolymers. In particular, we study periodic lamellar stacks of
alternating layers of pure polymer (dielectric) and layers of composite of polymer loaded with a high density of
gold nanoparticles (see Figure 1). The spectral variation of their anisotropic effective dielectric permittivity is
determined by variable-angle spectroscopic ellipsometry using appropriate effective medium models.

P N AT K e My |
T T o L

Figure 1. Side view Figure 2. Top view
(SEM) of a lamellar (SEM) of assembled
metal-dielectric plasmonic raspberries



For large gold loading, the lamellar stack presents a frequency domain, in which the ordinary and
extraordinary components of the dielectric function are of opposite signs. This peculiar property, called
“hyperbolic”, allows for the propagation of large magnitude wavevectors, carrying details finer than half the
wavelength, otherwise corresponding to evanescent non-propagative waves in a usual dielectric. We therefore
demonstrate for the first time the possibility of using a self-assembly methodology for the fabrication of bulk
hyperbolic metamaterial'.

We obtain plasmonic nanoclusters made of metallic satellites surrounding a dielectric core (so-called
“plasmonic raspberries”) by colloidal engineering. We measure both the electric dipolar and the magnetic
dipolar scattering cross-section of these plasmonic raspberries vs. wavelength with a polarization resolved
spectroscopic light scattering experiment. The raspberry-like nanoclusters are subsequently assembled to form a
bulk metamaterial (see Figure 2), with an effective permeability parameter probed by spectroscopic ellipsometry
at variable incidence, found to take values between 0.8 and 1.4, over the visible light wavelength range’. We thus
created the first nanostructured metamaterial exhibiting a strong isotropic artificial optical magnetism in visible
light.

We will discuss these results and how they can open new routes for metamaterial fabrication.

Acknowledgements. This work is supported by the LabEx AMADEus (ANR-10-LABX-42) in the framework of
IdEx Bordeaux (ANR-10-IDEX-03-02), France.
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Photonic Band Gaps in Amorphous Gyroid Structures
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Abstract-We introduce a new class of photonic band gap materials based on amorphous gyroid
networks. The amorphous gyroid networks are created using the concept of local-self uniformity
that controls spatial correlations of on a wide range of length scales.

The fundamental correlations between the geometrical/topological characteristics of photonic materials and
the advanced optical functionalities they provide is a fundamental problem in the field of structured photonic
materials. To this end we introduce a new metric, local self-uniformity (LSU) [1] as a measure of the structural
order of photonic network architectures of predefined valency.

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

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

1



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

Figure 2 Alumina 3D-printed networks. The single network gyroid and amorphous gyroid blocks (A). Completed

cylinder (B) assembled from the two semi-cylindrical pieces.

The new amorphous gyroid network is of significant interest for photonic applications. Amorphous gyroid is
a three-dimensional continuous random network (CRN) characterized by 3-fold connected vertices and short
range structural correlations whose strength decays with distance. By analogy with the well-known glassy
disordered honeycomb and amorphous diamond networks, the network structure about a given vertex in
amorphous gyroid should be a low symmetry realization of its structure in crystalline single network gyroid. We
can expect that an amorphous gyroid structure possessing these properties should, like other glassy networks,
exhibit substantial local self-uniformity. The realization and study of amorphous gyroid thus presents an
opportunity to investigate the possible connection between local self-uniformity and the formation of sizeable
photonic band gaps (PBGs) in high refractive index disordered structures.

The physical concept behind amorphous gyroid networks, local self-uniformity directly links a network's
physical structure to its optical properties. It describes a fundamental mechanism of photonic band gap formation.
Local self-uniformity, however, has significant relevance beyond this. It illuminates a subtlety in structural
coloring architectures that has so far escaped detection. Further, an appreciation of a material's local
electromagnetic resonances, and the control that local self-uniformity allows over the way they couple,
represents a new paradigm in complex optical material design.
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Abstract- We report our advances in the development of subwavelength engineered structures for
on-chip photonics circuits, including Si membrane waveguides for sensing applications in the near-
and mid-infrared, and high pump-rejection filters for quantum photonics.

The large transparency window of silicon (1.1 - 8 um wavelength range) makes it a promising material for
the implementation of a wide range of applications, including datacom, sensing, nonlinear and quantum optics.
Patterning silicon with features smaller than half of the wavelength (well within the capabilities of standard
silicon fabrication processes) has proven to be a powerful tool to tailor material properties, allowing the
realization of Si devices with unprecedented performances [1].

Here, we exploit the new degrees of freedom leveraged by subwavelength engineering to implement two
types of high-performance Si filters for nonlinear optics, quantum and sensing applications in the near- and
mid-infrared. First, we will present subwavelength engineered Bragg filters based on a novel differential
corrugation width configuration allowing narrow-band rejection with a single etch step and relaxed fabrication
constraints [2]. These filters feature a rejection bandwidth of 1.1 nm and an extinction ratio exceeding 40 dB.
Then, we will show an integrated Bragg grating waveguide filter for single-mode operation in near- and mid-IR.
A 500-nm-thick and 1100-nm-wide silicon waveguide allows single-mode propagation in the mid-IR, while a
specific waveguide corrugation is used to radiate out the higher order modes in the near-IR. This results in an
effectively single-mode operation in near-IR. Building upon this concept, we demonstrated efficient
waveguide Bragg grating filters for several applications. Our achievements pave the way towards the
development of new types of on-chip functionalities in silicon based on the principle of subwavelength
waveguide engineering.
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Abstract We report on deterministic quantum light sources for applications in quantum
communication systems. The sources are based on single quantum dot - microlenses fabricated by
by in-situ electron-beam lithography. These quantum devices show close to ideal single photon
purity with g®(0)<0.01, high photon indistinguishability with V>90%, and high potential for
quantum repeater networks based on entanglement distribution. Moreover, quantum dot —

microlenses can be used for efficient twin-photon emission and allow for the development of

stand-alone fiber-coupled single-photon sources.

The realization of building blocks for quantum networks has become one of the driving forces for the

development of advanced nanophotonic device concepts and nanofabrication technologies. Within this field,

significant progress has been achieved regarding for instance the fabrication of efficient quantum dot (QD) based

single-photon sources. This work has almost elusively been performed on self-assembled QDs, which is

explained by their superb optical and quantum optical properties. However, due to the self-assembled growth,

both the position and the emission energy of individual QDs are controlled, which leads to a very low yield of

usable optical devices when standard nano-processing schemes are used. This issue strongly limits the

applicability upscaling of single QD based photon sources in practical systems such as multi-partite quantum

networks.

In this contribution we will present a nanotechnology platform for the
deterministic fabrication of high quality quantum light sources based on
self-assembled QDs. Our technique is based on in-situ electron-beam
lithography which allows us to integrate pre-selected quantum dots into
photonic devices with nm-accuracy and flexible device design [1, 2]. In this
way we realize deterministic QD microlenses (see Fig. on the right) which
can act as non-classical light sources with superb optical and
quantum-optical properties in terms of the photon extraction efficiency, the
single photon purity and the degree of photon indistinguishability [3]. I will
also discuss effects limiting the photon indistinguishability and show how
they can be explored by delay-time and temperature dependent
Hong-Ou-Mandel experiments [4]. The talk will conclude with recent work

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



and an outlook towards entanglement swapping using QD based quantum light sources [5], twin-photon

emission [6] and direct fiber coupling of a QD-microlens the realize a stand-alone and user-friendly single

photon source [7].
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Engineering stimulated light-sound scattering in silicon
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Abstract- Brillouin nonlinearities permit stimulated light-sound scattering through optomechanical
three-wave interactions. In conventional silicon waveguides, material response and poor acoustic
confinement effectively stifle Brillouin nonlinearities. However, new optomechanical
waveguides—that control both light and sound—have recently transformed Brillouin interactions
into the strongest and most tailorable nonlinearities in silicon. In this paper, we use theory and
experiment to demonstrate a variety of stimulated light-scattering processes. We also harness these
interactions to realize light-amplification, signal filtering, and laser technologies.

Optical confinement and wave-guidance within optical fibers has allowed us to harness and enhance silica’s
intrinsic Kerr, Raman, and Brillouin nonlinearities. As a result, the silica fiber-optic is perhaps one of the most
versatile nonlinear devices in existence [1]. These same principles have been applied in silicon photonics to yield
a new class of highly nonlinear devices on a chip. For example, tight modal confinement has been used to
radically enhance intrinsic Kerr and Raman nonlinearities in nanoscale silicon waveguides[2], [3].

Counterintuitively, Brillouin nonlinearities—which far surpass both Kerr and Raman nonlinearities in
optical fibers—are exceedingly weak within these highly nonlinear silicon waveguides[4]. Within conventional
silicon waveguides, material response and poor acoustic confinement effectively stifle Brillouin nonlinearities
[4]. However, new optomechanical waveguides—that control both light and sound—have recently transformed
Brillouin interactions into the strongest and most tailorable nonlinearities in silicon [5]-[8].

In this paper, we demonstrate a range of highly engineerable new stimulated Brillouin interactions in silicon
waveguides by controlling both light and sound within a growing ecosystem of Brillouin-active optomechanical
waveguides. In particular, we describe the recent realization of high performance Brillouin amplifiers in silicon [8]
using forward intra-modal Brillouin interactions. We show how the unusual properties of forward-Brillouin
interactions can be used to create microwave-photonic filtering technologies that have no analogue in all-optical
signal processing [9], [10].

Building on these concepts, we introduce a new type of multi-mode optomechanical waveguide that creates
phonon-mediated coupling between optical modes with distinct spatial profiles[11]. This process, termed stimulated
inter-modal scattering, produces unusual new nonlinear dynamics[12], [13]. From a technology perspective, this
process is intriguing because the incident and scattered fields propagate in distinct spatial modes, permitting unique
forms of mode-multiplexing and dynamical mode conversion [11]. We show that this interaction opens the door to a
range of Brillouin processes that enable everything from slow-light, to Brillouin-induced transparency, to new laser

technologies in silicon.
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Abstract- Rapidly time-varying metasurfaces are proposed as a frequency converting platform. The
proposed metasurface is designed for sudden merging of two distinct resonances into a single
resonance upon ultrafast optical excitation. From this dispersion-engineered temporal boundary

onward, the merged resonance frequency component can be radiated.

A few years before the experimental demonstration of coherent nonlinear optical effect, Morgenthaler
contemplated an alternate route towards the conversion of light frequency via velocity modulation of the wave,
i.e. temporal variations of permittivity and/or permeability of the media [1]. Afterwards, continual theoretical
efforts have been made to understand this linear frequency conversion. Experimental verifications followed then
in the field of plasma physics; notable examples were the observation of frequency shift in rapidly growing
plasma from laser ionization of gases and semiconductors. However, it was not until a group of researchers
proposed chip-scale dynamic photonic structures, such as photonic crystals [2-5], micro-ring resonators [6], and
waveguides [7] for the observation of wavelength conversion that the phenomena became the subject of
engineering.

Active resonant metamaterials, in which the resonating meta-atoms are hybridized with electrically or
optically reconfigurable natural materials, can be thought of as an optimal platform that can be spatiotemporally
rearranged. Here, we propose rapidly time-varying metasurfaces as a frequency converting platform and
demonstrate their efficacy experimentally at terahertz frequencies. Since our proposed conversion scheme does
not rely on a nonlinearity of comprising materials, the conversion efficiency is invariant with respect to the
intensity of an input wave. Therefore, this method would be beneficial especially for the frequency conversion of
waves with weak intensities. Furthermore, the frequency of a converted wave and its efficiency is tailorable to a

large degree as the conversion process does not require energy conservation between participating waves.
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Quantum Optics with Nanowires
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Nanowires offer new opportunities for nanoscale quantum optics; the quantum dot geometry
in semiconducting nanowires as well as the material composition and environment can be
engineered with unprecedented freedom to improve the light extraction efficiency.

Quantum dots in nanowires are shown to be efficient single photon sources, in addition
because of the very small fine structure splitting, we demonstrate the generation of entangled
pairs of photons from a nanowire.

Another type of nanowire under study in our group is superconducting nanowires for single
photon detection, reaching efficiencies, time resolution and dark counts beyond currently
available detectors. We will discuss our first attempts at combining semiconducting nanowire
based single photon emitters and superconducting nanowire single photon detectors on a chip
to realize integrated quantum circuits.
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Abstract

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

1. Introduction

Preferential backscattering, which hardly occurs in natural
media, is characterized by negative values of the asymmetry
parameter, the average of the cosine of the scattering angle,
(cos 0) [2]. Negative (cos #) has been reported in ferromag-
netic particles [3] and lossless dielectric nanospheres made
of moderate permittivity materials, such as silicon or ger-
manium nanospheres in the infrared region [4]. In these
cases, negative asymmetry parameters have been show to
lead to an unusual regime in multiple light scattering, in
which the scattering mean free path is larger than the trans-
port mean free path [4]. This peculiar transport regime has
also been demonstrated for multiple scattering systems with
correlated disorder under certain conditions [5].

Here, we propose an alternative, versatile strategy
to achieve not only preferential backscattering (negative
(cos 6)) but also to control the scattering direction with an
external parameter [6], which can be either an applied mag-
netic field or the temperature [1, 7]. We consider an in-
finitely long core-shell magneto-optical cylinder, normally
irradiated by p waves, i.e., the magnetic field is parallel
to the cylinder axis. The cylinder is embedded in vac-
uum (eo, po) and consists of a dielectric core made of sil-
ica (SiO2) (61 = 2.25¢¢ and pq = p in the far-infrared)
of radius a coated with a cylindrical shell of indium anti-
monide (InSb) of radius b, which is a magneto-optical ma-
terial strongly dependent of the external magnetic field and
the temperature [9]. The complete analytical and numerical
study of this system can be found in Ref. [1].

2. Results and discussion
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Figure 1: Light scattering by a SiOs microcylinder (1 =
2.25¢¢) coated with InSb shell. The system is normally ir-
radiated by p waves and is subjected to an external magnetic
field B = Bz. (a) (cosf) as a function of the frequency
f, for various magnetic field amplitudes B, with the scat-
terer radius being b = 2.5 ym (kb < 1), and aspect ratio
S = a/b = 0.35 at room temperature (I" = 295 K). The
insets show the extinction efficiency Qoxt for B = 0.0 T
(@} =a”;)and B =0.5T (a} # a”,) and the correspond-
ing scattering pattern for B = 0.5 T and f = 2.0 THz,
where a¥ | is the Lorenz-Mie coefficient for p waves. (b)
The diffusion coefficient D for a collection of parallel and
identical magneto-optical cylinders with packing fraction
Jpack = 35%, where c is the speed of light.



Figure 1(a) shows that the application of an external
magnetic field B strongly affects the scattering direction-
ality [8]. Indeed, the presence of B breaks the scattering
isotropy of dipolar scattering, in contrast to what occurs
for non-Faraday-active materials in the Rayleigh regime
(kb < 1). For magneto-optical materials the Lorenz-Mie
coefficient are not degenerate (a} # af;) for B # 0,
leading to a strongly asymmetric, magnetic field-dependent
scattering pattern, as it can be seen in Fig. 1(a). In Fig. 1(b),
we investigate the impact of tunable scattering anisotropy in
light transport in planes composed of identical, infinitely-
long magneto-optical core-shell cylinders. The parameters
are the same as the Fig. 1(a): b = 2.5 um, S = a/b = 0.35,
and T' = 295 K. Figure 1(b) reveals that the application
of an external magnetic field up to B ~ 1.0 T leads to an
increase in the diffusion coefficient D.
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Figure 2: Light scattering by (SiO3) core-shell (InSb) cylin-
ders with outer radius b = 25 pm and aspect ratio S =
a/b = 0.5. (a) Normalized differential scattering efficiency
0Q(¢)/0¢ for a fixed frequency f = 1.6 THz (kb ~ 0.84)
at temperature 7' = 250 K, for B=0.0Tand B =13T.
(b) The ratio between the transport mean free path and the
extinction mean free path for a collection of cylinders.

Figures 2(a) and 2(b) demonstrate that it is possible to
achieve directional scattering, which can be tuned by apply-
ing an external magnetic field, beyond the Rayleigh limit.
The interference between electric and magnetic dipole con-
tributions leads to a minimum in the internal energy around

f ~ 1.6 THz as B increases. As it can be seen from
Fig. 2(b), this interference induces a band (1.3 THz to
2.0 THz) of anomalous scattering in which £* < /lgyy.
Moreover, for B = 1.3 T, £* &~ {y,/(1 — {cos8)) since
absorption becomes very small in this frequency range, as
it can be verified in the inset of Fig. 2(b). This implies that
there exists a transport regime in which /* < fy.,, with
0* ~ 0.80gcq.

It is worth mentioning that the application of the exter-
nal magnetic field can suppress absorption in this frequency
range, resulting in Qsca/Qext = 1, as it can be seen in the
inset of Fig. 2(b). In addition, for a fixed frequency and ma-
terial parameters, Fig. 2(a) shows we can effectively tune
the directional scattering pattern by applying B. More de-
tails of this study can be found in Ref. [1].

3. Conclusion

Using the Lorenz-Mie theory, we have investigated the
electromagnetic scattering by magneto-optical core-shell
microcylinders. We have shown that the application of an
external magnetic field induces a drastic decrease in elec-
tromagnetic absorption in a frequency window in the THz,
where absorption is maximal in the absence of the mag-
netic field. We have demonstrated not only that the scatter-
ing anisotropy can be externally tuned by applying a mag-
netic field, but also that it can reach negative values in the
THz even in the dipolar regime. This leads to an anoma-
lous regime of multiple light scattering in a collection of
magneto-optical core-shell cylinders, in which the scatter-
ing mean free path is larger than the transport mean free
path in specific ranges in the THz. In our approach, we have
demonstrated an unprecedented degree of external control
of multiple light scattering, which can be tuned by either
applying an external magnetic field or varying the tempera-
ture.
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Bound states in the continuum with high orbital angular
momentum in dielectric rod with periodically modulated
permittivity.

E. N. Bulgakov and A. F. Sadreev
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Abstract— We consider bound states in the radiation continuum (BSC) in single dielectric rod
with with periodically modulated permittivity. Because of rotational and translational symme-
tries the BSCs are classified by orbital angular momentum m, Bloch wave vector § directed along
the rod and the polarization. The BSCs with high orbital angular momentum m # 0 and mixed
polarizations constitutes the most interesting class of the BSCs because of high localization of
EM fields near surface of the rod.

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

L

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

In what follows we refer all length quantities in terms of the period h of the array. Because
of rotational symmetry the total system splits onto the independent sectors classified by integer
m =0,+1,+2, ..., orbital angular momentum (OAM) which defines the BSCs which are degenerate
relative to the sign of m. All components of the o-th BSC can be expressed through auxiliary
function

22 10 m? 0?

72 ;E_TT—F@—FUG(Z) Yo (z,7) =0, (1)



Figure 2: Patterns of the Bloch TE BSC with m = 0,8 = 1.08676 at R = 1 and frequency ko. = 3.88423 (a)
and the BSC with high OAM m = 5,5 = 0 at tuned radius of rod R = 1.875 and frequency ko. = 5.143873
(b). Other parameters: ea = 3,63 = 1,d = 0.5.

where 0 =TE, TM, m =0,1,2,... is the orbital angular momentum and
Urp(z) = e(2)k3,
'(z 2 e’ (z
UTM(Z) = G(Z)kg - % <e((z))) + % e((z))

That consideration for m = 0 and ¢ = T'M is completely equivalent to that performed by Li and
Engheta in a plasmonic nanowire with periodic permittivity variation [4].
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Engineering anapole mode for the generation of

toroidal dipole moment
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Abstract- A novel three-dimensional plasmonic metamaterial which is able to generate a transverse
toroidal dipole moment under normal illumination is presented in the optical region. In addition to
the toroidal dipolar response, a non-radiating anapole mode resulting from the destructive
interference between toroidal and electric dipoles is also observed. Different from the previous
works, it is a specifically designed and fabricated plasmonic metamaterials for the generation of
both transverse toroidal dipole moments and associated anapole mode, and readily available for
feasible applications.

Natural toroidal molecules, such as biomolecules and proteins, possess toroidal dipole moments that are hard
to be detected [1], which leads to extensive studies of artificial toroidal materials. Recently, toroidal
metamaterials [2] have been widely investigated to enhance toroidal dipole moments while the other multipoles
are eliminated due to the spacial symmetry. However, most of generated toroidal dipole moments are either
aligned vertically to the substrate surface or embedded in a dielectric, which is a critical constraint for further
applications of toroidal metamaterials.

In this talk, we will show several cases on the plasmonic toroidal excitation by engineering the near-field
coupling between metamaterials. The gain-assistant toroidal resonance is subsequently studied for realizing
toroidal lasing spaser. In addition, a novel design for a toroidal metamaterial with multi-layered structures is also
studied. Because the induced toroidal dipole moment is oscillating at the interface between metallic structure and
free space, this design overcomes the challenge in detecting the scattering of the induced toroidal dipole and
provides a possibility of coupling with other dipolar moments. Besides, the non-radiating anapole mode [3, 4]
results from the destructive interference between toroidal and electric dipoles are realized through such proposed
toroidal metamaterials. To our best knowledge, this is the first proof-of-concept demonstration of anapole mode
though coupled plasmonic metamaterials which offers a promising way for the investigation of optical properties
with complicated electromagnetic fields.
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On an exact multipole expansion and the implications for dynamic
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Abstract-To perform a multipole expansion of a charge-current distribution is a key procedure
when doing research on light-matter-interaction. Usually, expressions valid only for small particles
are considered. Here, we derive exact expressions for electric and magnetic multipole moments,
which are valid irrespective of the particle size. We show that the usually called toroidal multipole
moments emerge in higher order terms of a Taylor expansion of these exact expressions. The
physical implications of this Taylor expansion are discussed.

Quantifying the optical properties of artificial meta-atoms in terms of multipole moments is a key quantity to
understand their optical action and to consider them in a broad range of applications in the slip-stream of
nanoplasmonics, optical antennas, and metamaterials. The multipole moments, in general, represent elementary
excitations into which the response of the meta-atom upon stimulus by an external illumination can be expanded.
Usually, two approaches are used for this purpose. In a first one, the scattered field is taken and projected onto
the vector spherical harmonics, being eigenmodes to the wave equation in spherical coordinates. Alternatively,
the currents (either conductive or displacement current) induced in the meta-atom can be expanded in an
orthonormal base. Since the radiated fields are completely determined by the current sources, the expansion of
the currents must contain all the information that can be obtained by the expansion of the fields. However, this is
usually obscured by an additional small argument approximation, valid only for scatterers having a size much
smaller than the wavelength that is done to simplify the expressions for multipole moments on the base of the
current distributions. The emerging approximate expression, e.g. for the electric dipole moment, read as

Pa = _% {f d3I'J(‘;) + % fd3r [(I‘ ' Jw) Fa = 27‘2](‘;)]} (1)

where we have included the two lowest order terms of the Taylor expansion. Here, a is any of the three
coordinates x, y, and z and the current distribution for a time-harmonic excitation is given in real space. This
small argument approximation, however, ceases to be applicable for most meta-atoms of interest [1,2,3]. The
second order term in the Taylor expansion of the exact electric dipole moment is often called the toroidal dipole
moment. We shall emphasize that the expression is only approximate and an infinite number of terms in the
Taylor expansion exists that have to be considered to restore the exact electric dipole moment.

However, the separation and the individual consideration of these terms in this Taylor expansion have some
implications. Based on the pioneering work of Devaney and Wolf [4], it can be shown that the current
distribution as a whole does not contribute to the radiated field. Instead, only an infinitely thin shell of the



current distribution if transformed into momentum space, for which |p|=w/c holds, contributes. ® is here the
considered frequency and ¢ being the speed of light [2]. The truncation of the Taylor series in Eq. 1 in real space
causes out-of-shell components of the current distribution in momentum space to contribute to the approximate
multipole moment. These approximate multipole moments are hence unsuitable for a quantitative analysis, as
current contributions are considered for their evaluation that do not radiate and that do not interact with radiation.
The contribution of these out-of-shell components is suppressed if the infinite number of terms in the Taylor
expansion is added up. Therefore, all terms have always been taken into account to obtain physically meaningful
results.

However, this Taylor expansion does not need to be considered. Instead, exact expressions for the multipole
moments can be used that do not rely on the small argument approximation. We emphasize that exact
expressions are readily found in literature [Eq. (7.20) in 5 or Eq. (9.165) without the magnetization current
therein in 6]. Our contribution was to bring them in a form where they resemble their approximate counterparts
of Eq. 1 [1,3]. This makes the approximations done in Eq. 1 much more evident.

In our contribution, we outline the derivation of these new expressions for the multipole moments on the
base of the current distributions from first principles. Our expressions are exact and simple, i.e. comparable in
complexity to those approximate expressions valid only for small objects and identical to those multipole

moments extracted from the scattered field. For the electric dipole moment they read, e.g., as

Pa = - {f e jo (kr) + 5 [ dPr[3 (0 Jo) ra — 22| ffk%} )
More general expressions will be presented at the conference, even though most important will be
expressions for the dipolar and quadrupolar contributions. We show how these new expressions provide more
accurate predictions to analyze meta-atoms. This has implications, and we will discuss this, on the ability to
predict effective properties of metamaterials, to study the optical force acting on meta-atoms, and to study the
response from meta-surfaces. Our results can be applied in the many areas where the multipole moments of

current sources are used.
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Abstract-Dynamic anapole is separated type of excitation. One of the most promising cases of
anapole excitation has been observed in metamaterials and nanophotonics, which we discuss in this
work. We show the peculiar properties of planar metamaterials, like extremely high Q-factor and
strong electric and magnetic field localization, tunable toroidal metamaterials. Moreover, we
discuss anapole excitation in dielectric metamaterials. Especially we discuss the role of losses in
toroidal and anapole metamaterials: radiating and non-radiating nature and show that the playing
between them can be crucial for effects of high Q-factor applications. We demonstrate our

experimental and theoretical results in microwave, THz and optics.



Optical force on toroidal nanostructures: source representation

versus field representation
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Abstract- In the electrodynamic multipole expansion, all the charge and current distributions can
be expanded into a complete set of contributions from electric, magnetic, as well as toroidal
multipoles. However, the radiated far field from all these three types of source can be completely
described in terms of electric and magnetic multipoles only, excluding the toroidal ones. We
employ optical forces to address this confusion by studying the force acting on toroidal
nanostructures in both source representation and field representation.

The notion of toroidal moments has always been confusing or even controversial in electromagnetics. The
standard treatment of electromagnetics requires only two families of moments, namely electric and magnetic
moments, to describe radiation fields for the reason that two sets of functions are complete because the fields are
divergenceless in the source free homogeneous region. However, some authors showed that in addition to
electric and magnetic moments, there is a third set of toroidal moments [1,2]. This issue was usually brushed
aside as most electromagnetic structures do not have observable toroidal moments and so the argument of their
existence is just "academic". However, due to recent advances in material fabrication, the toroidal metamaterials
were theoretically predicted [1] and experimentally demonstrated at microwave frequencies [2], followed by
various studies on their intriguing properties [3,4].
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Figure 1 (a) Schematic diagram of the designed nanostructure that supports a toroidal dipole resonance. (b)-(c) Calculated

optical forces acting on the toroidal nanostructure based on the source representation (b) and field representation (c).

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



found that there are two possible ways to understand the optical force. If we envision the optical force as a
consequence of the incident wave interacting with the induced currents in a complex resonant structure, then the
notion of toroidal moment is useful and indispensable. However, if we interpret the optical force as a momentum
transfer between light and matter and we compute the momentum transfer by considering the scattered field in
the far zone, then the toroidal moment does not appear in the description (see Figure 1). Both descriptions are
correct and they complement each other, depending on whether we focus our attention on the near field or the far
field. We also show that optical force enables the observation of the toroidal response of a nanostructure even
when its effect on scattering power is overwhelmed by the conventional multipoles.

Acknowledgements: This work is supported by the Hong Kong Research Grants Council through grant
AoE/P-02/12.
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Abstract- We show that in judiciously designed metal-dielectric-metal (MDM) nanoantenna, the toroidal dipole
resonance may arise and dominate. Furthermore, toroidal-like cavity resonances can be excited and controlled.
More interestingly, it is possible to tune the coupling interactions between such cavity modes and the antenna
mode, yielding significant scattering enhancement and suppression of the MDM nanoantenna. The results are
interpreted as Fano-like and/or electromagnetically-induced transparency like phenomena by a coupled oscillator
model.



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

! Imperial College London, London SW7 2AZ, UK

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

Dielectric nanostructures can localize electromagnetic radiation via the excitation of low-order Mie electric and
magnetic modes. While not breaking the limit of diffraction, and providing a lower local field enhancement than their
plasmonic counterparts, such structures show the advantage of low absorption losses due to the absence of free electron
scattering. The first part of the talk will focus on the exploitation of anapole modes in order to efficiently maximize
electric field enhancement in thin Ge nanodisks [1, 2], for applications in higher-harmonic generation. The nature of
both first and higher-order anapole modes will be discussed, and the mode profile directly imaged using third-harmonic
generation.

The second part of the talk will focus on GaP nanostructures, which due to the large bandgap show negligible
absorption loss in the visible part of the spectrum [3]. Finally, hybrid dielecric/metallic nanoantennas allow the
hybridization of anapole modes with plasmonic modes [4], boosting the local electric field enhancement.
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Abstract— We discuss an all-dielectric integrated source of ultrafast optical pulses by finely
tuning the mutual interaction and synchronization of near-field nanolasers emitting at the anapole
frequency.

The generation of ultra-short pulses is standardly achieved by the mutual synchronization among
a large number of cavity modes of the system, which, in most cases, is achieved by introducing
external active components, such as Q-switching, saturable absorbers or optical modulators. Such
components, due to their the required optical setups are complex and expensive and, more impor-
tantly, they are difficult to integrate at the nanoscale. As a result, the development of on-chip
ultrafast pulsed nanolasers is still a challenging task [1].
In order to address these difficulties, we propose an integrated source based on the spontaneous syn-
chronization of several near-field nanolasers emitting at the anapole frequency [2]. Anapoles, which
have been experimentally demonstrated in silicon nanoparticles [3], are characterized by a radiation
pattern which is entirely confined to the near-field, and they play a key role in the generation of
scattering suppression states in dielectric nanostructures [4]. Due to their near-field emission, an
ensemble of anapole-based nanolasers can be employed to investigate and engineer spontaneous syn-
chronization phenomena in a silicon-compatible framework, as their mutual non-linear interaction
is strictly confined to the near-field and can be precisely controlled within standard nanofabrication
tolerances.
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Figure 1: Generation of ultrafast pulses from a chain of anapole-based nanolasers. (a) Near-
field emission from a three-dimensional anapole nanolaser. (b) Schematic representation of our ultrafast
generation device, composed of an ensemble of nanolasers (green) and a Si waveguide (gray). (c,d) Steady-
state emission from the system. The properties of the pulsed emission ranges from optical pulses of ~ 100fs
(b) to more complex configurations with ps optical pulses.



Results

We investigated the emission properties of an ensemble of anapole-based nanolasers with our
Finite-Differences in Time-Domain simulator NANOCPP [5, 6, 7]. By solving a fully-dispersive set
of Maxwell-Bloch equations with no approximations, we considered three-dimensional integrated
nanolasers based on ITI-V semiconductors [8, 9]. In the Maxwell-Bloch model, the amplifying ma-
terial is expressed in terms of a set of complex-valued density matrix equations. By optimizing the
geometrical parameters of the system, we induced the formation of an anapole state in correspon-
dence of the emission frequency of the amplifying semiconductor, obtaining a nonlinear emission
composed of purely evanescent waves (Fig. 1-a). By combining different anapole nanolasers, the
system behaves as an integrated ultrafast pulse generation device (Fig. 1-b), in which the collective
emission of the interacting sources is convoyed into silicon waveguide. Due to the spontaneous syn-
chronization of the anapole emitters, the system achieves a stable mode-locked state characterized
by optical pulses of less than 100fs (Fig. 1-c). Interestingly, the pulse duration and the repetition
rate of the emission can be finely tuned by acting on the spatial distribution of the anapole emitters,
as shown in Fig. 1-d where we optimized the system to achieve ps optical pulses.
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Abstract- Far field methods based on the interaction of spatial mode of light with ultra-compact
resonant optical antenna are proposed to measure deep subwavelength displacement. The realm of
combining optical antenna theory with spatial modes will open intriguing applications in
nano-metrology and provide new insights into fundamental far field subwavelength detection
technique.

The field of nano optics involves the study of light and matter interactions at nano-scale. One of the key
elements is nano-antenna: nano-scaled particle that interacts resonantly with free space light[1,2]. Using the
so-called antenna effect, free space light can be focused down to extremely small point, and then reemitted in a
highly directional way through the interference of different antenna modes. The reshaping of the light field by
nano-antennas has propelled many intriguing applications ranging from holography to imaging devices.

Attractive ideas have been developed to use different spatial modes of light for the excitation of different
antenna modes[3-8]. For example, it has been shown cylindrical vector beams such as radially polarized beam
and azimuthally polarized beam can excite the electric and magnetic resonances of the nano-antenna
respectively[5]. However, the true power of this selective excitation lies in designing the excitation field on
purpose for better antenna directivity. This would require optimization of the excitation field in terms of
polarization, amplitude and phase.

If the nano-antenna is placed in a strongly inhomogeneous field, its far-field scattering directivity can be
largely changed depending on its relative position[6-9]. If the incoming field contains rapidly changing features,
the displacement sensitivity of the nano-antenna within the field can be extremely large. In this talk, we will talk
about our recent works on this subject. In particular, we will show that extremely high far-field scattering
sensitivity for a displacement much smaller than the wavelength can be achieved using the optimized
illumination and nano-antenna structures. This method could bring about important understandings of
super-resolution technique involving spatial modes of light as well as interesting applications in optical
subwavelength metrology.

REFERENCES
1. Bharadwaj, P., B. Deutsch, and L. Novotny, Optical antennas. Advances in Optics and Photonics,
2009. 1(3): p. 438-483.
Novotny, L. and N. Van Hulst, Antennas for light. Nature photonics, 2011. 5(2): p. 83-90.
3. Bauer, T., et al., Nanointerferometric amplitude and phase reconstruction of tightly focused vector
beams. Nat Photon, 2014. 8(1): p. 23-27.
4. Lin, J., et al., Polarization-Controlled Tunable Directional Coupling of Surface Plasmon Polaritons.



Science, 2013. 340(6130): p. 331-334.

Xi, Z., et al. "Broadband active tuning of unidirectional scattering from nanoantenna using combined
radially and azimuthally polarized beams." Optics Letters 2016 41(1): 33-36.

Neugebauer, M., et al., Polarization Tailored Light Driven Directional Optical Nanobeacon. Nano
Letters, 2014. 14(5): p. 2546-2551.

Neugebauer, M., et al. "Polarization-controlled directional scattering for nanoscopic position
sensing." Nat. Comm. 2016 7: 11286.

Xi, Z., etal. Accurate Feeding of Nanoantenna by Singular Optics for Nanoscale Translational and
Rotational Displacement Sensing Phys. Rev. Lett. 2016, 117, 113903

Xi. Z. and Urbach.H.P. Magnetic dipole scattering from metallic nanowire for ultrasensitive
deflection sensing. Phys. Rev. Lett. Accepted



Nano-Plasmonics for Sensing



Tunable plasmonic sensing through enhanced Raman spectroscopy
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Abstract-Plasmonic enhancement is the key phenomenon for sensing a molecule or a sample that
has weak scattering, through enhanced Raman spectroscopies, such as SERS or TERS. In such
techniques, there can be two different resonances, one associated with the oscillations of the
localized surface plasmons and the other associated with the Raman scattering. If the two
resonances are tuned to the same wavelength, the resultant enhancement can be huge and hence
makes a better sensing device. We will discuss how tuning the plasmon resonance to the resonance

in Raman allows one to achieve better sensing at nanoscale.

Both surface-enhanced Raman spectroscopy (SERS) and tip-enhanced Raman spectroscopy (TERS) have
been utilized as plasmonic techniques for sensing and detecting tiny amount of specific molecules, as well as for
spectroscopy and imaging at the nanoscale. The most important phenomenon in such measurements is the
enhancement of Raman signal, which makes it possible to detect or study a sample that is extremely small in size
or weak in scattering. A large amount of research in both SERS and TERS has therefore been dedicated to
improve the enhancement factor. Since the localized surface plasmon polariton resonance (LSPR) depends on
the size and shape of the metallic nanoparticles, as well as on the kind of the metal, it is very crucial to properly
design the surface roughness for SERS substrate or the metallic nanoparticle at the apex of the tip in TERS.
Further, if the LSPR is tuned to match the resonance in Raman scattering of the given sample, then one would
expect even better enhancement as both resonance effect would work together. Once one decides the sample to
be measured to detected, the incident wavelength for resonant Raman scattering from that sample is known. Now,
one can design the plasmonic nanostructure in such a way that the LSPR of that plasmonic nanoparticle matches
with the wavelength of resonant Raman scattering. In this way, when the decided wavelength is used as the
incident light, both LSPR and resonant Raman scattering are simultaneously invoked.

In order to demonstrate this phenomenon, we designed a plasmonic nano-tip for TERS measurement, where
a small triangular silver nanoparticle was attached to the tip apex. By changing the size of this silver
nano-triangle, we confirmed through both simulation and experimental results that one can easily tune the LSPR
within the entire visible spectrum. We demonstrated that for different size of the nano-triangle, the enhancement
in Raman scattering can be obtained for different incident wavelengths, confirming the tenability in LSPR for
better enhancement. We further demonstrated the selective detection of the presence of pesticide molecules on a
food item, such as on an orange, by tuning the LSPR to the resonant wavelength of Raman scattering. For this,
we design gold and silver nanorods and control their lengths to tune the LSPR at a desired wavelength that
matches with the resonant Raman scattering from the pesticide. We showed that we were able to detect very tiny

amount of pesticides, which was not detectable by conventional techniques.
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Abstract-SiN, sub-10nm nanogap is fabricated by stress induced cracking of
SiN, nanobridge. The width of the gap is determined by the shape of nanobridge
and Ag coating thickness. FDTD simulation shows that there is a “bulk effect”
of the suspending nanogap, making the nanogap to be better than traditional
metal gap in light confinement. Take rhodamine 6G as a probe, this structure
performs very good in SERS even at an ultra-low concentration of 107 M.

Nanogap has been widely used in surface-enhanced Raman scatting (SERS) or surface
enhanced infrared absorption (SEIRA), for its ability to confine light in a point or line-shape
space'”, especially for the application of SERS. However, it is still a challenge to achieve
large-area sub-10 nm nanogaps based on the existing techniques. Although a series of
methods such as “break junctions” have been reported*, problems still exists. For SERS
devices applied in industry or medicine, the sub-10 nm nanogaps should be large-scale and
stable. Stress induced film breaking is a promising technique to meet these requirement,
however the existing technique can only be applied for brittle material’, which restricting its
application in metal structures for SERS application.

In this paper, stress induced SiNy cracking method is introduced to achieve nanogaps with
large-area, good repeatability and controllability. The bow-tie-shape is first fabricated by
electron beam lithography (EBL) and reaction ion etching (RIE) on SiNy film. TMAH is used
to etch the substrate for suspending nanobridge, and in this process the stress concentrated on
narrowest part of the nanobridge can release and result in SiNy crack. By altering the shape of
SiNy nanobridge (Figure 1), the width of nanogap changes correspondingly. The gap width
increases with the increasing of the bridge length and decreasing of the bridge width. In order
to apply it on localized enhancement of electromagnetic, metallic nanogap is prepared by Ag
deposition. Finite-different time-domain (FDTD) simulation shows that the suspending
Ag/SiNx nanogap provides strong electrical field than suspending Ag gap (Figure 2). R6G
with an ultra-low concentration (10™'® M) can be detected.
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Abstract Fluorescence microscopy provides simple recipe to specific virus detection.
Functionalized silver nanowires (AgNWs) with antibodies specific for T7 bacteriophage can be
well seen in an optical microscope. By correlating fluorescence images of marked viruses with
optical image of the silver nanowires we can efficient and easy define the presence of specific virus
in a sample. The fluorescence will be concentrated around the viruses if the virus binds to the
antibody-modified nanowires. Otherwise it will be distributed over the sample.

Sensitive detection of viruses and other relevant species has been considered recently as one of the most
interesting and attractive research fields, both from fundamental and applied perspectives. The driving force
behind these efforts is a need to prevent incubation and spreading of diseases among humans, animals, and
plants. Binding of specific antibodies to targeted antigens is perhaps the most popular of all biosensor designs [1].
Among the numerous methods of detecting viruses are optical immunosensors based on surface plasmon
resonance phenomenon, fluorescence detection or the application of optical fibers.

Since viruses labeled with fluorescent dyes are rather very small objects (20-300 nm) they cannot be directly
observed using an optical microscope, however we can apply other nanostructures as “fishing rods” to detect
them. While silver nanostructures have already been used to detect viruses [2], our idea was to apply silver
nanowires as a geometric platform to hitch on antibodies and detect viruses by combining fluorescence and
optical microscopy.

In our research we used two different bacteriophages: T7-SYBRGreen-intercalated and
T4-SYTO62-intercalated. First bacteriophages are specific and the second are not-specific with respect to the
antibody.

In the case with unmodified AgNWs there is no clear position correlation between the nanowires and the
fluorescence spots (even for overnight incubation). Thus no specific interaction between viruses and nanowires
took place. In ocntrast, for specifically functionalized AgNWs, where antibodies were attached that can bind
T7-SYBRGreen intercalate bacteriophages, we observe clear correlation between these two images, as shown in
Fig. 1. This effect is the most apparent after overnight incubation. We conclude that fluorescence microscopy
imaginig indicates conjugtion of the antibodies attached to silver nanowires via specific attachment with

T7-SYBRGreen intercalate bacteriophages. In many instances attachment of single wiruses can be demonstrated.



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

0 pm 20 40 60 0 pm 20 40 60 0 pm 20 40 60

Fig. 1 Fluorescence intensity maps obtained using wide-field microscopy for T7-SYBRGreen intercalate bacteriophages
mixed with AgNWs modified with anti-T7-tag antibodies after t = 0 (A), t = 30 min (B), t > 20 h (C). For excitation we used

wavelength of 485 nm.
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Abstract-We propose and investigate a hybrid photonic-plasmonic crystal nanocavity consisting of
a silicon grating nanowire. The resonant defect mode exhibits a high quality factor of 567 and an
ultrasmall mode volume of 1.9% 107 (4/x)*. The cavity mode also reaches a sensitivity of 443
nm/RIU and a FWHM of 3.4 nm aiming at applications such as biosensing.

Plasmonic nanocavities that integrate surface plasmon polariton (SPP) with optical cavities usually
significantly lower the effective mode volume (V;,) [1]. With the advantage of SPPs, various plasmonic cavities,
especially utilizing the gap mode of SPP, have been proposed recently [2-4]. However, the quality factor of this
type of cavities is compromised by parasitic loss of metal substrate..In this work, we propose and study a hybrid
photonic-plasmonic nanocavity containing a silicon nanowire (NW) photonic crystal (PhC) near a metal
substrate using finite-element method (FEM). With the periodic dielectric lattice atop the metal layer, hybrid
plasmonic crystals are formed to support a complete two-dimensional band-gap [5] for the hybrid plasmonic gap
structure. A defect is then introduced into the PAC NW to build up a nanocavity.

The proposed hybrid plasmonic nanocavity is illustrated in Fig. 1 (a). The structure consists of a patterned
silicon NW and a silicon dioxide gap layer on silver substrate. The Si NW-SiO2-silver film structure supports
hybrid plasmonic gap modes. These modes are coupled to the dielectric NW PhC Bloch modes to form a hybrid
plasmonic crystal. The hybrid plasmonic structure as high-low-index dielectrics on a metal substrate brings
about even small footprint inside the low-index region. Several dimensions of the proposed structure such as the
NW etch depth d, the gap layer thickness 4, and lattice constant A are varied to achieve the optimal design of
high Q-factor and low mode volume. In addition, to achieve high-reflection Bragg diffraction, we look for the
high refractive index contrast along the NWs.

In order to lower the mirror losses, different number of periods of each side by the cavity is varied to resolve
the corresponding reflectivity by using three-dimensional (3D) FEM and orthogonality theorem [3]. The result
shows that the reflectivity is proportional to the number of periods and gradually convergent. We obtain
sufficiently small mirror loss when the cavity is accompanied with a pair of gratings of 8 periods. We then look
into the field profiles of the high-Q resonant mode at A = 1550 nm. As shown in Fig. 1 (b), the side view (y-z
plane) of the field profiles of the cavity eigenmode reveals strong localization below the NW, whereas the
top-view (x-z plane) shows that the field quickly decays inside the mirror region. Only one resonant mode with
even symmetry along the z-axis is supported in this cavity. In addition, we solved for the quality factor O of the

nanocavity. In 3D FEM calculations, we excited the nanocavity with a y-polarized plane wave. The spatial



integration of the squared magnitude of the electric field inside the gap region at various wavelengths was then
recorded in the Fig. 1 (c). Next, resolving the field distributions of the resonance modes enables us to evaluate
the mode volume Vy,. A high sensitivity is essentially required for the better performance of an index sensor. We
immerse the proposed nanocavities into water (n.) or other aqueous solutions to examine the sensitivity S, as
shown in Fig. 1 (d).

We proposed a hybrid photonic-plasmonic crystal nanocavity containing a silicon grating nanowire near a
metal substrate with a gain gap between. We analyzed the modal characteristics of the hybrid plasmonic
waveguide modes using finite-element method. We also numerically solved the band structure of the hybrid
crystal modes. As a single defect is introduced to the photonic crystal, a resonant defect mode forms and exhibits
strong confinement inside the gap region. For such cavities with a short defect length, a high quality factor near
567 and ultrasmall modal volume lower than 1.9% 107 (A/n)’ are achievable. The results demonstrate that the
defect mode can reach a sensitivity of 443 nm/RIU at the wavelength around 1550 nm aiming at biosensing
applications.
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Figure 1 (a) The proposed photonic-plasmonic crystal nanocavity. (b) Side views of the defect resonant mode
profiles by 3D FEM (c) The resonance line shape corresponds to a FWHM of 2.7 nm and the Q factor is 566.5.
(d) The sensitivity S as function of the refractive indexes of the surrounding environments.
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Abstract- We present our recent investigations regarding the interaction of localized terahertz (THz)
radiation with nanomaterials. Details about the design of resonant metallic nanostructures for THz

field confinement will be given, together with some examples of applications.

During the last few years, we have explored the use of metallic nanoantennas for applications in THz science
and technology. We have shown that these devices can confine THz radiation well beyond the diffraction limit
and are characterized by a large electric field enhancement close to their extremities [1,2]. We have also
demonstrated that such properties can be further optimized (reaching enhancement values > 1,000) exploiting the
end-to-end coupling of THz nanoantennas through nanogaps (down to 20 nm in width). The effective absorption
of an object scales with the local electric field squared, and it can thus be increased by several orders of
magnitude within antenna nanocavities. This can be used to enhance the interaction of THz radiation with
nanomaterials and molecules. In particular, we have recently studied the coupling between the phonon resonance
of semiconducting nanocrystals and the plasmon resonance of nanoantenna arrays. When the two resonances are
matched, the combined system shows a clear destructive-interference feature in THz extinction measurements.
We have first employed this effect to perform enhanced THz spectroscopy of a single layer of cadmium selenide
quantum dots [3]. Intensified THz radiation - matter interactions within nanoscale volumes are also found to lead

to other interesting phenomena that will be discussed on site.

Acknowledgements L.R. is grateful for financial support from the Natural Sciences and Engineering
Research Council (NSERC) of Canada and PRIMA Quebec.

REFERENCES

1. L. Razzari et al., “Extremely large extinction efficiency and field enhancement in terahertz resonant dipole
nanoantennas,” Opt. Express Vol. 19, 26088, 2011.

2. L. Razzari et al., “Terahertz Dipole Nanoantenna Arrays: Resonance Characteristics,” Plasmonics Vol. 8,
133, 2013.

3. A. Toma et al.,, “Squeezing Terahertz Light into Nanovolumes: Nanoantenna Enhanced Terahertz
Spectroscopy (NETS) of Semiconductor Quantum Dots,” Nano Lett. Vol. 15, 386, 2015.



Laser nano-engineered functional surfaces for high-performance

organic optoelectronic devices

Hong-Bo Sun'’, Xu-Lin Zhang', Jing Feng'
! State Key Laboratory on Integrated Optoelectronics, College of Electronic Science and Engineering, Jilin
University, 2699 Qianjin Street, Changchun 130012, China
“corresponding author: hbsun@jlu.edu.cn

Abstract- We report high-performance organic optoelectronic devices including organic
light-emitting devices (OLEDs) and organic solar cells (OSCs) employed with laser
nano-engineered functional surfaces. The proposed laser induced functional surfaces can help
manipulate light-structure interactions in these devices. As a result, the electroluminescence
efficiency of OELDs and photon-to-electron conversion efficiency of OSCs are considerably
improved.

Organic optoelectronic devices such as organic light-emitting devices (OLEDs) and organic solar cells
(OSCs) have been attracting various attentions owing to their merits of lightweight, low cost, stretchable, and
ultraportable. The electroluminescence efficiency of OLEDs and photon-to-electron conversion efficiency of
OSCs are key factors for their commercial applications. Manipulating the surface profiles using laser micro-nano
fabrication techniques is an effective way to improve their performance. Here we report some of our recent
works related to this topic.

Stretchable OLEDs are becoming more and more important in the fields of wearable displays and
health-monitoring technology. We report a laser-programmable buckling process to introduce micrometer
gratings into OLEDs [1]. We realized a highly stretchable OLED with mechanical robustness and unprecedented
efficiency. The strained device luminous efficiency, 70 cd A under 70% strain, is the largest to date, which may
pave the way for commercial applications of stretchable OLEDs. The loss of surface plasmon-polaritons (SPPs)
in OLEDs employed with metallic electrodes always sets obstacles for high efficiency of the devices. To deal
with this issue, we patterned the electrodes using a laser assisted soft nano-imprinting lithography. SPPs could
then be extracted successfully and the device efficiency is considerably increased [2].

Broadband absorption enhancement is an effective way to improve the performance of OSCs. We introduced
two-dimensional nanostructured electrodes into OSCs to excite SPPs supported in the cathode/organic interface.
We performed numerical simulations and experiments and found that light absorption in the active layer can be
enhanced in broadband due to the effect of SPP-induced field enhancement [3].

To conclude, we have proposed various laser induced micronanostructured surfaces in OLEDs and OSCs,

which may pave the way for the commercial applications of high performance organic optoelectronic devices.
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Abstract- We performed atomic force microscope (AFM)-based optical force spectroscopy to
quantitatively characterize optical forces generated in the vicinity of plasmonic and dielectric
nanostructures. The optical forces were either attractive or repulsive, which was controlled by size-
and shape-dependent unique optical resonances of the nanostructures.

Plasmonically-induced optical forces in the vicinity of metallic nanostructures have received considerable
attention because of their applications in local positioning and manipulation of nano-objects. There have been a
variety of works on nano-optical forces controlled by various geometric configurations of metallic
nanostructures [1].

Here in this work, we proposed the use of AFM-based near-field optical techniques [2] with high force
detection sensitivity in order to quantitatively and qualitatively characterize optical forces generated in the
proximity of various metallic nanostructures. In particular, the optical forces exerted between two metallic
nanostructures were experimentally characterized, and were found to be either attractive or repulsive depending
on the separation distance, incident angle, incident polarization and excitation wavelength. Furthermore, we also
applied the plasmonically-induced optical forces for controlling biomolecular recognition reaction
(ligand-receptor binding).

In addition to plasmonic materials, dielectric materials with high indices of refraction and low energy losses
have recently been recently regarded as promising resonant scatterers to generate strong optical forces [3].
Among the high index materials, silicon (Si) nanoparticles with diameters of 100200 nm have gained much
attention owing to their multiple electromagnetic resonances in the visible region [4, 5]. We performed
nanoscale optical force spectroscopy of a silicon nanodimer, and found that multiple excitation of electric- and
magnetic-dipoles in the Si nanostructures played a crucial role in achieving the reversed optical binding force of
the Si nanodimer.
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Abstract— We investigated the effect of combined interband and intraband nonlinearities in
aluminium zinc oxide thin films. We show that suitably timed two-colour pulsed excitations
increase the material modulation bandwidth at near-infrared wavelengths and unlock novel func-
tionalities including ultrafast modulation of the transmitted and reflected radiation frequency.

1. INTRODUCTION

Transparent conductive oxides (TCOs) are wide-bandgap semiconductors supporting large doping
values (~ 102! cm™3) and low effective electron mass, thus presenting a metallic response in the
near-infrared (NIR) spectral region and high optical transmission in the visible part of the spectrum.
This class of materials recently acquired a relevant role for nano-photonics for the large extent their
optical properties can be controlled during the fabrication process and dynamically, via optical or
electrical excitations [1, 2, 3]. Transparent conductive oxides also feature an epsilon-near-zero (ENZ)
condition in the near-infrared spectral region, in the technologically relevant telecommunication
band. At the ENZ wavelength, the effect of optical nonlinearities is enhanced [4, 5, 6], enabling
ultrafast photonics applications such as all-optical switching [7]. Aluminium zinc oxide (AZO) is
a TCO with reduced optical losses and low fabrication costs compared to other TCOs, showing
strong, sub-picosecond interband nonlinear effects at the ENZ wavelength when excited by an above-
bandgap optical pulse (UV, 325 nm) [7]. Even faster nonlinear effects have been observed when
AZO is driven by longer wavelength pulses, as a consequence of the interband carrier dynamics [6].
Here, we show that the optical properties of AZO at the ENZ wavelength can be tailored in unique
ways by a properly shaped two-colour optical excitation.

2. RESULTS

We experimentally investigated the change in the transmission and reflection at ~ 1300 nm (ENZ
wavelength) of a 900 pm thick AZO film when simultaneously excited by above (A = 262 nm)
and below (A = 787 nm) bandgap ultrashort pulses (~ 100 fs), with a controllable relative delay.
The time-resolved reflection and transmission measurements reported in Fig. 1 show that the two
nonlinearities can be combined to increase or cancel the film nonlinear response. We also observed
that the two-colour excitation enables to increase the modulation bandwidth above the limits of
a single-pulse excitation. Further, we experimentally investigated the effect of such an ultrafast
modulation on the transmitted and reflected pulse at the ENZ wavelength, reporting tunable wave-
length shifts.



Transmission Reflection

201 (a) ! At=18ps fh

AT/T %

207 (b) ! 1At=04ps

of@ T aeops 0'(9)‘—'—“\/_,__”
T W —— & i

AT/T%
AR/R %

8 8
o
s o 5
-20 + 1 40 At=0 ps
201 (d) \ | At=-04ps

AR/R %

20t o\ | i Dol At=-04ps
-40 .

25 -2 -15-1-05 0 05 1 15 2 25 3 252 -15-1-05 0 05 1 15 2 25 3

t t (ps)

prcbe_tUV'Pu"‘P (ps) probe—tuvrpump
Figure 1: Relative changes in the transient transmission (a)-(d) and reflection (e)-(h) of an optical pulse
at A = 1300 nm from a 900 pm thick AZO film as a function of the delay between the UV pump and the
1300 nm probe pulse (tprobe — tUV-pump)- Different panels show the measured quantities for various relative
delays At between the UV and the NIR pump pulses.

In conclusion, we shall report our measurements performed on AZO films and other commercial
TCOs, and discuss the novel opportunities provided by the combination of intraband and interband
nonlinearities, such as optical three-state logic and ultra-fast routing of the transmitted near-
infrared radiation.
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Abstract-Optical transformer is a plasmonic antennas that can focus the light in few nanometers
space efficiently and broadband. By means of Nano Imprinting Lithography, it has been fabricated
on top of an optical fiber in a configuration called “Campanile Tip”. It is an efficient probe tip for
Scanning Near Field Optical Microscopy and Spectroscopy. We will show the fabrication process,
the optical characterization and the performances as high resolution SNOM tip.

One of the major challenges to the widespread adoption of plasmonic and nano-optical devices in real-life
applications is the difficulty to mass-fabricate nano-optical antennas in parallel and reproducible fashion, and the
capability to precisely place nanoantennas into devices with nanometer-scale precision [1]. In this talk, we
present a solution to this challenge using the state-of-the-art ultraviolet nanoimprint lithography (UV-NIL) to
fabricate functional optical transformers [2,3] (figure 1) onto the core of an optical fiber[4,5] in a single step,
mimicking the ‘campanile’ near-field probes. Imprinted probes were fabricated using a custom-built imprinter
tool with co-axial alignment capability with sub < 100 nm position accuracy, followed by a metallization step
(figure 2) [6,7]. Scanning electron micrographs confirm high imprint fidelity and precision with a thin residual
layer to facilitate efficient optical coupling between the fiber and the imprinted optical transformer. This novel
nano-fabrication approach promises a low-cost, high-throughput, and reproducible manufacturing of advanced
nano-optical devices. We demonstrate the capability to imprint 3D structures with sub-70 nm scale features and
sub-100 nm positioning precision, creating functional ‘campanile’ near-field probes. The functionality of the
imprinted probes was validated by performing hyperspectral nano-PL. mapping of a dispersed film of 40 nm
polystyrene fluorescent beads. Both the topography scans and the PL maps exhibited features consistent with the
behavior of traditional FIB-fabricated optical transformer probes. Results show that imprinted campanile probes
enable sub-diffraction-limit imaging with a resolution of ~ 80 nm, determined by the gap size at the tip apex. The
fabrication process presented here can be scaled and parallelized for higher throughput and offers a promising
route for mass production of nano-optical devices.
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Figure 1 Campanile probe geometry and simulations. Geometries of the regular (a) and “tower-less” campanile probe.

FDTD simulations of the electric field amplitude inside the campanile for a regular (c) and “tower-less” (d) campanile.

Comparison of field enhancements as a function of wavelength for both configurations (e).
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Figure 2 Tilted-view SEM of the pyramid imprinted on an optical fiber. The inset shows a close-up of the campanile that

has a gap of about 130 nm in width at the apex. e. shows a residual layer of about 200 nm. f. False-color SEM image of the

completed campanile probe after side-evaporation of Au with a final gap of about 70 nm.
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Abstract-Plasmonic color generation based on metallic metasurfaces provides resolutions far
beyond the diffraction limit of light enabling new possibilities for printing color images or

high-density optical data storage. However, the realization of dynamic plasmonic displays remains
a challenging task. In the present paper, we utilize catalytic magnesium nanostructures, which
change their optical properties during exposure to hydrogen, to demonstrate dynamic color
generation. The technique could pave the way for animating high resolution images and could
provide new routes for encrypting information or detecting counterfeits.

Plasmonic color printing based on tailored metallic metasurfaces provides resolutions several times higher
than conventional printing techniques.' Due to its unprecedented subwavelength resolution, applications such as
high-density optical data storage, stereoscopic imaging, or anticounterfeiting features are within reach. However,
the realization of dynamic plasmonic color generation for displays with advanced functionalities still remains a
challenging task.

In the present paper, we demonstrate two approaches of dynamic plasmonic displays exploiting catalytic
magnesium nanostructures arranged in engineered metasurfaces.” First, brilliant colors are generated by tailoring
the particles’ sizes as well as their interparticle distances.’ Secondly, dynamic displays based on cavity modes in
a nanostructured dielectric layer, which is coated with magnesium, are demonstrated. In both approaches, a
controlled hydrogenation and dehydrogenation of the magnesium trigger a metal to dielectric phase transition
resulting in a dramatic change of their optical properties.
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Figures 1 Schematic of the plasmonic metasurface composed of hydrogen-responsive magnesium metasurfaces interacting with
incident unpolarized white light. Hydrogen loading is achieved by exposing the display to H, whereas dehydrogenation is achieved by
OXy gen exposure.



The technique could pave the way for animating ultra-high-resolution images as we demonstrated by
reversibly erasing and restoring plasmonic color paintings. Furthermore, through a smart design of the
nanostructures, information can be encoded on selected pixels enabling secure encryption.
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Parity Time Synthetic Phononic Media.
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Abstract- Classical systems containing cleverly devised combinations of loss and gain elements
constitute extremely rich building units that can mimic non-Hermitian properties, which conventionally
are attainable in quantum mechanics only. Parity-time (PT) symmetric media, also referred to as
synthetic media, have been devised in many optical systems with the ground breaking potential to create
nonreciprocal structures and one-way cloaks of invisibility. Here we demonstrate a feasible approach for
the case of elasticity where the most important ingredients within synthetic materials, loss and gain, are
achieved through electrically biased piezoelectric semiconductors [1]. We study first how wave
attenuation and amplification can be tuned, and when combined, can give rise to a mechanical PT
synthetic media with unidirectional suppressed reflectance, a feature directly applicable to evading sonar
detection [2].
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Abstract- Focal spot of a wave is bounded by diffraction limit, which has a dimension of half
of the wavelength. This limit arises through the destructive interference between converging
and diverging waves, which eliminate the singularity at the center of the focal spot, and gives
rise to its sinc-function shape. We design a three-dimensional sub-wavelength absorber using
acoustic metamaterial, and show with a time-reversal focusing experiments that by reducing

the diverging waves, the focal spot is smaller than the diffraction limit.

We form a focal spot by converging, from the far-field regime, a spherical wavefront P;, =
exp(—ikr — iwt)/r toapointdefinedas r = 0. Here, k = 2m/A is the incoming wave vector.
However, after reaching the point r = 0, the wave does not disappear, instead it diverges,
forming another spherical wavefront P,,, = exp(ikr — iwt)/r. Note that a singularity can be
found in the spatial distribution of both the incoming and outgoing wavefronts alone at r = 0,
at which point the wave’s amplitude diverges. However, this singularity does not usually exist.
This is because the total wave field in the medium given by the superposition of the two

wavefronts

r r r
It follows that the destructive interference between the incoming and outgoing waves eliminates
the singularity at r = 0. The resultant total wave field takes a finite value at the origin, and the
major peak of the focal spot has a FWHM of ~A/2. This interference process is also
responsible for the formation of side lobes.
The above analysis suggests that one may restore the singularity by simply modifying the
ratio of Py, and P,,;. In the extreme case that P,,; = 0, i. e., the wave converges to r = 0

but without subsequently diverging, interference no longer occurs, therefore side lobes of the



focal spot vanishes, and the singularity at r = 0 shall be restored.

We construct a subwavelength acoustic metamaterials that is highly absorbing for a
spherical wavefront. By using this metamaterial absorber, we are able to significantly reduce
the outgoing waves of thereby successfully observe that a wave can be focused to dimension
smaller than the diffraction limit. Experimental evidence also show signs of singularity at the

center position.



Optimal Sound-Absorbing Structures®
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Causal nature of the acoustic response dictates an inequality that relates the absorption spectrum of the sample to
its thickness. We use the causal constraint to delineate what is ultimately possible for sound absorbing structures,
and denote those which can attain near-equality for the causal constraint to be “optimal.” By using acoustic
metamaterial as backing to conventional porous absorbers, a design strategy is presented for realizing structures
with target-set absorption spectra and a sample thickness close to the minimum value as dictated by causality. By
using this approach, we have realized a 10.86 cm-thick structure that exhibits broadband, near-perfect flat
absorption spectrum starting at around 400 Hz, while the minimum sample thickness as calculated from the
causal constraint is 10.36 cm. To illustrate the versatility of the approach, two additional optimal structures with
different target absorption spectra are presented. This “absorption by design” strategy would enable the tailoring

of customized solutions to difficult room acoustic and noise remediation problems.

*Work done in collaboration with Min Yang, Shuyu Chen, and Caixing Fu.
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Abstract-Due to the spinless nature of sound, the “spin-like” degree of freedom crucial to
topological states in acoustic systems is commonly realized with circulating background flow or
pre-set coupled resonator ring waveguides, which drastically increases the engineering complexity.
Here we realize the acoustic pseudospin multipolar states in a simple flow-free symmetry-broken
metamaterial lattice. Topologically protected edge states and reconfigurable topological one-way

transmission for sound are further demonstrated.

The application of topology, the mathematics of conserved properties under continuous deformation, is
creating a range of new opportunities in acoustic systems. This field was inspired by the discovery of topological
insulator which shew insulating behavior in the bulk and transmission states without dissipation in the interface.
Because of the spinless nature of sound, the “spin-like” degree of freedom crucial to topological states in
acoustic systems is commonly realized with circulating background flow'” or pre-set coupled resonator ring
waveguides®, which drastically increases the engineering complexity.

In this paper, we demonstrate the “spin-like” degree of freedom crucial to topological states in a simple
flow-free metamaterial lattice, without using any complicated material or structure. Starting with the honeycomb
acoustic metamaterial lattice, we make the primitive cell rotated and enlarged to obtain a metamolecule, which
constructs double Dirac cone at the center of the 1st Brillouin zone. We make sound circulating in the lattice and
the direction of sound propagation within each hexagonal cluster (i.e., clockwise or anticlockwise) plays the role
of pseudospin (i.e., pseudospin-down or pseudospin-up). Tuning the strength of intermolecular coupling by
simply contracting/expanding the metamolecule can induce band inversion effect between pseudospin dipole and
quadrupole, which leads to a topological phase transition (shown in Fig. 1).

As a result of the spin-orbital coupling, these artificial pseudospin multipoles can support topologically
protected one-way transmission, in which the route of sound propagation can be reconfigured to whatever you
want. The two pseudospin states will not affect each other at the same frequency and between different
frequencies. What is worth noting is that the pseudospin modes will not change after encountering the local
defects. These results open new avenues for the novel acoustic topological insulators with versatile applications,

such as acoustic modulators, transducers and isolators.
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R/a=0.345). Critical coupling appears at R/a=1/3 with double Dirac cone. (b) Topological modes inversion
underlying the transition. Sound intensity [ associated with pseudospin-down and pseudospin-up modes below
the band gap in the (c) trivial regime (R/a=0.320) and (d) nontrivial regime (R/a=0.345). The rainbow colour
represents the amplitude of acoustic pressure, and the arrows show the direction and amplitude of the intensity.

This work was supported by the National Basic Research Program of China (2012CB921504), NSFC
(11674172, 11574148, 11474162 and 11274171), SRFDP (20130091130004), and Jiangsu Provincial NSF
(BK20160018 and BK20150562).

REFERENCES

1. Khanikaev, A.B., Fleury, R., Mousavi, S.H. & Alu, A. Topologically robust sound propagation in an
angular-momentum-biased graphene-like resonator lattice. Nat. Commun. 6, 8260 (2015).

2. Yang, Z. et al. Topological acoustics. Phys. Rev. Lett. 114, 114301 (2015).

3. He, C. et al. Topological phononic states of underwater sound based on coupled ring resonators. Appl. Phys.
Lett. 108, 031904 (2016).



Anisotropic metasolids for elastic wave control
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Abstract-We have proposed a structured metasolid, which can be homogenized into an elastic
continuum with both stiffness and inertial anisotropy. Effective medium parameters have been
retrieved from band structure results and have shown the orthotropic properties in elasticity and
inertial mass. This anisotropic metasolid fulfills the requirement of transformation elastic mediums
under some special coordinate transformations in which the Navier elastodynamic equation retains
its original form. We study some elastic wave controlling examples based on the proposed
metasolids.

Transformation method has now been recognized as a powerful tool for generating parameter inhomogenity
in order to manipulate wave propagation in ways as one will. The concept is initiated in electromagnetics realm
[1,2], and later extended rapidly to acoustics[3] and elastic waves[4]. In elasticity, Navier elastodynamic
equation doesn't retain its original form under a general coordinate transformation, however elastic wave
controlling based on special form-invariant transformation is still significant, which requires both elastic and
inertial anisotropy in solids. The practical design of this solid can be made possible based on the metamaterial
concept.

Based on the recent advances of elastic metamaterial design [5-8], we have proposed a preliminary version
of the anisotropic metasolid. The element consists in a periodic hexagonal frame structure, inside which the
resonator-like inclusions are inserted. Anisotropic stiffness is realized by the non-regular hexagon geometry of
the frame structure. Anisotropic inertial mass is achieved due to the different resonant frequencies in two
perpendicular principle directions. Band structures of the periodic lattice have been calculated, which have
shown the purely longitudinal and transverse branches of our interest at a finite frequency range. Utilizing the
modal fields of band structure results, we have defined average stress and strain fields for the cell structure, and
retrieved all orthotropic effective parameters according to macroscopic elasticity and inertial motion equations.
Effective medium analysis has been fully conducted, from which the influence of microstructure geometry to the
overall anisotropy is well identified.

As an example of elastic wave controlling, we have considered a wave beam shifting medium, obtained by
using the linear transformation. The parameters of this transformation device are anisotropic in both stiffness and
mass, thereby can be readily realized by the proposed metasolids. The cell structures of the beam shifting
metasolids have been designed with their anisotropic parameters strictly satisfying the transformation results.
Full-wave simulations have been conducted to verify the beam shifting performance of the designed device.

As a conclusion, this work has proposed the microstructure model of metasolids with both elastic and inertial
anisotropy. The beam shifting effect achieved by the proposed metasolids is exampled. The study is expected to
find potential applications in seismic wave protection.
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Topological transport of sound vortices
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Abstract- We theoretically and experimentally demonstrated the geometric phase effect for sound
using a helical waveguide. We show that the geometric phase can be used to control the flow of
sound vortices inside an interferometer structure, resulting in geometric-phase-based sound vortex
filter.

When a physical system undergoes a cyclic evolution, a non-integrable phase can arise in addition to the
normal dynamical phase. This phase, depending only on the geometry of the path traversed in the parameter
space and hence named geometric phase (also called Berry phase), has profound impact in both
quantum-mechanical and classical physics, resulting in exotic phenomena such as Aharonov—Bohm effect [1]
and light spin-Hall effect [2-3]. It has been experimentally observed for light travelling with a helical trajectory
[4]. We show that it is possible for sound to manifest a similar effect, which may seem rather counter-intuitive as

sound is a scalar wave without transverse polarization.
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Figure 1. Designed interferometers with [(a)] and without [(c)] geometric phase. (b) and (d) show the transmissions of g =

+1 sound vortices for the configurations in (a) and (c), respectively.

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



magnetic monopole located at the origin of the momentum space, which leads to a geometry phase with a sign
dependence on the topological charge of the sound vortex. So opposite sound vortices have different
transmissions when they propagate through an interferometer (Fig.1a,b). However, if the waveguide has in-plane
bending feature, the geometry phase vanishes and one get equal transmission for opposite vortices (Fig.1c,d).

The study here demonstrates that scalar waves such as sound also have interesting topological features that
can be used for designing structures to modulate wave transport.
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A metamaterial approach to the cochlear wave
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Abstract- We show that the physics of the inner ear, responsible for the mammalian’s audition, can be
modelled by a one-dimensional active metamaterial. More precisely, quarter wavelength resonators,
with a gradient in their resonance frequency, side coupled to a main waveguide, give rise to the
travelling wave typical of the dead cochlea. By introducing a feedback loop in each resonator, we then

reproduce all of the salient non-linear properties of the living cochlea.

The human ear is a fascinating sensor, capable of detecting sounds over three decades of frequency and
twelve orders of magnitudes. The ability of the cochlea to enhance low-amplitude sounds is referred to as the
cochlear amplification effect [1,2]. This effect is attributed to the hair cells of the organ of Corti which lies on
the basilar membrane that are believed to work as subwavelength non-linear resonator operating at the particular
regime of the so-called Hopf bifurcation. In this work, we propose to implement this model experimentally to
study an artificial cochlea based on an active metamaterial [3], and we show that it reproduces all of the salient
characteristics of the mammalian’s living cochlea [4].

To mimic the frequency-dependent cochlear response, we take our inspiration from the so-called rainbow
trapping effect, initially proposed in optics and more recently in acoustics [5]. The basis of our method lies in the
realization of a gradient of the propagation properties, resulting in the spatial encoding of the frequency
information through the slow light/sound effect. This is achieved in an elegant way using so-called locally
resonant metamaterials: these propagating media are composed of an assembly of subwavelength resonators,
each of which causes interferences near its respective resonance frequency [6]. Due to these local resonators,
wave propagation through the metamaterial is macroscopically observed to be strongly dispersive. Then, using a
different resonance frequency at every resonator location, one can obtain the desired gradient for the effective
propagating wave. Experimentally, this strategy is simply implemented by side coupling quarter wavelength
resonators made of rigid-walled pipes to a single mode airborne acoustic waveguide and we phenomenologically
well-reproduce the tonotopic mapping of the dead cochlea (Figure 1).

Figure 1: Photograph of the experimental gradient-index metamaterial for airborne sounds, made from 38

quarter-wavelength acoustic resonators of different heights.



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

amplitude. This curve is analogous to experimental measurements realized on living cochleae

To conclude, we would like to emphasize that very few ingredients are necessary to reproduce the active
cochlear wave. First, an adequately dissipative gradient-index locally resonant metamaterial well mimics the
passive travelling wave. The active processes, as a price to pay for hyper-sensitivity to low-amplitude sounds,
are created simply by replacing the resonant unit cells of the metamaterial by active resonators. As a result, the
response of the medium becomes dependent on the excitation amplitude, and we have clearly reproduced the

active amplification of low level sounds that characterizes the mammalian hearing abilities.
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Negative refraction experiments in acoustic metafluids
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Abstract- Negative refraction is observed at ultrasonic frequencies in underwater acoustic
experiments. The phenomenon is evidenced through the deflection of an ultrasonic beam emerging
from a prism-shaped negative-index metafluid composed of soft porous micro-beads randomly
dispersed in a water-based gel matrix. These experiments are compared with theoretical predictions
based on multiple scattering theory models revealing a good agreement for various
volume-fractions of particles.

In most (negative) refraction experiments, the conventional way consists in measuring the scattering angle of
the transmitted beam through a prism fabricated with the (negative index) material. By using this configuration,
the first experiments were conducted at microwave frequencies in 2D resonant structures in 2001 [1]. Then,
many other experiments were reported in optics [2] until the fabrication of 3D optical metamaterials in 2008 [3].
In the same year, negative refraction was also observed using a prism-shaped phononic crystal in acoustics [4].
Since then, negative refraction has been reported in various (non resonant) periodic systems [5] but no
experiment has been conducted in random acoustic metamaterials up to now.

In this talk, we report negative refraction experiments performed at ultrasonic frequencies by using a soft 3D
acoustic metafluid with a negative acoustic index [6]. This metafluid, composed of soft porous micro-beads
randomly dispersed in an aqueous matrix, was confined in a prism-shape box deposited on the surface of an
ultrasonic transducer. Then, the scattering angle of the transmitted ultrasound beam emerging from the prism
was measured at different frequencies, evidencing negative refraction around 160 kHz as shown in the figure.
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Figures: (left) spatial acoustic-field mapping at 160 kHz, (right) corresponding spatial-frequency content



(obtained by a 2D Fast Fourier Transform).
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Topological sound in active liquid metamaterials

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



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

Chern topological insulators.

Non-reciprocal acoustic systems that let sound flow in one direction but block it in another may be of
fundamental interest in many application fields, from underwater communication to imaging systems. However,
largely violating reciprocity is not an easy task in a compact acoustic system as it requires either strong non-linear

effects or a breaking of time-reversal symmetry or time invariance'.

We discuss two different solutions to achieve large acoustic non-reciprocity in a linear subwavelength device
by coupling a weak external time-odd bias to an acoustic resonance. The first system consists of a ring acoustic
resonator filled with air and coupled to three output waveguides, in which we impart a slow rotating air motion
(Fig. la). We demonstrate experimentally 30 dB of acoustic isolation for airborne audible sound in a
subwavelength device’. The second system consists of a resonant acoustic trimer, which undergoes a weak rotating
temporal modulation of the acoustic index, at a frequency much slower than the acoustic frequency (Fig. 1b). This
device allows for more than 40 dB, with 0.3 dB insertion loss in a system whose total size does not exceed a sixth
of a wavelength’.

Finally, we investigate the intriguing properties of non-reciprocal metamaterials built from a periodic
arrangement of these non-reciprocal metamolecules. We obtain a metamaterial that behaves as the acoustic
equivalent of Chern topological insulators, in which a nontrivial topology is initiated by a breaking of time-reversal
symmetry”. These artificial materials are characterized by the fact that they do not support acoustic propagation in
their bulk, but possess one-way topological edge modes (Fig. 1¢). Like their electronic counterpart, since local
perturbation to the edge cannot affect the topology of the bulk, these states are topologically protected against a
large class of defects and even disorder. We also discuss an acoustic equivalent of Floquet topological insulators,
built from a hexagonal lattice of time-modulated, non-reciprocal trimers (Fig. 1d). This last design presents

interesting robustness to site-to-site disorder in the modulation phase’.



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

phase (top) and non-reciprocal Floquet edge mode propagation.

Conclusions- Compact, non-reciprocal acoustic systems can therefore be used to build non-reciprocal
metamaterials that possess non-trivial topological properties, in particular one-way edge modes with topological
robustness. Compared to their constituting metamolecules, such topological materials may offer significant
advantages in their bandwidth of operation, robustness, and reconfigurability. Our study provides the opportunity
to increase our ability to control sound propagation with broadband, backscattering-immune, reconfigurable
acoustic waveguides that are immune to defects and disorder.
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Tailoring locally resonant metamaterials: from local modifications
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Abstract- Starting from the very simple example of a soda can metamaterial (an acoustic medium
made of Helmholtz resonators), we explain the propagation of waves in locally resonant media
without involving homogenized parameters. This allows us to highlight the importance of multiple
scattering even at this deep subwavelength scale. This, in turns, permits to envisage exotic
phenomena such as subwavelength control of waves, slow waves, negative refraction with a single
negative medium or topological metamaterial crystals.

In this talk, we will show how going beyond the paradigm usually introduced in the context of locally resonant
metamaterials, namely to consider them as homogeneous materials presenting effective properties, permits to
enrich the physics associated with them in a drastic way. We will first show, using a microscopic approach based
on the transfer matrix, that the properties of many metamaterials made out of resonant unit cells are strictly
governed by interferences, propagation effects and multiple scattering.

Then we will demonstrate how this observation allows one to tailor locally this kind of composite media at the
scale of the unit cell, hence going much further than in the homogenization approximation. We will show how
this allows to design various components such as cavities, waveguides, filters, that present deep subwavelength
dimensions, much smaller than that of their phononic crystal counterparts. We will also demonstrate the
possibility to slow down waves drastically using this kind of components, while keeping reasonable bandwidths,
hence achieving delay bandwidth products 10 times higher than the state of the art in photonics or phononics.

Concentrating now on structural modifications, we will explain how a single negative metamaterial can turn
double negative simply thanks to multiple scattering, provided that it is judiciously structured, hence introducing
the concept of metamaterial crystals. We will show that this approach is very rich and can be used to
demonstrate various analogs of solid state crystals in acoustics, such as an acoustic equivalent of graphene, or
acoustic metamaterials that present topological properties at the deep subwavelength scale. We will finally show
that these ideas can be straightforwardly transposed to the electromagnetic domain.
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Fig. 1. A triangular Helmholtz resonator based single negative metamaterial can be turned double negative,

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

In this talk, we will show how going beyond the usual description of locally resonant metamaterials in terms of
effective parameters allows to construct a classical acoustic analog of graphene'. First we show that a triangular
lattice of empty cans creates a hybridization bandgap. Within this bandgap, we then place resonant defects
simply made by increasing the resonance frequency of resonators, which is easily done filling cans with water”.
Because of the absence of propagating waves thanks to the bandgap created by the initial triangular lattice, these
defects are solely linked by nearest neighbors interactions, that is tight-binding coupling™’. Therefore, we design
a honeycomb lattice of resonant defects around the previous triangular lattice in order to emulate the physics of

graphene in such a crystalline metamaterial.

After presenting the concept behind this work, we show the experimental setup we used and the results we
obtained. We compare the field maps we measure and the corresponding analytically calculated ones for a
tight-binding model of graphene. This demonstrate a very good matching between both: monitoring the structure
and the composition of a metamaterial® is indeed a powerful strategy to create an acoustic analogue of graphene.

Then, we show that the properties of the bandgap within the metamaterial permits to change easily the
strength of the coupling between the defects. We present several experimental band structures and their
numerical counterparts realized for different volume of water within the defect cans. Hence, this simple change
allows to study a transition between a tight-binding and a polaritonic coupling within the lattice of defects. We
finally show that these ideas can be straightforwardly transposed to the electromagnetic domain.
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Fig. 1. A triangular lattice of empty soda cans creates a hybridization bandgap (a). This allows to induce
tight-binding coupling within the honeycomb lattice of filled cans and to mimic the band structure of electronic

graphene (b).
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Abstract-Two- and three-dimensional bubble metamaterials can be tuned to enable a variety of
interesting functionalities for acoustic waves by exploiting the low-frequency Minnaert resonance of
the bubbles. Here we show how a broadband coherent perfect absorber for ultrasonic waves can be
created from a bubble metalayer, and how doubly negative behaviour can be realized in
three-dimensional bubble metamaterials.

Bubbles in a yield-stress fluid or soft solid are excellent candidates for creating acoustic metamaterials, as
they exhibit a strong low-frequency monopolar resonance, which can lead to interesting effective acoustic
properties at wavelengths that can be hundreds of times larger than the radius of the bubbles. Since bubbles are
strongly coupled to water-borne acoustic waves, bubble metamaterials are especially well suited for applications
in underwater acoustics, where, for example, ultrathin metalayers consisting of a single layer of bubbles
entrapped in a soft elastic solid have been shown to act as very effective reflectors or absorbers of ultrasound
[1,2]. In this presentation, we show how a bubble metalayer can be optimized to create a coherent perfect
absorber for acoustic waves, and then consider how three-dimensional structures assembled from spatially
correlated bubble pairs can be designed to exhibit a transparency window with a negative index of refraction.

Since the concept of a coherent perfect absorber, or “anti-laser”, was first proposed in optics [3], there has
been growing interest in developing coherent perfect absorbers for acoustic waves [4,5]. Such a device can be
implemented by coherently illuminating a metamaterial or metalayer using two oppositely propagating incident
beams. For water-borne acoustic waves, a metalayer consisting of a single layer of bubbles has several
advantages for realizing an acoustic coherent perfect absorber experimentally. An important first step is to
develop a soft matrix, into which the bubbles can be embedded, that is impedance-matched to the water
surrounding the metalayer, so that water-matrix reflections can be eliminated; this has been achieved by
mixing sub-micron TiO; particles into PDMS so that the longitudinal velocity and density of the cured mixture
leads to the same acoustic impedance as water. It is also crucial to optimize the structure of the bubble layer so
that the magnitude of the amplitude reflection and transmission coefficients (7 and f) of the layer are equal to 0.5
(they are intrinsically of opposite sign), a process that was guided by the predictions of a simple analytic model
whose accuracy has been tested previously [1,2]. For the optimized structure, the critical coupling condition is
satisfied so that the bubble layer’s radiative and dissipative damping are equal, implying a unique relation
between the bubble radius @ and separation &, which is given by a*/d? = 41/ 7Z, where 7 is the viscosity of the
matrix. When two counter-propagating coherent beams of equal amplitude and phase are incident on a
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Fig.1: (a) Experimental setup for turning an optimized bubble metalayer (blue circles) into an acoustic coherent
perfect absorber. Two ultrasonic transducers (gold and black rectangles, on the left and right) emit coherent
counter-propagating pulses that arrive from opposite directions with the same incident phase at the metalayer.

(b) Predictions from finite element simulations and the analytic model for an example of a metalayer with a square array
of bubbles with a = 50 um, d = 240 pm, and 7 = 5.1 Pa's. Here || and |¢| are the magnitudes of the amplitude
transmission and reflection coefficients, and A is the absorption. For these parameters, broadband absorption is

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

well-optimized metalayer, virtually all of the incident radiation is absorbed, as illustrated for one choice of
model parameters in Fig. 1. This example compares the model predictions with finite element simulations, and
shows that broadband near-perfect absorption can be achieved.

For three-dimensional structures with pair-wise correlated bubbles (“bi-bubbles”), strikingly different
behaviour can be observed when the bubble pairs are arranged in either random or periodic arrays. Then,
overlap between monopolar and dipolar resonances can lead to a frequency band with a negative refractive
index, demonstrating how deeply-subwavelength spatial patterning of inclusions in metamaterials can play a
crucial role in determining material properties and functionality [6]. Predictions for both types of structure will
be presented and the influence of dissipation on doubly negative behaviour discussed.

REFERENCES

1. Leroy, V., A. Strybulevych, M. G. Scanlon, and J. H. Page, “Transmission of ultrasound through a single
layer of bubbles”, Fur. Phys. J. E, Vol. 29, 123-130, 2009.

2. Leroy, V., A. Strybulevych, M. Lanoy, F. Lemoult, A. Tourin, and J. H. Page, “Super-Absorption of
Acoustic Waves with Bubble Meta-Screens”, Phys. Rev. B, Vol. 91, 020301(R), 2015.

3. Chong, Y. D, L. Ge, H. Cao and A. D. Stone, “Coherent Perfect Absorbers: Time-Reversed Lasers”, Phys.
Rev. Lett., Vol. 105, 053901, 2010.

4. Song, J. Z., P. Bei, Z. H. Hang and Y. Lai, “Acoustic coherent perfect absorbers”, New J. Phys., Vol. 16,
033026, 2014.

5. Wei, P., C. Croenne, S.T. Chu and J. Li, “Symmetrical and anti-symmetrical coherent perfect absorption for
acoustic waves”, Appl. Phys. Lett. Vol. 104, 121902, 2014.

6. Kaina, N., F. Lemoult, M. Fink and G. Lerosey, “Negative refractive index and acoustic superlens from

multiple scattering in single negative metamaterials,” Nature, Vol. 525, pp. 77-81, 2015.



A route to acoustic Landau levels

Zhaoju Yang' and Baile Zhangl’z*

'Division of Physics and Applied Physics, School of Physical and Mathematical Sciences,
Nanyang Technological University, Singapore 637371, Singapore.
2Centrefor Disruptive Photonic Technologies,

Nanyang Technological University, Singapore 637371, Singapore.

*To whom correspondence should be addressed:

E-mail: blzhang@ntu.edu.sg

Abstract

The emerging field of topological acoustics that explores novel gauge-field-related phenomena
for sound has drawn attention in recent years. However, previous approaches constructing synthetic
gauge field for sound predominantly relied on a periodic system, being unable to form a uniform
effective magnetic field, thus lacking access to some typical magnetic-induced quantum phenomena
such as Landau energy quantization. Here we introduce strain engineering, previously developed in
graphene electronics and later transferred to photonics, into an aperiodic two-dimensional acoustic
structure in order to form a uniform effective magnetic field for air-borne acoustic wave
propagation. Landau levels in the energy spectrum can be formed near the Dirac cone region. We
also propose an experimentally feasible scheme to verify the existence of acoustic Landau levels with

acoustic measurement.

Air-borne sound waves have no intrinsic spins and do not respond to magnetic field.
Recently several approaches of synthetic gauge field construct magnetic-like effects (such as
quantum Hall effect) for sound, which have enabled the emergence of a new field of
topological acoustics [1-5]. However, previous approaches constructing synthetic gauge field
for sound predominantly relied on a periodic system, being unable to form a uniform
effective magnetic field, thus lacking access to some typical magnetic-induced quantum
phenomena such as Landau quantization [6].

Here we introduce strain engineering into a two-dimensional acoustic structure in order
to effectively form a uniform magnetic field for air-borne acoustic wave propagation, and
consequently, acoustic Landau levels. Typical acoustic Landau levels (labelled with numbers
of 0, +1, £2) are shown in panel (a) of the following figure. Panels (b-e), which show the
change of acoustic pressure with increase of frequency, demonstrate the process of
localization (b) — spreading (c) — localization (d) — spreading (e), as a clear evidence of
acoustic 0™-order and +1*-order Landau levels and the significant band gaps between them.
As a new freedom of constructing synthetic gauge field for sound, our study has offered a
path to previously inaccessible magnetic-like effects in traditional periodic acoustic
structures.
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Figure 1. Landau levels in acoustic structures.
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Abstract-We demonstrate a topological interface state of elastic wave in solid-structured 1D
phononic crystals (PnCs). Two PnCs with different structural parameters can possess a common
phononic bandgap with different topological nature. At the interface between the two PnCs, a
topologically confined state of elastic wave in the bandgap appears. We observe the topologically
confined mode with a quality factor of ~5,650 in the transmission experiment, while no interface state
exists at the interface between PnCs with the same topological characteristic.

There is currently a great interest in the study of topological properties in metamaterials that draw inspiration
from quantum spin Hall and quantum Hall effects in solid state physics. Recently, some pioneering demonstrations
of topological edge states in acoustic systems have been reported [1,2]. On the other hand, controlling elastic
waves in solids using topological properties will pave the way to practical high-speed phononic applications.
Although some theoretical studies aiming the control of elastic waves in solids have been reported [3,4], there is
a lack of experimental study demonstrating such topological edge states even in one-dimensional periodic systems.

Here we report the experimental realization of topological interface state in solid-structured quasi 1D PnC.

In this study, we use quasi 1D PnCs [5] made of fused silica. As shown in Fig. 1(a), each unit cell with period
D = 16 mm along with x-direction has two wider blocks sandwiching an inner block. We designed topologically
distinct PnCs, Ul (W;;,/D = 0.3,d;,,/D =0.59) and U2 (W;,,/D = 0.501, d;,,/D =0.72), by tuning the structural
parameters of unit cells. In a 1D periodic system, the topological invariant of Bloch bands, so called Zak phase,
characterizes the property of bulk band. The phononic band diagrams shown in Fig. 1(b) and (c) indicate that two
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PnCs, Ul and U2, have a topologically distinct bandgap. The characters of the bands at the upper and lower
bandgap edges are inverted as shown in the insets and the Zak phase of the bands changes, resulting in a change
in the topological properties of the bandgap. Therefore, at the interface of these two PnCs, a topologically protected
mode is predicted to exist inside the overlapped bandgap from bulk-edge correspondence principle. Figure 1 (d)
shows the displacement distribution of the topological interface mode at the interface of U1 and U2 where the each
PnC has the number of period N=4. The interface mode is well confined at the interface and works as a cavity of
elastic wave.

The pictures on the left of Fig. 2 (a) and (b) show the samples having a non-trivial junction of two topologically
distinct PnCs (U1+U2) and a trivial junction composed of two PnCs with same topological characteristic of the
bandgap (U1+U1"), respectively. Both samples were made of fused silica by ultrasonic machining process.
U1’ has a slightly thicker inner block than that of U1 but a topologically identical bandgap with U1, which expects
that no topological interface state exists. We measured transmission spectrum of elastic waves through the samples
by a network analyzer. In the measured transmission spectrum for U1+U2 (Fig. 2 (a)), a peak indicating the
topologically confined state is clearly observed in the bandgap. The topological interface state is observed at
202.38 kHz with mechanical quality factor of ~5,650. In contrast, no such peak was measured for U1+U1’ (see
Fig. 2 (b)) since they have the topologically identical bandgap. The measured spectra for both samples show good
agreement with numerical simulations also shown in the same figures.

In conclusion, we experimentally demonstrate a topological interface state of elastic wave in a solid-structured
1D system. Higher operating frequency above MHz can be achieved by scaling down the size of structures. Our
result is an important step for the advanced control of elastic wave in solid structures by their topological characters.

(a) (b)

0
0
20
i~ ) T 20 i~
E = = o =
l K S : S -
- i g S ey S 60 1-60 §
o ; : W g
N E |pd: w0 80 ¢
. —— Calculation
—100 - —— Experiment f] ~100
d 190 195 200 205 210

190 195 200 205 210
Frequency [kHz] Frequency [kHz]
Figure 2: Measured (blue) and calculated (black) transmission spectra in the case of (a) non-trivial and (b) trivial topological PnC

junctions consisting of two different 1D PnCs. respectively. Each picture on the left shows the sample used in the measurement.

Acknowledgements This work was partially supported by MEXT KAKENHI Grant Number JP26630147,

JP15H05700, and by the Ono Acoustics Research Fund.

REFERENCES

1. Xiao, M., Ma, G., Yang, Z., Sheng, P., Zhang, Z.Q. and Chan, C.T., “Geometric phase and band inversion in
periodic acoustic systems,” Nat. Phys., Vol. 11, 240-244, 2015.

2. He, C.,Ni, X,, Ge, H., Sun, X.-C., Chen, Y.-B., Lu, M.-H., Liu, X.-P., and Chen, Y.-F. “Acoustic topological
insulator and robust one-way sound transport,” Nat. Phys., Vol. 12, 1124-1129, 2016.

3. Mousavi, S.H., Khanikaev, A.B. and Wang, Z. “Topologically protected elastic waves in phononic
metamaterials,” Nat. Commun., Vol. 6, 8682, 2015.

4. Pal, R.K. and Ruzzene, M. “Edge waves in plates with resonators: an elastic analogue of the quantum valley
Hall effect,” New J. Phys., Vol. 19, 025001, 2017.

5. Kim, L., Iwamoto, S. and Arakawa, Y., “Design of quasi-one-dimensional phononic crystal cavity for efficient
photoelastic modulation,” Jpn. J. Appl. Phys., Vol. 55, 08RD02, 2016.



Production and control of acoustic orbital angular

momentum (OAM) by metamaterials

Jianchun Cheng, Bin Liang, Xue Jiang

Collaborative Innovation Center of Advanced Microstructures and Key Laboratory of Modern
Acoustics, MOE, Institute of Acoustics, Department of Physics, Nanjing University, Nanjing
210093, P. R. China

Likun Zhang
National Center for Physical Acoustics and Department of Physics and Astronomy,
University of Mississippi, University, Mississippi 38677, USA
Chengwei Qiu

Department of Electrical and Computer Engineering, National University of Singapore

In this talk, I will introduce some of our latest works on production and manipulation of
acoustic OAM with the aid of metamaterials. We have designed and fabricated an acoustic
vortex emitter with multi-arm coiling slits that utilize diffraction effect to generate vortex
beam, with broadband functionality and stable topological charge. Based on this, we further
propose a new mechanism for producing acoustic OAM by converting acoustic resonances to
OAM. As an implementation, we have designed and fabricated a thin planar device with high
efficiency to verify our scheme. In comparison with existing ways for OAM production by
phased spiral sources that need sophisticated electronic control and by physically spiral
sources that need screw profiles and may also have a bulky size, our acoustic resonance-based
OAM production bears the advantages of high efficiency, planar profile, compact size, no
spiral structure and can be freely tuned to produce different orders of OAM. I will also briefly
discuss the potential of acoustic OAM devices to revolutionize various applications such as in

medical ultrasound or acoustic communication.
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Abstract - “Schroeder diffuser” is a classical design, proposed over 40 years ago, for artificially creating
optimal and predictable sound diffuse reflection. It has been widely adopted in architectural acoustics and
it has also shown substantial potential in noise control, ultrasound imaging, microparticle manipulation,
among others. The conventional Schroeder diffuser, however, has a considerable thickness on the order of
one wavelength, severely impeding its applications for low frequency sound. In this paper, a new class of
ultra-thin and planar Schroeder diffusers are proposed based on the concept of acoustic metasurface. Both
numerical and experimental results demonstrate satisfactory sound diffuse reflection produced from the
metasurface-based Schroeder diffuser despite it being one order of magnitude thinner than the
conventional one. The proposed design not only offer promising building blocks with great potential to
profoundly impact architectural acoustics and related fields, but also constitutes a major step towards real-
world applications of acoustic metasurfaces.



Topological subspace induced bound states in continuum
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Abstract-We propose a new kind of bound states in continuum'” (BIC) in a class of systems
constructed by coupling multiple identical one-dimensional (1D) chains each with inversion
symmetry. The BIC existence is enabled by a specific separation of the Hilbert space into
topological and non-topological subspaces. Bulk-boundary correspondence in the topological
subspace guarantees the existence of a localized interface state which can lie in the continuum of
extended states in the non-topological subspace, forming a BIC. Such topological BIC is observed
experimentally in a coupled-acoustic-resonators system.

We couple two identical Su-Schrieffer-Heeger (SSH) chains in a way so that the chains outnumbers the
coupling channels between them. With only one coupling channel, two bands remain topological characterized
by quantized Berry phase, despite the overall inversion symmetry is broken by the introduction of coupler chain.
A bound state occurs at the interface between two topologically different phases due to bulk-boundary
correspondence. By choosing appropriate system parameters, we can make the topological interface state to
overlap with the continuous spectrum of the extended states in the non-topological subspace. In this way, a BIC
is formed. We emphasize this is a new scheme which relies on bulk-boundary correspondence to construct a BIC.
We experimentally demonstrated our proposal in a system consisting of coupled acoustic resonators. The dipole
modes of acoustic resonators are used to represent the orbitals.

(a)

Fig. 1 (a) Two identical SSH chains coupled by a coupler “atom” per unit cell. The hopping parameters and

indices of the “atom” orbitals are labeled. The on-site energies are &, =&, =&, =€, =0 and &;. (b) A unit cell

consisting of coupled acoustic cavities.
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Abstract— This talk presents new classes of inhomogeneous media for which one can easily
get exact solutions for the fields. They are called analytic materials, as the moduli involve an-
alytic functions. The partial differential equations solved by the fields are reduced to a set of
ordinary differential equations. We present explicit examples of analytic materials for elastody-
namics and for electromagnetism. This greatly expands the array of examples of exactly solvable
materials that one can obtain using other techniques, such as the transformation optics technique
introduced by Dolin in 1961.

The theory of inhomogeneous analytic materials is developed. These are materials where the
coefficients entering the equations involve analytic functions. Three types of analytic materials
are identified. The first two types involve an integer p. If p takes its maximum value then we
have a complete analytic material. Otherwise it is incomplete analytic material of rank p. For
two-dimensional materials further progress can be made in the identification of analytic materials
by using the well-known fact that a 90 degrees rotation applied to a divergence free field in a
simply connected domain yields a curl-free field, and this can then be expressed as the gradient of
a potential. Other exact results for the fields in inhomogeneous media are reviewed.
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Underwater acoustic cloak with pentamode material
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Abstract-A cylindrical underwater acoustic cloak is designed from pentamode material that mimics
meta-fluid with anisotropic modulus. The machined cloak is tested in a designed 2D waveguide
through transient cylinder wave experiments. Experiment results verify excellent cloaking
performance over a broadband frequency range 9-15 kHz, and therefore confirm superior wave
manipulating capability of pentamode metamaterial particularly for underwater acoustics.

Inertial acoustic cloak requires anisotropic density to deflect wave trajectory to achieve invisibility, however
conventional metamaterial technique, such as perforated plate or alternating fluid layer, cannot offer sufficient
anisotropy in dense fluid like water and also suffers from the infinite mass catastrophe'. To circumvent these
difficulties, an alternative approach using pentamode material is adopted"? in this research to design cloak for
underwater acoustics. Pentamode material, specially designed microstructure solid, can mimic anisotropic
modulus meta-fluid, and has much stronger anisotropy than available in density through any conventional
metamaterial technique. Numerical investigations’ have shown its broadband performance for acoustic
manipulation, while experiment has never been reported. Here, we experimentally demonstrate superior wave
steering ability of pentamode material by designing a broadband underwater acoustic cloak”.

(a)

Air cylinder

(c) cloaked-forward

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



A new geometry is first proposed as pentamode unit cell with larger effective parameters space. A
cylindrical cloak, aim at underwater acoustic wave, is designed from proposed unit cell using transformation
approach as well as optimization algorithm. Geometry of pentamode cell in the cloak has been calibrated to
acquire effective material parameter required by transformation approach. The cloak is finally machined from an
aluminum block using advanced electric discharging machining technology with high accuracy.

Due to small size of the fabricated cloak in height direction, a 2D underwater waveguide is also proposed to
test the cloak. Transient cylindrical wave emitted from a piezoelectric transducer is used to verify broadband
performance of fabricated cloak. Scanned acoustic pressure field indicates obvious difference between uncloak
and cloaked air scatter in both forward and backward regions. Strong scattering effect, due to severe impedance
mismatch between air and background water, has been substantially eliminated when the scatter is covered with
cloak, and the rectified pressure field approaches that of reference case with empty waveguide. Target Strength
Reduction (TSR) has been calculated from measured signal at specific backward location, and also shows
excellent cloaking performance of designed cloak over remarkable frequency range, with an averaged reduction
6.3dB in TSR over 9-15 kHz.

The experiment proves expected excellent and broadband wave steering capability of pentamode material
with cloak application for the first time. It should be noted, although measurements here only indicate excellent
performance of designed cloak over the given range owing to transducer frequency limitation, the designed cloak
can in principle work from zero frequency, since only quasi-static material properties are employed, in contrast
to inertial cloaks based on local resonance mechanism. Solid and broadband advantages together with achievable
strong anisotropy make pentamode material a perfect candidate for controlling acoustic wave propagation, and
may bring forth new applications, such as wave bender, metasurface, particular for underwater acoustics.
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Abstract— Building architectures able to demonstrate asymmetric transmission became a real
challenge in the last decades. Here, we propose two devices with capabilities of breaking acoustic
reciprocity. The first device uses nonlinear conversion in granular matter meanwhile the second
allows to avoid frequency conversion during the propagation process. Helping by the experimental
results, the advantages and drawbacks of each architecture are compared. The possibility to break
the reciprocity introduces new capabilities for information processing and for improving acoustic
imaging.

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

The first architecture is based on the nonlinear self-demodulation process in a one-dimensional
structure made of a nonlinear granular medium and a phononic multilayer solid as shown on Fig. 1.
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Figure 1: (a) Schematics of the proposed acoustic rectifier in 74" direction. (b) Picture of the experimental
system. (c) Schematics in ”-” direction.

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



an average grain diameter of d = 300 pym. Alternating nine layers of Lucite with ten layers of
aluminum, we built the phononic crystal (i.e. the selection part) where thicknesses are d, = 10 mm
and d, = 20 mm, respectively, along with diameters of 30 mm. After characterized the two parts of
this rectifier, we analyze the broadband character of this asymmetric effect, which could allow for
information processing in the future. With the help of the delaylines, we also measure quantitatively
the incident, reflected and transmitted wave packets, and demonstrate a ratio larger than 10° in
transmitted acoustic wave energies for the two opposite directions of operation. The drawbacks of
this device are a modification of the transmitted signal spectrum and a weak transmitted amplitude
compared to the incident one.

In the second part of the presentation, we present a solution to avoid the frequency conversion
process involved in the most part of asymmetric device as the first proposed using the granular
matter. Interestingly, this architecture mimics the intrinsic behavior of the most known asymmetric
device: the electrical diode. After detailing all processes and mechanisms involved in this asymmet-
ric device, we demonstrate experimentally a very high efficiency with an energy transmission ratio
of = 10° between the two direction of propagation, as well as tunability and broadband character-
istics. The most interesting aspect is that the transmitted signal does not show signs of distortion
without external energy supply. Moreover, the transmitted amplitude in the allowed propagation
direction is close to 1. Due to simple design and the mechanisms involved, the proposed device is
also able to become a key element to realize an acoustical switch.

In conclusion, we propose two new architectures for asymmetric propagation of acoustic waves
to overcome the limits of the recent proposed architectures. Combining a granular layer with a
phononic crystal, we demonstrate with the first architecture, the possibility to rectifying the energy
for the wide band signal with a high contrast ratio o = 10%. Secondly, we propose an another
architecture to avoid the conversion process trough the propagation without energy supply. The
second device is able to transmit almost all the energy in the allowed propagation direction without
distortion effect. These experimental results on two proposed devices for asymmetric transmission
extend the previously demonstrated effects (transmission ratio, frequency bandwidth, transmitted
amplitude). The designs and tests of these architectures contribute to the field of acoustic diodes,
which could open avenues for novel acoustic devices aiming at controlling waves.
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Abstract — Guiding mechanical energy in a reliable way between two points in space is an
important ingredient for many technological applications such as energy harvesting or in
mechanical computing. In particular, wave guides that are free from backscattering and can
hence be bent without any losses would be a most welcome addition to the metamaterials
toolbox. Here, we present a new design principle for wave-guides with exactly these properties.
Owing to the intricate structure of the Bloch-wave structure of the bulk mechanical vibrations,
surface modes with highly specialized properties are arising. We discuss a general formalism for
the theoretical description of such “topological surface modes” and provide experimental
implementations of two corner stones for topological wave guiding [1]. First, we introduce a
mechanical analog of the quantum spin Hall effect, where a two-dimensional material nucleates
one-dimensional surface states that can transport energy in a unidirectional fashion [2]. Second,
we provide the first experimental observation of a quadruple (or higher order) topological
insulator, where a n—dimensional systems stabilizes stable (n-2)-dimensional corner modes. This
corner modes pave the way to concrete materials where stable one—dimensional waveguides are
built in a three—dimensional sample.
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Abstract— We analyze the Purcell effect in a waveguide with a side-coupled microcavity and
demonstrate that it can be considered as an interference phenomenon. Also we describe a growth
of photoluminescence intensity at the low-frequency edge of the band-gap in a photonic crys-
tal composed of alternating amorphous hydrogenated silicon with carbon and silica layers and
attribute this with the Purcell effect. We suggest that Green’s function calculated by the transfer-
matrix method allows describing the Purcell effects in low-dimensional photonic structures.

In many applications of photonics the light is radiated from an energy source that can be either
an excited quantum system or a resonator that accumulates energy in the form of standing waves.
The engineering of dielectric environment allows to modify the emission rate due to the Purcell
effect without changing the properties of the emitter itself. Here we study the Purcell effect for
several photonic systems described by quantum and classical approaches. Since Edward Purcell
published his landmark note [1] on the modification of quantum transition rates due to a cavity, this
effect was considered in the framework of the quantum electrodynamics. Recently, it was reported
that the Purcell effect in antennas with current loops can be described classically [2, 3]. Here we
suggest a classical counterpart of the Purcell effect for pure photonic modes in a microcavity [4].

We describve the Purcell effect in a waveguide with a pair of partially reflecting defects forming
an effective environment for a side-coupled resonator. This system was considered earlier as a
system with a sharp Fano resonance [5], and it is described phenomenologically by means of the
transfer-matrix method. We find the expression the Purcell factor in the form

7y o L+ 77 —r[eos(201) + cos(24y)]
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Here v and 7y are the resonator damping rate with and without environment respectively, r is
reflection coefficient of the defects, 012 = kd12, § = 01 + 02, k is wavenumber, dy 2 is the distance
between left or right defect and the resonator.

We implement the system in a photonic crystal composed of a square array of silicon rods with
radius r = 0.2a (a is the lattice constant) and refractive n = 3.4 (silicon in near infrared range).
A waveguide is formed by removing a row of dielectric rods, and a resonant cavity is created by
reducing the radius of a single rod to 0.1a. The cavity is placed at the distance 3a away from
the waveguide. Such a cavity supports a localized monopole-like defect mode with the resonant
frequency wp = 0.32821 - (2w¢/a) and the half-width at half minimum ~y = 0.00026 - (27¢/a).
Cylinders of radius 0.1a introduce the pair of defects in the waveguide. The transmission spectra
in this structure are calculated by employing the frequency-domain Wannier functions approach
[6] that enables us accurate modeling of high-Q resonances. The calculated data appear to be in
excellent agreement with the results of transfer matrix based theory. The adjustment of the distance
between defects changes the damping rate over 25 times (the Purcell factor is in the interval from
0.18 to 5)

To analyze this result we calculate Purcell factor for a two-level quantum particle instead of
the resonator using conventional quantum electrodynamic approach explaining the Purcell effect
by modification of local density of photonic states (DOS), which can be evaluated through the
imaginary part of Green’s function for electric field. Quasi-one-dimensional structures considered
in the present study allow the calculating of the Green’s function by means of transfer matrix
method. It appears that the Purcell factor found from the Green’s function is exactly the same as
one defined by Eq. (1).



For experimental confirmation of results obtained by the Green’s function for quasi-one-dimensional

structures calculated by transfer matrix method we examine photoluminescence from a photonic
crystal. The density of photonic states is known to increase at the edges of photonic gaps. How-
ever the local DOS has a strong dependence on the emitter position relative the photonic crystal
environment. For the regions occupied with a higher refractive index material the local DOS has
a maximum at the low-frequency edge, while for a lower refractive index layers the local DOS has
the maximum at the high-frequency edge. To measure experimental data allowing unambiguous
interpretation we should take into account a number of circumstances. Emission centers have to
be localized either in high-index layers or low-index ones. The width of photoluminescence contour
has to be comparable with the photonic band gap, since we need to compare the luminescence
intensity at the different edges at the same measurements.

We fabric