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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.

11



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

12



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
Aboit 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 3~ For free shutde bus B £8.70A 134 To Seoul
) 74-58 To Gyonggi [ 3C 4C.13C Small vehides [l 4C international Taxi  [] 5C- 8C Taxi

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

4.14,.9C.9D 10C Busstation [I}] 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) Arrival 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 ; 08:58
09:38 ! 10:23 ; 11:13 . 12:03 ; 12:53 | 13:43
14:33 | 15:23 | 16:14 | 17:03 | 17:43 l 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 -
12¢
oc 9D 10C
1oy £ yia 128l M
aA 108 12A
q 48 A 5B ga 6B 7A7B gA BB gy 9B10AT VA Y
2 - (] a 13
3 12
A 4 5 a a _ ., ng"
8 & % £ F
Passenger Terminal 1F
For Emergency To Incheon & 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 100 Bus station Bus station ] 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

18



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
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University of Birmingham, United Kingdom
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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
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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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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

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

O. Hess
The Blackett Laboratory, Imperial College London, Prince Consort Road, London, SW7 2AZ, UK
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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
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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

C.T. Chan"
'Hong Kong University of Science and Technology, Hong Kong, China
?Author Affiliation, Country
“corresponding author: phchan@ust.hk

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 {short 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

. . . L
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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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Fig. 2 In-situ electrochemical SERS spectra
obtained from mixed solution. The ratio of
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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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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.

Acknowledgements, A. Zayats and W. Dickson would like to note that this work was partly funded by the
EPSRC EP/M013812/1.

REFERENCES

1. Nasir, M.; Peruch, S.; Vasilantonakis, N.; Wardley, W.; Dickson, W.; Wurtz, G.; Zayats, A., Tuning the effective
plasma frequency of nanorod metamaterials from visible to telecom wavelengths. Appl. Phys. Lett. 2015, 107 (12), 121110.
2. G. A. Wurtz; R. Pollard; W. Hendren; G. Wiederrecht; D. Gosztola; V. A. Podolskiy; Zayats, A. V., Designed ultrafast
optical nonlinearity in a plasmonic nanorod metamaterial enhanced by nonlocality. Nat Nanotechnol 2011, 6, 107.

3. Kabashin, A. V.; Evans, P.; Pastkovsky, S.; Hendren, W.; Wurtz, G.; Atkinson, R.; Pollard, R.; Podolskiy, V.; Zayats,
A., Plasmonic nanorod metamaterials for biosensing. Nat Mater 2009, 8, 867-871.

4. Yakovlev, V. V.; Dickson, W.; Murphy, A.; McPhillips, J.; Pollard, R. J.; Podolskiy, V. A.; Zayats, A. V.,
Ultrasensitive Non - Resonant Detection of Ultrasound with Plasmonic Metamaterials. Adv. Mater. 2013, 25 (16),
2351-2356.

5. Nasir, M. E.; Dickson, W.; Wurtz, G. A.; Wardley, W. P.; Zayats, A. V., Hydrogen Detected by the Naked Eye:
Optical Hydrogen Gas Sensors Based on Core/Shell Plasmonic Nanorod Metamaterials. Adv. Mater. 2014.



Enhancement of the Activity of Plasmonic Photocatalysts
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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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Compact plasmonic resonance shift sensors
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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).

Biological
and medical
applications
|
Asymmetric ) .
c‘;talysis Chiral Chlr?l_
icati . — recognition
applications Nanomaterials Sl

l

Optical &
photonics
applications

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

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

a g Photoluminescence spectrum of the
= 54 monolayer WS,. Scattering spectra of c)
= individual gold nanorod, and d) nanorod
_‘2 coupled to the WS,. e) Near-field
;§ : enhancement contour of an individual gold
g" d nanorod placed onto the WS, monolayer.
% The electric field contour is drawn on the
” . //. { ‘ .\ WS, plane underneath the gold nanorod. f)

16 18 Enezr.gy 2 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.
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1. Introduction

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

(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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Surface-enhanced Raman spectroscopy of single-molecules

at nanometer and at angstrom-scale
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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).

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.
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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.).



1,0
0,8
0,64 rcﬂecti.mce
- - - - transmittance

0,4-
0,2 el
0,0

0.4 0,6 0,8 1,0

wavelength (um)

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; 1o 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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Figurel. Nonradiative Purcell enhancement spectra for an
8nm-arm aluminum dimer (left) and trimer (right) under

different emitter orientation excitation.

Acknowledgements, work supported by the Spanish Government [TEC2014-51902-C2-2-R]; V.P.-P. was
sponsored by the Spanish MECD [FPU AP-2012-3796]; A.LF.-D. by EU 7™ Framework Programme
[FP7-PEOPLE-2013-CIG-63099] and the Spanish MINECO [FIS2015-64951-R]; M.B. by the Spanish
Government [RYC-2011-08221]; Y.L. by the Singapore Ministry of Education [MOE2015-T2-1-145],
NRF-CRP grant [NRF2015NRF-CRP002-008] and NTU-A*STAR Silicon Technologies Centre of Excellence
[11235150003]; M.N.-C. by University of Birmingham [Birmingham Fellowship].

REFERENCES

1. Novotny, L. and B. Hecht, Principles of Nano-Optics, Cambrdige University Press, UK, 2012.

Aouani, H., M. Rahmani, M. Navarro-Cia and S. A. Maier, “Third-Harmonic-Upconversion Enhancement
from a Single Semiconductor Nanoparticle Coupled to a Plasmonic Antenna,” Nature Nanotech., Vol. 9, No.

Chikkaraddy, R., et al., “Single-molecule strong coupling at room temperature in plasmonic nanocavities,”

Schurig, D., J.J. Mock, B. J. Justice, S.A. Cummer, J.B. Pendry, A.F. Starr and D.R. Smith, Metamaterial

Pendry, J.B., A.I. Ferndndez-Dominguez, Y. Luo and R. Zhao, “Capturing Photons with Transformation

Pacheco-Pefia, V., M. Beruete, A.I. Ferndndez-Dominguez, Y. Luo and M. Navarro-Cia, “Description of
bow-tie nanoantennas excited by localized emitters using conformal transformation,” ACS Photon., Vol. 3,

2.

4,290-294, 2014.
3.

Nature, Vol. 535, No. 7610, 127-130, 2016.
4.

electromagnetic cloak at microwave frequencies, Science, Vol. 314, No. 5801, 977-980, 2006.
5.

Optics,” Nat. Physics, Vol. 9, No. 8, 518-522, 2013.
6.

No. 7, 1223-1232, 2016.
7.

Pacheco-Pefia, V., A.I. Ferndndez-Dominguez, Y. Luo, M. Beruete and M. Navarro-Cia, “Aluminum
Nanotripods for Light-Matter Coupling Robust to Nanoemitter Orientation,” submitted.
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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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Translation Matrix for Anisotropic Metamaterials
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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.

REFERENCES

1. Veselago V. G., “Electrodynamics of substances with simultaneously negative values of sigma and mu,”
Soviet Phys. Uspekhi-ussr 10, 509-514 (1968).

2. Pendry J. B., Schurig D., and. Smith D. R, “Controlling electromagnetic fields,” Science 312, 1780-1782
(2006).

3. Vytovtov K.A. Analytical Investigation of Statified Isotropic Media, Journal of Optical Society of America
A 22 (4), 689-696 (2005).

4. Terent’ev Yu., Vytovtov K. ‘Investigation of Behaviour of Waves Within Periodically Magnetized Ferrite’,
International conference on antenna. Theory and techniques. Kyiv, Ukraine, 1997, pp.279-281

5. Vytovtov K. A., ‘The Analytical Method of Investigation of Periodic Layered Media With Uniaxial
Bianisotropy’ Journal of Communications Technology and Electronics, 46 (2), pp.159—166 (2001)

6. Hao J. and Zhou L. Electromagnetic wave scatterings by anisotropic metamaterials: Generalized 4x4
transfer-matrix method Phys. Rev B 77, 094201, 2008



High-throughput nanoscale optical positioning of single
quantum dots for high-performance single-photon generation

Jin Liu' 2, Yu-ming He?, Luca Sapienza*, Kumarasiri Konthasinghe®, Sebastian Maier>, Monika
Emmerling?, Stefan Gerhardt?, José Vinicius De Miranda Cardoso', Jin Dong Song®, Antonio
Badolato”, Christian Schneider?, Sven Hofling®, Marcelo Davanco', and Kartik Srinivasan'
L Center for Nanoscale Science and Technology, National Institute of Standards and Technology, Gaithersburg, MD, USA 20899
2Maryland Nanocenter, University of Maryland, College Park, MD, USA 20742
3Technische Physik and Wilhelm Conrad Rontgen Research Center for Complex Material Systems, Physikalisches Institut,
Universitdt Wiirzburg, Am Hubland, D-97074 Wiirzburg, Germany
4Department of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, UK
5Department of Physics, University of South Florida, Tampa, Florida 33620, USA
8 Center for Opto-Electronic Convergence Systems, Korea Institute of Science and Technology, Seoul 136-791, South Korea
" Department of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA
liujin23 @mail.sysu.edu.cn
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

3 : . = =170 nm
Dielectric . — =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/\).
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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.

Acknowledgments, the authors warmly thank Prof. P. Biagioni, Prof. D. Neshev and Prof. A. Zayats for
fruitful discussions and acknowledge the experimental support from Prof. C. Ricolleau and Dr. G. Wang.

This work was carried out in the framework of the Erasmus Mundus NANOPHI (2013 5659/002-001)
project and of the NanoSpectroscopy COST Action (MP1302). The authors would also like to acknowledge
financial support from CARIPLO Foundation SHAPES project (2013-0736) and “Double Culture” PhD
Program of Sorbonne Paris Cité (V. F. Gili).

REFERENCES

[1] A. I. Kuznetsov, A. E. Miroshnichenko, Y. H. Fu, J. Zhang, and B. Lukyanchuk, "Magnetic light," Sci.
Rep. 2, 1-6 (2012).

[2] A. B. Evlyukhin, S. M. Novikov, U. Zywietz, R. L. Eriksen, C. Reinhardt, S. I. Bozhevolnyi, and B. N.
Chichkov, "Demonstration of magnetic dipole resonances of dielectric nanospheres in the visible region,"
Nano Lett. 12, 3749-3755 (2012).

[3] S. Person, M. Jain, Z. Lapin, J. J. Sdenz, G. Wicks, and L. Novotny, "Demonstration of zero optical
backscattering from single nanoparticles," Nano Lett. 13, 1806—1809 (2013).

[4] V. E. Gili, L. Carletti, A. Locatelli, D. Rocco, M. Finazzi, L. Ghirardini, I. Favero, C. Gomez, A.
Lemaitre, M. Celebrano, C. De Angelis, and G. Leo, “Monolithic AlGaAs second-harmonic nanoantennas,”
Opt. Expr. 24, 15965-15971 (2016).

[5] L. Carletti, A. Locatelli, O. Stepanenko, G. Leo, and C. De Angelis, "Enhanced second-harmonic
generation from magnetic resonance in AlGaAs nanoantennas," Opt. Expr. 23, 26544-26550 (2015).

[6] L. Ghirardini, L. Carletti, V. Gili, G. Pellegrini, L. Dud, M. Finazzi, D. Rocco, A. Locatelli, C. De
Angelis, 1. Favero, M. Ravaro, G. Leo, A. Lemaitre, and M. Celebrano, Opt. Lett. 42, 559-562 (2017).

[7] L. Carletti, D. Rocco, A. Locatelli, C. De Angelis, V. F. Gili, M. Ravaro, I. Favero, G. Leo, M. Finazzi,
L. Ghirardini, M. Celebrano, G. Marino, A. V. Zayats, “Controlling second-harmonic generation at the
nanoscale with monolithic AlIGaAs-on-AlOx antennas”, Nanotechnology 28, 114005 (2017).



Quantum dots interfaced with alkali atoms:
filtering, delaying and quantum interfering single photons

H. Vural', S. L. Portalupi', M. Miiller', J. Weber', J. Maisch', S. Kern', M. Widmann®, R. Low’,
J. Wrachtrup?, M. Jetter', I. Gerhardt* and P. Michler"

!Institut fiir Halbleiteroptik und Funktionelle Grenzflichen, Center for Integrated Quantum Science
and Technology (I0°") and SCoPE, University of Stuttgart, Allmandring 3, 70569 Stuttgart, Germany

’3. Institute of Physics, University of Stuttgart, I0°" and SCoPE, Pfaffenwaldring 57, 70569 Stuttgart,
Germany

’5. Institute of Physics, University of Stuttgart, I0°" and SCoPE, Pfaffenwaldring 57, 70569 Stuttgart,
Germany

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

components.

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

In this talk, I will discuss our recent work on the theory, fabrication, and testing of optoelectronic devices
based on metasurfaces. By tailoring the absorption properties of these ultrathin films, both broadband and
wavelength selective IR detectors can be fabricated on a Si-based platform. I will also present results of various
imaging detectors based on these concepts.

Acknowledgements: this work is funded by an ONR YIP Award N00014-16-1-2540 and an NSF CAREER
Award #1554503.

REFERENCES
1. Tao Gong and Jeremy N. Munday, “Materials for hot carrier plasmonics [Invited],” Opt. Mat. Express., 5,2501-2512, 2015.

2. Tao Gong and Jeremy N. Munday, “Angle-Independent Hot Carrier Generation and Collection Using Transparent Conducting
Oxides,” Nano Lett., 15, 147-152, 2015.
3. Tao Gong and Jeremy N. Munday, “Aluminum-based hot carrier plasmonics,” Appl. Phys. Lett. 110, 021117 2017.

4. Tao Gong, Lisa Krayer, and Jeremy N Munday, “Design concepts for hot carrier-based detectors and energy converters in the near

ultraviolet and infrared,” Journal of Photonics for Energy 6, 042510-042510, 2016.

1



Active plasmon injection assisted negative index flat lens for noise
free for sub-diffraction limited imaging.

A. Ghoshroy!, W. Adams!, X. Zhang!, and D. O. Giiney*

!Department of Electrical and Computer Engineering, Michigan Technological University, 1400 Townsend
Dr. Houghton MI 49931 — 1295, USA
*email: dguney@mtu.edu

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
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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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