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OPTICS
Metasurfaces enhance optical systems

An optical revolution? Advancements in the design and manufacture of optical components leverages properties
of metasurfaces and meta-optics to surpass traditional optical hardware's capabilities.
van Nikitskiy
July 29,2024 B

Related To: EPIC - European Photonics Industry Consortium
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Light Manipulation

Coherent Optical Communication
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Metasurfaces in Optics: A Decade of Growth, and going

Current Issue

Science

HOME > SCIENCE > VOL.334,NO.6054 > LIGHT FROPAGATION WITH PHASE DISCONTINUITIES: GENERALIZED LAWS OF REFLECTION AND REFRACTION

f X in & % @ =™

@  RESEARCH ARTICLE

Light Propagation with Phase Discontinuities:
Generalized Laws of Reflection and Refraction

NANFANG YU, PATRICE GENEVET, MIKHAIL A KATS, FRANCESCO AIETA, JEAN-PHILIPPE TETIENNE, FEDERICO CAPASSO, AND ZENO GABURRO  Authors Info & Affiliations
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ARapid Expansion: Metasurfaces have revolutionized optics due
to their compactness and design flexibility.

Aey Appeal: They offer unprecedented control over light using
two-dimensional materials.

AViaterial Diversity: A wide range of materials, from metals to
flexible platforms, can be used to construct metasurfaces.
AVeta-Atom Design: The nanoscopic arrangement and shape of
meta-atoms dictate the optical properties of metasurfaces.
AControl of Light: Metasurfaces can manipulate light in terms of
amplitude, phase, polarization, and nonlinearity.

M\pplications: Their wide applications arise from the intricate
physics of the engineered structures.
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Harvard i Science 334, 6054 (2011)
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Plasmonics ((()

Mefinition: Plasmonics relies on surface
interactions between light and free electrons in
metals.

Avechanism: Confinement through surface
plasmon polaritons (SPPs) at metal-dielectric
interfaces.

Awavelength Range: Resonates at a fixed
wavelength, typically in the visible to near-infrared
range.

Kuality Factor: Lower Q-factor due to significant

1kHz+ Aabrication: Uses metal nanostructures,

requiring precision to balance confinement and

10nm  100nm fum  10um 100um 1mm losses.

Critical dimension 10

- Al : energy dissipation.

§ j A osses: Higher losses due to ohmic heating in
¥ LarE : metals.

£ E A\pplications: Best for ultra-sensitive

5 1MHz- : biosensors, nanoantennas, and sub-wavelength
§- E optics.
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QuasrBound States in Continuum

\ QUASI-EQUND STATES
Ws CONTINYUME
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A Definition: Quasi-BICs trap light in a nearly
perfect resonance state with minimal energy
leakage.

A Mechanism: Light is confined through
interference and resonance tuning.

A Wavelength Range: Can be engineered for
multispectral performance, covering broad
wavelength ranges.

A Quality Factor: Extremely high Q-factor,
meaning minimal energy loss and long light
trapping.

A Losses: Low losses due to efficient light
confinement in dielectric materials.

A Applications: Ideal for sensors, lasers, filters,

and metasurfaces requiring high precision.

A Fabrication: Built using dielectric materials,
easier to manufacture with low energy
dissipation.

Directed
Energy
Research
Centre

11



Multispectral and Multifunctional Metasurfaces

Doppler-like shift

Nonreciprocity

Beam steering

Stanford - Science 364, 6441 (2019)
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Polarization, OAM and Wavefront
Shaping
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Metasurfaces for 3D Polarization Structures
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Experiment

University of Shanghai for Science and
Technology Laser Photon. Re%3, 1900182
(2019)

HeriotWatt University- Light Sci App 11, €302
(2022) Adv. Opt. Mater. 12, 2203097 (2024)
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Angular momentum of light <<<>

Spin conversion

U Arises from polarization of light

Ue°> per phOton U @ ::t?r'omn -,?*bs% Interference

pattem
0 2 degrees of freedom per photon ,_, ™™, _,, | Eel J .
. Review of Scientific Instruments 84,
Orbital angular momentum 026103 (2013)

U Arises from helical o ..
wavefronts
O >
i 1> per photon - W n | '
u Inflnlte degrees of freedom per photon ‘
~H

e, = 14
spiral phase plate Wﬂ\ *A # /=3 Ty
E Topological  Helical Intensity ~ Phase Interference

| =42 charge (/)  wavefront of +/-7

Physics Today 57, 5, 35 (2004) 15

Opt. Express 21, 16282-16289 (2013)
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Free Space Communication On-Off keying and Vortex beam T@

On-off keying one image 1 bit
0 1
Vortex beams for modulation. One image 3 bits.
=1 |=2 =3 =4
000 001 010 011
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OAM multiplexing Optically scattering channels

OAM optical communications

Modulation Multiplexing Multicasting
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Time-varying OAM
beams

One-to-many OAM
beams

Supenimposed Multiplexed Detected

OAM fields speckles

Light Sci Appl 8, 27 (2019)
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Vortex generation: Plasmonics ( Drected
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Vortex Receiver using Metasurfaces <<<>E;:f;$d
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OAM Receiver
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To address Challenges in OAM based communication
Potential challenges for OAM-multiplexed free-space
communication links CyCIeGAN b
’ < 1001
Q @ @ a leosls GB fake i mage
Divergence Misalignment Turbulence 90 1 .
= Higher-order modes || * A misaligned Rxwill (¥= Turbulence causes 80 1 e
diverge faster not recover the full spatial phase < Y o
= Alimited-size Rx phase change distortion g 7] ol
aperture can cause = Induce signal power § = Induce dynamic teal image in domai feconstructe 3 604 s
power loss and loss and channel modal coupling an in domain A & im [g®
modal coupling crosstalk channel crosstalk so{ %
real o? fake ¢
401 -®- ResNet18
a 30 CycleGAN+ResNet18
r | im in domain B 1 T T T T T
Turbulence Propagatiol i ea age oma > > % = w0
i l . Fried paramater, mm
preressesssasp s Wi icco DDPM architecture
M1 H € 100 -
o; 80 / ,/D
s 60 /| #-¢
Y o
< /v‘.‘
@g =@ ResNetl8
40 A
F DDPM
1 T 1
20 30 40

Fried paramater, mm
19




Epsilon Near Zero (ENZ) Photonics



Epsilon Near Zero Photonics

- metals: ¥p &

W’ 2 .
e=e[l- -2 w2 = NQ~ frequencies

¥ Bz > Optical

wo P m - highly doped semiconductors:
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High Kerr spin-orbit
Nonlinearity coupling

PRL116
233901 (2016) PRL118

104301 (2017)
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Exotic
Light-matter

interaction

PRL, 100,

033903 (2008)
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nature ARTICLES
materla-ls https://doi.org/10.1038/541563-019-0455-8

Nanometre-thin indium tin oxide for advanced
high-performance electronics

Shengman Li', Mengchuan Tian', Qingguo Gao', Mengfei Wang', Tiaoyang Li', Qianlan Hu',
Xuefei Li’ and Yanqlng Wu®12*

ADVANCED OPTICAL MATERIALS

Review

Epsilon-Near-Zero Photonics: A New Platform for Integrated
Devices

Xinxiang Niu, Xiaoyong Hu & Saisai Chu, Qihuang Gong

First published: 22 March 2018 https://doi.org/10.1002/adom.201701292 | Citations: 128



Electromagnetic tunnelling in ENZ

Directed
Exotic Light-Matter Interaction
* The wavelength of light is given by
A= )\vac/n

and is significantly lenthened in a NZI material. The wavelength approaches
infinity as n approaches zero.

A
n=0
Ay A>>1,
RVAVAVAY =250

£=0

Wi
4
224

* The phase velocity of light is given by

A The group velocity becomes zero, leading to
- f/ = enhanced light-matter interaction
v=c/n

and also approaches infinity as n approaches zero. 'V er

V X E =iouH

« For n approaching zero, the field oscillates in time but not in space Vx H -

e . X H=—-1we
oscillations are in phase everywhere Nature Photonicd 1, pages149158 (2017)

PRL, 100, 033903 (2008)

PRL 100,023903 (2008)
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SOl in ITO Films ((()
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ENZ SOI Experiments @)

Sample, Setup and Main Results
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A Cross-section image of the ITO film. Showing an Transmitted Reflected

approximate thickness of 310 nm.
A Substrate dimensions: 25 mm U 25 mm U 1.1 mm
A Hall measurement data:
Sheet resistance =5 q/sq
Carrier Charge Conc. =
1.197 U102t /cm?
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Outlook: Near Future Devices;
Metasurface Integrations



Near Future Devices: Metasurface integration

Metasurface

i)

vp(r) = Az ()

t11

vy(F) = A, (1)e®1(7)

Standard optical component

.

Ml

Emitter

MEMS Heater
(¢ :
| ROE , Waveguide (’planar‘: fiber)r
Metasurface
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Integrated metasurface

LLF" N [l

N

Improved emitter/reciever

A\ NS
o @

Electrical tunability

B{ S

Dispersion control/out-, in-coupler

https://www.nature.com/articles/s41377-023-01169-4

Directed
Energy
Research
Centre

Near-future device

Bio/chemical sensor
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Metasurface integrated Receivers | E

Centre
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Microelectromechanical systems (MEM#®)tegrated metasurfaces
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