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2. Nanoscalemanipulation of the electromagneticfield properties

3. Appllcatlonsandcontrlbutlons L E oWz S S

T

o
23

Distance y (m)
o
== =

2, -1 .05 0

Distance x(m)

N o e o e

Technologysimplification:
a Isingledigital pattern (onemasklevel) cancreatean arbitrary analogphaseprofile¢
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Fermat Principle
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Fermat Principle: conventional optics

Pendry, et. al. 2006

Metamaterials: Controlling light propagation
= No reflection and no shadow : cloaking
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The 21" century, the era of photonics

Metamaterial
Greek/latin composition

> 8 materia D. Smith, DSchurig S.Cummer
«BeyondMatter»

Material engineered to have a propertgot found in naturally occurring materials

@ P. Genevet CRHEA, CNRS, France email: pg@crhea.cnrs.fClﬂEA



Metasurfaces @ CRHEA

Hideyour
rabbit in

round hat'
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1. General intro: Optics at interfaces

ConventionalMaterial

Ordinary materials are built up from atoms. To
reducethe underlying complexity, materials are
often treated asfictitious continuousmedia with
associated effective parameters such as the
optical refractive index.

Metasurface
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M. Kadi¢ G. W. Milton, M. vaileckeand M. Wegener , NaturBeviewsPhysicd, 198,210
(2019)
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1. General intro: Optics at interfaces

Oneof the lawsof optics,SnellDescartedaw, statesthat a light ray passingrom one
transparentmediumto anotheris bent at the interfaceby an amountthat dependson
the so-calledrefractiveindicesof the two media
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1. General intro for the optics at interfaces

Locally engineering of the surface response

Phase gradient direction
[0
Qw

N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.P. Tetienne, F. Capasso and Z. Gaburro, Science 334,333 (2011).
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1. Generalities

Wavefront control

However, itrequires
/ nanoscale light

manipulation
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Classicalens (~ cm) Meta-lens( ~nm)

Engineering of the phase, amplitude, and polarization of light atiaterface

Wafer level fabrication ofoptical components




1. Generalities

Phase Addressing Mechanisms

Electric

Resonantscattering

Electric dipole

- Plasmonidresonator* )
- DielectricResonatoi(¢"
usingHuygens EM design*

Overlapping e & m resonances

1
—total response —total response x
® —electric res. —electric res. A
8075~ magnetic res. - = magnetic res. g =
= o
%- ~
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Deckeret al., Adv. Opt. Mat13, 813 (2015)
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1. Generalities

Phase Addressing Mechanisms

Resonantscattering SEEREEGEN SIS Haif wave plate 2,
(PB) Phase

Electric dipole

LCP

Retarder
fast axis

- Plasmonidresonatoi(* ) -Polarizationconversion

- DielectricResonatoi(c* -Birefringentplasmonic or ~ 'Nanoscale Halave plate

usingHuygens EM design~ Dieletrics ouputligt i g nn Rep

full ¢* phase coverage e
» T phase shift

)} sesssessssessseseses b) W & B -
sassssasasasiatasasacd e b SRR A e
':'::@' 00 { » vy % (] Incident light LE"’H:'“/Z Lcp
T " HE
s3ssassssases N i
S TN (1 ageometric phase obtained frommisotropicnanopillars
Deckeret al., Adv. Opt. Mat13, 813 (2015) . 2
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1. Generalities

Phase Addressing Mechanisms

Resonantscattering PancharatnarmBerry Effectiveindexwaveguides
(PB) Phase

Electric dipole

- Plasmonidresonator(* ) -Polarizationconversion - otsubwavelengthn
- DielectricResonator(¢" -Birefringentplasmonic or thickness
usingHuygens EM design” Dieletrics - StrongNFcoupling

-full ¢* phase coverage
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Y.Xieet al., Nat Nanotechnal15, 125¢130 (202§
Deckeret al., Adv. Opt. Mat13, 813 (2015)

P Genevet, EapasspFAieta, M KhorasaninejadRDevlin Optica4 (1),139-152 (2017)
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1. Generalities

Effective Index Waveguides

w 3¢ (1)0
¢“ O % %o (O ¢ e~ @ %o ¢t O |
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€ P
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T Substrat o Substrat

Fullwavefront addressingequiresphaseelementsrangingacrosshe 2‘ phasedelay

0 _T3¢e
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Effective Index Waveguides
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1. Generalities
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M. Khorasanineja@t. al, Nano Letters, 16(11):7228234, 2016.

Dielectric nanopillars acting asaveguides- Controlling phase

i
shift by tuning thediameter of nanopillars

U Agrees with fundamental mode calculation
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1. Generalities

Phase Addressing Mechanisms

SINGULAR SCATTERING PancharatnamBerry Effectiveindexwaveguides
(PB) Phase

-Polarizationconversion - otsubwavelengthn
¢“ Topologicalphase -Birefringentplasmonic or thickness
encirclingsingularities 1% Dieletrics - StrongNFcoupling

' ‘ -full ¢* phase coverage
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Y.Xieet al., Nat Nanotechnal15, 125¢130 (202§
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1. Generalities

Isolated vs Ope®ystem

|solated
System

Energy i€onserved
Hermitian Hamiltonian
Realeigenenergies

Conjugate Transpose

+ i

Environment

SN
Open
ystem
: -
Exchangeof energy
Gain or loss

NonHermitian Hamiltonian
Complex eigenenergies

Scattering: Radiation losses
induces non-Hermiticity
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1. Generalities

CompleXrequencyanalysispresenceof Singularities

h =190 nm

Log, ,(ITI)

2.06 2.08 21
Re(w), 10"°rad s

L = 350 nm, period p = 500 nm,
Particlesmaterial with

pemittivitys [y ®dnp =
Substrate &embedding
YSRAdzY ¥ T HOHP
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2. Nanoscale manipulation of th&Mfield properties

(INRIA,
LanteriGroup)

Global
optimization

f=Classical Optim#ation

500 550 600 650 700 750 [

M Elsawy,etl. ,ScientificReports 9 (1), 15 (2019)
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3. Applications and CRHEA contribution

Integrated Point cloud sources & Laser scanning

a P iomatios a Continuous phase profile b Discrete phase profile
= / \ o — N [ ] 2m
Phase

discretization

into four levels
[

0 0
Oxide aperture C Metasurface design with discrete nanopillars

1 2

YY Xie et al.,Nature nanotechnologyl5 (2),125-130 (2020)
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3. Applications and CRHEA contribution

Integrated Point cloud sources & Laser scanning

Objective 40X/0.6 NA z

=500 XA
4 P |CCDAY'}

B -

(a) = with metasurface °
f=580um ’ 0.14F without metasurface
T L — E 0.12F = with metasurface 44
£ 7| 4 without metasurface
f=600um ~ 0.10p ;
| e E 3 T 3 :
2 0.08fs_ A ppnitanitit )
f=616um o I E
. 2 0.06 1 12 5
§ 5 . T=80.0% >
= o 0.04
K3 ~630pum L& 41
X O 0.02
> f 00 01 02 03
n o7 : 000 ' A 1 2 0
‘t—()SOpm : : 0 1 2 3 4 5

Current (mA)

No metasurface

The collimation efficiency of theetasurfacdas about57%.

0 2 4 6 8 10 12 14 16
Z-axis (mm)

YY Xig et al.,Nature nanotechnologyl5 (2),125-130 (2020)

@ P. Genevet CRHEA, CNRS, France email: pg@crhea.cnrs.fCFeEA




3. Applications and CRHEA contribution

Integrated Point cloud sources & Laser scanning

4 > 00:00,00 =3

YY Xie et al.,Nature nanotechnologyl5 (2),125-130 (2020)
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Applications & integration of MS

Integrated Point cloud sources & Laser scanning

Metasurface
TN type alectrode
= GaAs substrate
====3% _ Bottom DBRs

- O xid@ aperture
—_—

GaAs substrate ___

<} a\‘a\fc\
_ 24

24|

QH Wang et all,aser &hotonicsReviews15 (3), 2000385 (2021)
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3. Applications and CRHEA contribution

Vectorialwavefront shapingMetasurfacesand holography

Q. Song

Q Songet al.,Nature Communicationd1 (1), 18 (2020) Q Songet al.,Scienceadvances? (5),eabel1112 (2021)
Intensity Azimuth angle Ellipticity angle
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Q Songet al.,Nature Communicationgin press2021)
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Applications & integration of MS

Humanperception

Human reactiortime (Perceiving andeacting
A Frame rate around 15®@n i

A Response times ~2%8i ¢ T 'Ox

Fieldof view with variable resolution 420°

A Binocular vision (focusing on anea ofinterest)
A Poweredby braininterpolation

Resolution number of pixels (?)

Human eye
90M rods + 4.5M cones

Motivation:

Provide tools to increase the perception of the
environment beyond human capabilities
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LIDAR; Light imagingAnd Ranging

A Allows to sense the space and map the
environment

I Advanced driveassistance
systems; ADAS

I Industry 4.0
I Land mapping

I Virtual reality/Augmented
reality




Applications &integration of MS

LIDAR; ToF techniqu

Target

Beam scanning, or flashing

Start Stop
Maximum range distance is given by the repetition rate

>
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Applications &integration of MS

LIDARs@pplications

United States

Patent Application Publication
Akselrod et al.

TUNABLE LIQUID CRYSTAL
METASURFACES (2021)

Applicant: Lumotive, LLC, Bellevue, WA (US) (52

nature

ARTICLES
nano teChn()lOgy https://doi.org/10.1038/541565-020-00787-y

M) Check for updalasl

All-solid-state spatial light modulator with
independent phase and amplitude control for
three-dimensional LiDAR applications (2021)

Junghyun Park ®'¢=, Byung Gil Jeong'¢, Sun Il Kim"¢, Duhyun Lee', Jungwoo Kim', Changgyun Shin’,
Chang Bum Lee', Tatsuhiro Otsuka’, Jisoo Kyoung®'5, Sangwook Kim', Ki-Yeon Yang',

Yong-Young Park’, Jisan Lee', Inoh Hwang®", Jaeduck Jang®’, Seok Ho Song ®?, Mark L. Brongersma®?3,
Kyoungho Ha', Sung-Woo Hwang®', Hyuck Choo®'® and Byoung Lyong Choi®*&=
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Applications &integration of MS

LIDARs&pplications (MHz beam steering)

a)

Object
Metasurface

Laser source

" Detector

Juliano Martins, S. Khadir, M. Giudici and P. Genevet, Patent EP21305472.9 (2021 ), ( paper submitted )
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Applications &integration of MS

Proof of concept 1IQ Simple ToF imagir

.

a

Position' e h» Position e h» "
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Applications &integration of MS

Proof of concepilD ~en
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Juliano Martins, S.  Khadir, M. Giudici and P. Genevet, Patent EP21305472.9 (2021 ), ( paper submitted )
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Applications &integration of MS

Proof of concepfilD

|
Image 1¢ 60k frames/s 1 Image 2¢ 300k frames/s
500 pixels, 100 frames | 100 pixels, 10 frames
|
|
|
|
|
|
|
Juliano Martins, S.  Khadir, M. Giudici and P. Genevet, Patent EP21305472.9 (2021 ), ( paper submitted )
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