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Driven by resonances = TMO5

Metasurfaces are subwavelength arrays of nano-scale optical elements
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* Meta-optical elements > TMOS

Metasurfaces
of different
geometries

and different

m materials
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iPhone 12 /.
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* The Iens limits the thickness of OSs
* The number of lenses is limited

Metasurfaces can miniaturise optical components while
adding new functionalities




“* Resonances in metasurfaces =+ TMOS
4 Mie-type resonances A Bound state in the continuum (BIC)
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* Hierarchy of meta-optics
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= Why tunable metasurfaces

Amplitude tuning

Adaptive colour displays

A

Berini,
ACS Photon. (2022)

Neubrech, et al., Science Advances 6, eabc2709 (2020)

_ Holographic

Ultimate goal: Fully programmable dispgyspand
optical functionalities spatial light
modulators

0000000000000000000000



* How to tune optical metasurfaces =+ TMOS

€ Tuning of resonator material b Tuning of environment C Tuning of geometry )




% Tuning mechanisms > TMOS

Thermal effects &
Photocarrier excitation Phase-change materials Mechanical actuation

— — &T E

Tuning optical nonlinearity

Electrical gating

The choice of mechanism will likely depend on the application

0000000000000 6 AM. Shaltout et al., Science 364, 6441(2019)



Outline = TMOS5

* Amplitude tuning with programmable functionalities

* Phase only tuning of dielectric metasurfaces
o Reflection operation
o Transmission operation

* Conclusion
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=»TMOS

Amplitude tuning
of transmission
by thermo-optic effect
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Amplitude tuning of MSs #+TMOS

Il Transmission geometry

100.

Transmission

/10 OA Wavelength

Only one resonance needed
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Resonance spectral shift = TMOS5

Resonance High-Q resonance
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For high-Q resonances, the modulation is significantly stronger!




% Electrically-driven tunable metasurfaces ~:+TMOS

Electrically driven reprogrammable Electro-optic spatial light modulator EO organic layer
phase-change metasurface 'ntf;‘nSityinl
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** Thermal tuning of Mie-resonant MSs ~:*TMOS

Reversible spectral shift of 30 nm

Si disks Mie-resonant metasurface W Disks
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% Thermal tuning of high-Q metasurfaces - TMOS

100

o)
o

100

o)
o

Transmission (%

760 780 800

A

A=784 nm

0000000000000 OC0OOCGCOGOOOO Zangeneh Kamali et al., Small 15, 1805142 (2019)




Membrane metasurface

BIC resonances Q~50
680 700 720 740 760 780  80Q)

Presentation by K. Zangeneh Kamali, Tuesday 12 pm /e
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= Speed of amplitude tuning =+ TMOS
;/ : W» Video rate tuning, 90% modulation
Reversible - ol il 9o
spectral shift @ % :°°° 5
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Spatially selective pixel tuning =»TMO5

High
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Multi-pixel control compatible with user-electronic devices
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Phase tuning
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“ Thermal phase tuning of reflective MSs -~ TMOS
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* Phase tuning of transmissive MSs % TMOS

Two resonances in Huygens condition
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S . d=650 nm
Silicon disks: 16 { 4=625 nm
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“* Tuning of the surrounding environment > TMOS

Huygens’ regime: for disks’ radius r = 290 nm

Side view ! e .
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LC is an anisotropic material

Substrate

Si metasurface

Anisotropic tunable material

Metasurface infiltrated with anisotropic material 1
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“ LC tunable extreme Huygens metasurfaces =+ TMOS

(a)
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Conclusions

Thank you! =+ TMOS
Amplitude tuning Programmable Phase tuning
metasurfaces ~ . _
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* Optical metasurfaces =+ TMOS

Metasurfaces are subwavelength arrays of nano-scale optical elements

Strong light confinement;
Light is re-emitted with
required phase,
polarisation and colour




= Meta-optics impact

Health

Generation

Manipulation

Detection

LIDAR technologies Wearable optical sensors | Night vision technologies
Education Communications Agriculture
= y

Remote sensing:
infrared & quantum
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Mie resonances in dielectric MSs = TMOS
Light scattering by nanoparticles
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* E&M resonances in dielectric MSs > TMOS5

Silicon nanodisk metasurface (h = 220 nm, variable radius) in n = 1.66 medium.
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High-Q resonant metasurfaces = TMOS
Design: Silicon disk—hole structure — quasi-BIC mode
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Beam steering Beam shaping Holography

Qo.s Arbabi et al.
Nat. Nano. 10, 937 (2015)

Lalanne et al., OL Lin et al., Science 345, 298 .
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“ Fundamental of Liquid Crystals (LCs) ~:TMOS

Director axis 7 (7) Positive nematic liquid crystal
polarization of light 4 polarization of light
LC molecule LC molecule
Crystalline Solid quwd Crystal Isotropic Liquid 172
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< Phase tuning of LC infiltrated
metasurfaces

Mach-Zender
interferometer

IR CCD camera

Fiber coupler

Piezo Translation
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Polarizer

Experimental images Average phase value for every voltage
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* The highest beam deflection observes at ~:*TMOS
wavelength 745 nm

B nematic M isotropic B nematic M isotropic B nematic M isotropic
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Heating process results in a jump in the forward to TMOS
backward ratio from 1 to 50 times i

Disks diameter d = 770 nm
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“* The switching of intensity from 0 to 1 +TMOS

order is experimentally obServe
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* Transmission phase tuning of MS »TMOS

Homogeneous tuning of refractive index leads to 21 control
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* Practical Case: VO: Nano-Optics 3> TMOS

* A type of Phase Change Materials with distinct phases (dielectric and metallic).
* Phase transition behaviour at ~65°C, alongside with a large index modulation. 1, = N, —|— ih‘,

* Downside: Lossy, more severe at shorter wavelength.
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* Bare VO:2 Layer :>TMOS

* Maximum AT of a bare layer of VO at 1.55 um wavelength: ~0.26.

* The relatively high transmission at dielectric phase is attributed to Fabry-Perot type
anti-reflection; while the low transmission at metallic phase is due to loss.

\
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“ Mechanism of optical anisotropic tuning > TMOS

Our goal

1. To manipulate the resonance direction 1R &
and shifting rate. 8 1z

2. To generate a sufficiently large phase E | e
change with the limited external stimulus Sl |~
and refractive index change. 0 33533555

Temperature [K]

2 TAn maintain tha Hininane’ AanAditinn



“ LC tunable metasurfaces =»TMO5
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1. Temperature tuning 2. Electric tuning

/

V+

A

_+_
+ Alignment of LC molecules
i along the external applied
+ electric field

Refractive index of LC as a
."_ function of temperature
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Komair, et al., Appl. Phys. Lett. 110, 071109(2017)

Sautter et al., ACS Nano. 9, 4308 (2015)




Simulation model with LC > TMOS

ssate— Dirichlet boundary condition

Liquid crystal

Metamaterial

Substrate

Voltage = OV Voltage = 0.7V Voltage = 1.5V




7 Electrical tuning of LC infiltrated MSs ~:-TMOS

Experiments: tuning of transmission Tuning of phase
: ‘ F J + (5 ; RS
X
Volt OFF f’; ,, g
g g
= o3
1 5I00 1 5-50 16I00 1 6I50 1?"00
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i I g am
E
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£ ot I 2
% £
% 0.4f w
= oo % m
0.2 E
()
0 | L ) é
1500 1550 1600 1650 1700 : ‘ ‘
29 nm shift for the electric Wavelength (nm) @ W A 3\‘,’0"3%? s 60 70
55 nm for the magnetic resonance Measured phase change of ~x

OO0 Komar et al., Appl. Phys. Lett. 110, 71109 (2017)



* Beam deflection switching > TMOS

i
1.
Diffractional orders
- 0 +1 +2
Orders
Total power
0.8.‘\\/\”\‘\\' 55°C _
5 P-P.
3 P = un ——
CcL>O.4- norm P —P . 0 0.2 0.4 0.6 0.8 1.0
tot min
0.2+ i
FOMyporiment = 0.48
0% 30 3 40 45 50 5 60 experiment

Temperature (°C)
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> Mechanism of optical anisotropic tuning > TMOS

Anisotropic material + BIC metasurface =

Substrate

kT<1H
E

Total BIC structure infiltrated with anisotropic material.

Si metasurface

Anisotropic tunable material

. _ o a0 0 ) « The resonances shift
Anisotropic material 2 = | O 7y 0 ' » Electric field variation
| 0 0 ny,

| 40  E N NN NNNNNNNNNN Yang et al., Adv. Opt. Mat. 10, 2101893 (2022)



" Resonance in anisotropic material

Refractive index change along x k&)

Transmittance

M-QBIC
:-QBIC

Refractive index change along z (9

gth [nm]
&

Wavelen
[+
o
o

Transmittance

E-QBIC .‘ B

ss0p  M-QBIC

1570

1565

gth [nm)
g

Wa!glen
o
o

000000000 0000000000FO0

/ diagonal tensor

Ny, O 0 |
n=120 Nyy 0
0 0 ny,

by the refractive index change.

happens around 1.65 surrounding
\ refractive index.

Yang et al., Adv. Opt. Mat. 10, 2101893 (2022)

v Resonances tuning rate can be controlled

v High transmittance area (Huygens regime)

v Two resonances have different tuning rate.

/
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tunable laser
| 1100-1700 nm

EMC S

PD*

RF lock-in amplifier

| ref

voltage source
AC

Pulse scheme:

v ,V =2V

acp Pk T o
Vo ......................
e

1/fmo g

Benea-Chelmus et al., Nature Communications 12, 5928 (2021)
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* What is the MS with highest contrast?-:TMOS

Challenge: Use of materials with loss, such as phase change materials i = 1 + 1K

How to design nanostructures to enlarge transmission contrast?
What is the fundamental limit?

3 0.8 A (—0— bare film N\
o 2" Z
— \'( H <
;:_J 06 oo(\ Hypothesised |
Ll performance of |]
C |
o I
> 04 X nanostructures/.
%] |
uEa 0.2

C I T T e W e T et = N R

s *

= [0 ] 0 )| Ml il Tttt ull wiiii e Sl ey~ il A’ VAP AW AN A%

External Stimulus [a.u.]




=» Design optimisation: maximise transmission contrast - TMOS

Maximise the transmission contrast of VO2 nanostructures, fundamental limit?

12

- nd—V°2 - Kd—V02
10

A =155 um

- "m—VOz - Km-V02

Refractive Index
(@)

— _,—“I o - _
" External™ e
Yitim ul us_~ Wavelength / um

Tn) AT = T (1) — T(f2)

* Achieved by manipulating Reflection (R) and Absorption (A). T+ R+ A =1

T'(n2)




* VO, nanodisks metasurface +TMOS

vy\ZI'/’J * MAX AT ~0. 64, in deep
subwavelength regime
(h=500 nm).

* Resonances are washed out

Side View

by the loss.
E _ Y
—_ | |

§ 5 -: . * The high transmission
cé) . ' ‘é’ ( contrast originates from a
- Ng 1 localised electric gap mode

1 | and it does NOT rely on the

mlcron) | X (n.“.cron) ! specific geometry!

7J..OQ...Q.Q.OQ...CQQ..



* Topology optimised metasurfaces

* The maximum contrast is 0.72 achieved with 50 nm periodicity.

* Contrast is enhanced due to the extra transverse freedom.
* Agree with theoretical calculation.
0.8

EMT Theory

+ =V = A=50nm
< 0.71= @ = A=200nm
=
o
&
cf: Again the high
& transmission
‘2 LR _ ] contrast originates
5 * ® 1 from alocalised
- * ] .
i 1 electric gap mode

0.3-""'"'"'"'|----l----I----I--..I....|..-
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Structure Thickness (nm)
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* Switchable beam deflection 7 TMOS

Nematic i Nelife]o]le

Radius (nm)
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* Large thermo-optic effect in Si > TMOS

Temperature tuning
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000000000000000000 Rahmani et al., Adv. Func. Mat. 27, 1700580 (2017)




Tuning spontaneous emission by “»TMOS
liquid.crystals

ITO PL
alignment ‘ ~
EVE] —I_.

lc— "

silicon — @ > | {
nanodisks ‘ - l
ITO

wavelength

fluorescent Ni<T,
glass C

Metasurface parameters:
height h = 182 nm
diameterd = 237 nm
lattice constant a = 560nm
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<= Transition to isotropic state leads to
onances
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Tuning of emission of colour centres by

LC

The emission increases by up to 90% near 900 nm after isotropic transition
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“ Overlap of E&M resonances =+ TMOS
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