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Traditional lens Metasurface flat lens

I a few mm’s
¢ 100 nm’s

Image plane
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Traditional optical systems are bulky, Novel flat optics solutions significantly improve
complicated, costly, and difficult to scale. performance, compactness, and scalability.
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Metasurface optics and many others
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Ultra-thin dielectric Huygens meta-atom design
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d  Novel two-component Huygens meta-atom design (4, = 5.2 um)
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Nat. Commun. 9, 1481 (2018)

High-index (n= 5) PbTe on IR-transparent CaF2 (n= 1.4) substrates
Support both electric dipole and magnetic dipole resonances

Full 21 phase coverage; near-unity optical transmission
Low-profile: thickness = 650 nm (4, /8), aspect ratio < 1.25

Photonic MATerials



High-index PbTe meta-atom processing

»—P -

Calcium fluoride [ PMGI ZEP

B Exposed area B Lead Telluride

High-index (n = 5) PbTe on IR-transparent CaF, (n = 1.4) substrates:
high-efficiency & ultrathin profile (1,/8)
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Wavefront shaping using metasurface
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Aspheric Huygens metalens
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Diffraction-limited aspheric meta-lens

Perfect lens (theory)

Meta-lens (experiment)
l | —Datax |
— Datay
_,_ Diffraction |
limit

Focal spot at 5.2 um

Position (;zm)

Scale bar: 30 um

Resolution: 3.9 ym at A, = 5.2 ym

/

“* Focusing efficiency: 75% (w/o anti-reflection coating)
+ Diffraction-limited focusing 5.1 — 5.4 um

% Sub-wavelength diffraction-limited imaging in mid-IR
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Compact, wide field-of-view optics: a critical need

Fisheye-Nikkor 6 mm f/2.8 simplified section:
www.pierretoscani.com/fisheyes-(in-english).html

0 Wide field-of-view optical systems are vital for imaging, sensing, and display.
0 Conventional wide-angle optical systems are bulky and complicated.
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http://www.pierretoscani.com/fisheyes-(in-english).html

A single-element, flat fisheye metalens

field of view
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Ultra-wide FOV: record near-180° FOV

High resolution: aberration-free performance across the entire FOV
Compact, single-element, light-weight optical architecture
Generic, versatile meta-optic platform

AN NN N

Low cost: compatible with large volume foundry manufacturing
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Wide-FOV metalens in mid-IR
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Wide-FOV metalens in visible

input aperture
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Near diffraction limit imaging over ~180° FOV

Ay =670 nm
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Fisheye meta-camera in near-NIR

3
§

Circular 180° target Metalens + image sensor assembly
Ao =940 nm
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Center of FOV

Imaging with a single fisheye-metalens camera

/
/
/
/
/
/
/
| Lrpioptics szlom:ics £ 2Pi Opbics Qzﬂootm o
H---- - P g . 24 24 4 )
4 34 3 a4 5d A4 24 2 1
E x-m:z;" zz? ;tlr{ 2zumy 2-&..2 2§Lul-§;;:§smr"/ 2z um; 2;:31,; 23?.,'!""55 2200 ﬁg
1o & l.ﬁ : SerE lssT W 45. - uzn 7.'..f|4;-““(§" 45-" H ae-d Ge-= ;ﬁ.”'?;;; s e
1 Bzl By gzt azq ws1 50 ws1) ia m.-.!ni?mﬂ 52 wms1 20 ws 121‘:‘- 1 Eest 2w P
HiEiGH] =S WNERI RSt BE N1 WS BRI WS e :
" Y ding. It's mmd-bondi ! -'
\| tmdbending | - lt'sull\d-ben 9 it :‘It . It's mind-bending.
\ \ Hit bt JilikR : : R
\ TN =

A Edge of FOV >y

\ 4

180° FOV panoramic image o
Near diffraction limit e

— o ey o -
£l



Ultra-compact Active optics & Reconfigurable
metasurface flat opics photonics platform meta-optics
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Reconfigurable optics and photonics

Tunable grating

Variable Lens

L pogar Nt Photon. 17, 48 (2023) Photonic MATerials



Active metasurfaces: tuning mechanisms

Mechanical Electro-optic Thermo-optic
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Laser Photon. Rev. 10, (2016)  Science 364, 1087 (2019) Nat. Commun. 10, 3654 (2019)  Phys. Rev. Appl. 10, 044029 (2018)

Free-carrier injection All-optical Phase transition

Nano Lett. 16, 5319 (2016) ACS Photonics 6, 1345 (2019) Nat. Commun. 8, 17 (2017) Nano Lett. 17, 4881 (2017)

...magneto-optical, electrochemical, hydrogenation, and others...
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Phase change materials (PCMs)

Amorphous Crystalline
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Adv. Mater. 31, 1806280 (2019)

Non-volatile photonic reconfiguration
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PCM-based reconfigurable integrated photonics
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PCM-based active metasurface devices

Read channel

Ge,Sb,Teg

ZnS-Si0,
Glass substrate
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Adv. Funct. Mater. 30, 1910259 (2020)

Nat. Photonics 10, 60 (2016)

Adv. Mater. 25, 3050 (2013)

Amorphous

Crystalline
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and many others...
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The classical Ge-Sb-Te-225 alloy is optically lossy

Refractive index n
TR e a2 A
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o

400 600 800 1000 1200 1400 1600
Sb,Te, Sb,Te Wavelength (nm)

Te

FOM = ﬂ —> |ndex change: the desired modulation effect

k —> Optical absorption: the unwanted loss penalty

v" Index change: An = 2.6
x Loss:k=0.06(a)/1.1(c) @ 1550 nm (2.2 dB/um (a) / 40 dB/um (c))
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Mitigating optical losses in O-PCM
Ge-Sh-Se-Te (GSST)

\‘\ ’ |
f 4- \\‘ c-GST /,’// > , Periodic 34 .
s N - a-GST ’ f
2 3 Se
5 Selenium
()
; “— Free carr 7896 | g8l [ee) e
c 2% /. ree carrier =)
AN AN
g 1 \\\ \ Te
.; _ \ \\ // nicium
ﬁj '\.\ /‘/;(\\ Interbind transition T;ﬁll;ngrﬂn
0= :\: USRS s S8 5 5 S s s R T W W MWW A
1000 2000 3000 4000 5000 6000 ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

Wavelength (nm) R e e ) G e

v" Bandgap increase: low loss operation in 1310 nm

Se substitution of Te and 1550 nm
leads to: v" Free carrier mobility decrease: suppress FCAin IR

v Improved glass stability from increased
crystallization temperature
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GSST: an extreme broadband transparent
phase change alloy

6 6
Ge,Sb,Se,Te, (GSST) |~ v Index change:
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Broadband transparency covering 1 micron to LWIR.
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Optical and electrical switching of GSST

( Pulsed
Large amplitude T laser
—ShOI‘t pulse y Focusing
Device I 1\ lens
Amorphous under test - ca Opt|Ca|
@f} \(1 B (laser) switch
Fiber probes
C stalline Current
Small amplitude "y Electrical probes  pulses
K —long pulse /
Electrical
o - switch
v" Bi-directional, complete switching
v Scalable to large-area arrays
O-PCM contacts
I I I Tian Gu
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Free-space reflective light modulator pixel

Patterned Metasurfaces | vdd
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GSST switching characterization
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Raman spectroscopy confirms 1000-cycle switching with 21%

structural transition absolute reflectance contrast
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Electrically tuned metasurface using metal heaters

X\_Electrical pulse

First electrically switched PCM metasurface
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Heater geometry optimization

Temperature (K)
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Nat. Nanotechnol. 16, 661 (2021) | 460
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Enhanced thermal uniformity

Optimized heater design allows large optical aperture
with curved boundaries

. N
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Electrically tuned metasurface using metal heaters

40
35] 105V 11.3V Amorphous
Pulse voltage
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fry
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Wavelength (nm)

ey
Half-octave (480 nm) spectral tuning

First electrically switched PCM metasurface

Photonic MATerials
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Electrically tuned metasurface beam reflector

Efficiency (%)
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204
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104
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0 order
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Crystalline Amorphous

Polarization-insensitive wavefront control using

a reconfigurable metasurface.

T eazar

Deflection angle: 32°

Nat. Nanotechnol. 16, 661 (2021)
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Integrated PCM micro-heater platforms

Normalized Raman Signal

Crystallization: 20 ms, 6V, ~212 yJ
Amorphization: 13 ps, 7.5V, 0.22 pJ

a ]‘ D;**‘T n ,,
i Metal
Il 1 contact
i
B .. - - Sb2Ses
<«— Silicon
«~— Si02

T eazar

6 8 10 12 14 16
Switching event

sty A‘-M'etél'pad/h“-dob.e‘dSi
:. Af' “. , 3 ,l ,_‘:..m

n-doped Si

Electrothermal switching of
PCM using a single-layer
graphene microheater

Adv. Photonics Res. 2000034 (2020)

Nonvolatile phase shifter
for Si photonics by
electrothermal switching

PhotoniX 3, 26 (2022)
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Reconfigurable
meta-optics
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Reconfigurable metasurface

Amorphous
. Crystalline
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GSST varifocal metalens: concept

Amorphous  (Crystalline

e B,

400 200 0 200 400
position [um]

Tian Gu C
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GSST varifocal metalens: design

phase

amorphous

crystalline

Target phase Discretized Experimental
profiles phase maps phase maps
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GSST varifocal metalens: design

phase
[#1 #2 #3 #4\ (#5 #6 #7 #8\ (#9 #10  #11 #12 #13 #14  #15 #16\ 2n
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Switch a metasurface with
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. T/2 .
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m" meta-atoms
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GSST varifocal metalens: fabrication

amorphous (a) crystalline (c)

Q Dimension: 1.5 x 1.5 mm?
a FL A-state (f;): 1.5 mm
O FL C-state (f,): 2 mm
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GSST varifocal metalens: demonstration

amorphous (a) crystalline (c)
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Diffraction-limited high-contrast focus switching between two states
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Varifocal metalens

crystalline

USAF 5.6

Diffraction-limited, crosstalk-free reconfigurable imaging

||||| poar  Nat. Commun. 12,1225 (2021) Photonic MATerials



Reconfigurable Parfocal Zoom Metalens

wide-angle mode telephoto mode

Multi-functional optical metasurfaces with large step zoom ratios
and no mechanical moving parts.

Illll paar  Adv. Optical Mater, 2200721 (2022)  P10Lomic MATerials



Reconfigurable Parfocal Zoom Metalens

wide-angle mode F,&"{f&» telephoto mode %
HE /

crystalline GSST

amorphous GSST

=
w

M.

T

05 1.2 05 2
unit: mm

o5 1.2 0.5 2

40° FOV, effective focal length 1.3 mm 4° FOV, effective focal length 13 mm

10x parfocal zoom with diffraction limited imaging performance
and minimum distortion
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Parfocal zoom metalens

2 2 5 R R EREEFTTTT1I1I R 0
| B BE R s

A R R E R R ENEFTTTT R
i T -

[ 10X step optical zoom with no mechanical moving parts. ]
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Polarization-multiplexed meta-atom design

Meta-atom structure Amplitude Phase delay Phase delay difference
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Parfocal zoom lens with polarization multiplexing

10x parfocal zoom with diffraction limited imaging performance
and minimum distortion

Illll paar  Adv. Optical Mater, 2200721 (2022)  P10Lomic MATerials



Tackling challenges for multi-functional metasurface design

Phase change Wide FOV

substrate

Amplitude

/V
metasurface

N (aoa.lﬁap) aseyd

image plane

6.0 6.5 7.0
Wavelength (um)

4

/
*

Multi-functional meta-optics rapidly increase design complexity
Complicated optical responses and enormous design space
Brute-force searching becomes prohibitively inefficient
Efficient design tools are demanded
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Illil- pmar Nanophotonics, 9, 3505 (2020) Photonic MATerials



Tackling the metasurface design challenge

Topological optimization
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Opt. Express 27, 15765 (2019) Nano Lett. 17, 3752 (2017) Struct. Multidisc. Optim. 54, 469 (2016)

Machine-learning assisted design
and many others...

Input Geometry Fully Connecte: d q Transposed Convolution \
AN ()

. 00
Convolution Predicted Spectra

Opt. Express 27, 27523 (2019) ACS Nano 12, 6326 (2018) ACS Photonics 5, 1365 (2018)
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Data-driven predicting neural network (PNN)
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DNN-based data-driven approach for fast and accurate
characterization of dielectric meta-devices

ACS Photonics, 6, 3196 (2019)

I I I i |- PMAT m Masszchoser Photonic MATerials

o Massachusetts
UMASS Lowell



Meta-atom design network
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On-demand, rapid meta-atom design using PNN

ACS Photonics, 6, 3196 (2019)
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A Generative Adversarial Network (GAN) for
free-form metasurface design generation
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Adv. Optical Mater. 2001433. (2021)
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Design examples using a fully-trained GAN model

Polarization-multiplexed metalens Bifocal metalens
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Summary

Ultra-compact meta-optics Active optics platform Reconfigurable meta-optics
v High optical efficiency v' Broadband transparency v* Arbitrary function switching
v Diffraction-limited imaging v" Reversible & reproducible v~ Aberration-free, high-contrast
v Record hemispherical FOV multi-cycle switching reconfigurable zoom lens
v Single-element architecture ¥~ On-chip electrical tuning v Multifunctional flat optics

v" Advanced design methods

"Reconfigurable metasurfaces towards commercial success," Nat. Photon. 17, 48—-58 (2023).
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