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Fig. 1 Metasurfaces for integrated spectrum, polarization and depth sensing
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Fig. 2 Tunable micro spectrometer. (a) Schematic of a tunable liquid crystal-subwavelength resonant grating filter

[43] |

(b) measured optical transmittance of the tunable filter at different applied voltages to liquid crystal cell™* ;

(c¢) schematic of phase change in GST induced by laser irradiation on the GST-based metasurface™ ;

(d) transmittance of a GST metasurface as a function of the pump laser fluence
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Fig. 3 Micro spectrometer of metasurfaces array. (a) Schematic diagram of micro spectrometer system of metasurfaces

array; (b) schematic diagram of a plasmon filter array, in which the bottom right figure is an SEM image and an

optical microscope image illuminated by white light™" ;

(c) experimental transmission spectra for the red, green and

blue (RGB) filters™ ; (d) schematic of a dielectric grating with gradient grating period™ ; (e) optical images of

the fabricated 100-metapixel metasurface™" ;

; () normalized reflectance spectra for selected 21 metapixels

[54]
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Fig. 4 Narrowband filter response detector. (a) Schematic illustration of the graphene detectors with plasmonic

nanoparticles®™ ; (b) SEM image of a representative device with the 100-nm diameter nanodisk array™ ;

(¢) corresponding spectral response of graphene photodetectors with nanodisk arrays of different sizes™ ;

(d) schematic of a gold grating on an n-type silicon substrate with a 2-nm Ti adhesion layer™ ; (e) SEM image of
gold grating structure™ ; (f) responsivity peaks redshift with increasing grating interslit distance D(T =200 nm,

W =250 nm) ¥, (g) schematic diagram of the plasmonic-pyroelectric device™™ ; (h) absorption spectrum obtained
by adjusting the size of gold pores™ ; (i) schematic of the vertical detector structure with a plasmonic metasurfaces
deposited on a polycrystalline AIN pyroelectric layer™ ; (j) reflection spectrum and image of three metasurfaces-

pyroelectric detectors and Au reference detector™™"
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Fig. 5 Computational micro spectrometer. (a) Schematic diagram of the reconstruction process of the computational

spectrometer; (b) schematic of the plasmonic metasurfaces filter arraym’ ; (c¢) reconstructed transmission spectra

of polyethylene™ ; (d) schematic of the photonic crystals filer array, in which the upper right figure is the optical

image of the fabricated 6 X 6 photonic crystal structures™ ; (e) emission spectrum of a combination of two light-

[69] . [70] .

emitting diodes (green and red) (f) SEM images and spectra of three selected metasurfaces units

(g) photos of fruits captured using an ordinary color camera and our ultraspectral camera (black-and-white), and

five single wavelength spectral images are selected to reconstruct'™”

1918003-7



F£ 48 %5 F 19 H1/2021 £ 10 A/ EH .

£ (A, Jon RUBUE AR BB m B SLE I 2, (OB
P RFEE 1 =diag(9 (A1) 9 (A,) 5, (A,
Ko X WX .S BB A5 S=[S,,S, .,
S, 1" S, AR HAES S Sl sy, EEK g
e W — AR, BRI B BE T, (2) X ]k
{8 Ay
I=T-S, (3)
TR IEWOCIEA T & n=m W) BALJE B ol X /8
FEFE . FEIZNE DU L U I 28 1 B0 2 BR DG 3 43 B
N R, 5H AN M, RO
A 0 H AN BRI SR R Rk i (33, Y
n=>m B, 38 E R e 9 R R X RO 2 R
gl Y <y W, AR TR 45 R R ) 98
BEAL IR B A 50 X 76 545 5 S DAL ROCR IR 4F
T B AL A 538 FH TR R n<<m WK E R G ME T
TR, A 7RO A £, MR /MR, B
msinHI—T-st,S,.>oo (4)
SEBRERAE R, 2 R B 25 B RS AE S B AR B S )
B, AT 2% bR [a] R AT — 5 W& I, DAAS 3 547
TSR SRR
T R JFHL, Craig 5% IF & T WA 5(b) fiF
TN BT 4 R AR 55 B U T H 3R TR Dk L AL
116 A~ % 38 38 52 B 7 N Je ik 40 A = K Ok 2 4b
(1.5~19 pm) [ #8 58 63 18 v [, an il 5 (o) i
/R. 2019 4F, Wang 45 Fl 5 B Hb 48 ALK 5
R (CMOS) T. 2 58 4 FE 75 1 ik 06 T b A4 S 30 T B BL
DEWE T BEF 3l 5 B AR CMOS F8 I 2% 14 T 38 42 ik
66 T S AR 51 [ A BE S 1 K/ R 210 pm X
210 pm, WA 5CAD FIE 5Ce) i ], 2B T AE 550~
750 nm B R BROE R A 52 . AR LSRR T, A AT
P — 25 B A -RE A R L 10 <10 AN ALY
FEF , A R SR B 3% 1R R G i — A%
PBE R UE BT LB G AR BT ) iz g
TIADGIE R G — 2, SR TR k4
Fe Pt B TR ZE 210 pm X 210 pm RS2 T35
23 A S FERA R AL . Z 5 . Cai 7 B 6
UE I M5 FAR R SE 4R /B 80 pm X 80 pm, 3K 14
TR AR B 1 S O SR . B 5 (D s, Al
FH 5 X5 ANaERLUEWE R S, S8 T 78 450 ~
750 nm PEBDOGIEIRE . HIET 88X 72 A-HH A Y
FEF i TGS U R T EE . A&l 5 () TR

3 AR BN
Sk 2 T £ T LA 8 T 1 45 R L0 B

J5 i Ry SR AR R D PR I R SRR TR
I R N i = B S i< A T N O K
N2 T 35 40 A i R D0 o DR R ] L A S A R
W 250 L s TR RN 25 A B TR A Al i
3.1 SIREERERNE

B R 2T 1 43 i 2Rl i DU DR R A
T5 A0, Sk A TRl i 4315t 04 D6 A 7 s IS 210 AS [
7 1] b A 22 A 300 25 43 90 00 2 % 7 e I S 1Y)
Sk . HRT 23R M 25 fh P 0 e A 2 1T 2 AT LA
43R IR gl S RS R A g R
3.1.1 A

A 25 g I 000 R A 2 T g A B T A
i 1 SR ) A 2% 1T PR T 1 HE A T =X (8 A R
T X AS () i 41 2 2k 19 56 EL A AN [R) 0 AE AL B B L AT
Aol 9 2 i B 20 1 O LA TR B9 A B o B, — Rl s Bl
it 41 SRR % KR 7 A6 88 152 T T 12 S JLART A o7 [ B FR AR
Pancharatnam-Berry(PB) A0 36, JLAA] A 47 3 /&
R FH EL A A R bR 17 8 A 2 1D SR, 3l o 7E 28 1) 1
VAR R AR 2 THT PR T 1) JE ) FF X 1E 32 A (B i B O it
THE B A AR A P . U K 2% A9 Shaltout %7 7
2015 AFHE T JE T LA AH AL 32 1 ] B 45 B T
T (GSPMD L 528 T s 4z DU 5, 4n &1 6 Ca) 7R
i o HE A B A A TR RS AS [ 5 ) A 4 B G,
GSPM 1] DX A 18 72 73 [ i 4k (L.CP) St 1 47 T 13
P B CRCP) S Jin #H B (4 #8786 5 . AR T~ SCHT N
JRSE . LCP Y6 R RCP J6 2 LA I 09 f B s 55
PEAR M — 5835 6 A S 8 GSPM. LI, i F A B
L 25 A6 B 5T AN TR) I A in 1 AR A A — i 1 25 51
WO S LCP L RCP Y63 25 76 25 (] I X 40 K 5 A
17 AT LA S B i 41 L' % i) R R AL a6 (b))
e S ANIE , B T LA AE A7 HO6 IE 32 Y T8 Bk Ot
EAE £ R T L AmARE M5 B 5k T U A 47 1)
L H 2 T JCvE SE B4 Stokes i PR, [FAE ./ PF
% KM Pors FEU BRI GSPM B 454 5 IR T
JUAATFRASE 7E Dt P 0 2 b % JRi BR 4 . % GSPM i
SERFR 3 2 M ELSS SN R R 2 T AL AR L B — 41 R A
2 TR 8 S B A 1E 32 D 41 25 19 43 6, AN 6 (o) BT
N AR AR EA G #1Z GSPM Gl 1A, 6 AN
] B A B 23 1 (s y) o (aob) (e D ERZS 1] 6 AN [
(4 7 1) 3 Bt o4 D SE 0 25 6 o i 418 20 2 19 Ol 388 ik mT
IR FI5E 1Y Stokes S i, 45 1Y f P 25 76 e
Ferk B F R MNE 6(D TR, MG, Chen &7
W N B T GSPM (33, S8 T e B A0 % 3%
Fo ) B0 o, T A R Rk T O M TR R A 2 T 1Y) e A

1918003-8



B R 48 3% & 19 #1/2021 &£ 10 A/ EH N

B AE . Rubin 285 F) 48 B A8 B G2 B A AR I PR 25 K5 9 R B A% 3 23 18] B9 AS [6] o7
JBRASE T (4 ' M 75D A A T Nx‘*ﬁ%%lﬁlﬁﬁﬁé} B 45 AN R R AR 0 5 R AT LA AR A5 W 1A 1) g
BTSRRI HR, i 6 (e) iin ., ik B85 1% PR B A 6D TR,

@ i ()
Caienty go4 RCP o
Bt AL s i ~ -
|l |\'\ ©
|\| N l\l\ = 1.4um| |(1.55 um
Pl =03
Yy §
|\l ~ -q J 02 ‘!1.6pm
| N o |
~t < 1.3 um |,1.65 pm
~ 201 17
/) - | a1/
1
-80 -60 -40 -20 0 20 40 60 80

6, (degree)

Metasurface

1.00
Raw
Exposure
k
[
k
R LI So
YN ImaNNse )
I R RN ETII (intensity)
CIRRNENNI v
I E X R NA LT AL R
LR R L N
LE R RN TN 0%
EER R R WAL L LRI
CSessVNON T mmn
Ysssrsroonans
ssillsdE~-s Azimuth
] — (°)
0.25
DoP
0.00

Pl 6 e AR g 0 i R R ) BE T LA AR A 9 GSPM /R B 5 (b) A [ K 9 LCP I RCP B A S GSPM 5 i1

S 45 S B ST A R AR LR S5 R T 5 (o) 4 Stokes ik I i GSPM 6 M ) TR J5 B 7R 25 T 5 () S 0 W A5 1 g

PRAS (S0 AR R 5 7E P Bk F2 2 L 00 i 9% 45 O 5B 720 3 H T 5 Ced 28 e b 280 fi 91 1A% 8 4 3% 1T 199 — A 45 4
BT 5 D) A L D R AR R 1 3 A A i i P 45

Fig. 6 Grating metasurface polarimeters. (a) Illustration of the geometric phase GSPM"" ; (b) reflected power for LCP

and RCP incident beams at different wavelengths as a function of reflected angle after passing through GSPM in the

(751

; () illustration of the full-Stokes GSPM grating’ s measurement principle”™ ;

experiment (d) measured
diffraction contrasts (denoted by filled circles) for polarization states along the main axes of the Poincaré sphere

(indicated by asterisks )™ ; (e) a unit cell of the 2D grating metasurface for polarization imaging™" ;

(f) polarization images required by the grating metasurface for polarization 1mag1ng‘ B
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Fig. 7 Waveguide metasurface polarimeters. (a) Sketch of the unit cell of a waveguide GSPM (left) and top view of three

combined waveguide GSPMs (right)® ; (b) color map of the SPP intensity distribution excited by the incident light

with different states of polarization™” ; (c) illustration of scattering antenna arrays (left), setup for characterizing

the antenna array polarimeter (middle), and camera image of the outcoupling gratings, showing polarization-

dependent intensities scattered by the four outcoupling gratings™" ;

51 (d) illustration of polarimeter based on silicon

waveguide and the coupling antenna, the measured polariztion states shown in the Poincaré sphere (left), the

retrieved polarization states (right)

[87]
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Fig. 8 Metalens metasurface polarimeters™"* "

. (a) SEM image of a fabricated DoFP metalens unit cell (upper), in
which the polarization basis for each part is shown with the colored arrows and scale bar is 1 pm, and illustration of
the DoFP metalens’ working principle (lower); (b) target polarization mask (scale bars:100 pm); (c) fabricated
mask imaged using conventional polarimetry (scale bars: 100 pm); (d) the same mask imaged using the DoFP
metalens(scale bars: 100 pm); (e) scheme of the generailzed Hartmann-Shack metalens array; (f) intensity
distribution of the focal spot for a radially polarized incident beam, in which the arrows qualitatively indicate the
local polarization states and scale bar is 50 pm; (g) image of the focal spot from the metalens array for the radially

polarized beam; (h) polarization profile obtained from the metalens array; (i) metasurface-based PMT for

simultaneous detection of spin and orbital angular momenta

1918003-12



F£ 48 %5 F 19 H1/2021 £ 10 A/ EH .

@ ()

P%I(Vg;shsz,ss)

Polarizer
) (fixed at ~45°)

Reflectivity
©
N

P9 e 28U i i W0 e A R T

0.4}

o
W
T

(c) ™0 v
——Ry, (V; = +200V).
——R,, (V;=0V) &
——R,, (V, = —200V) i
~ 100F 4 \\
€
=
£
3 ks
Z ‘
2
3
S 50
0.1
|
L i " N .
65 67 69 7.1 73 ]
Wavelength (um) -200 0 ) 200 k
La (\ )

() GTAM i 3 I 2 4 SR BRI L DL B GTAM. A9 491 3 i B 2 3 IR 5 (D) LRV, oW 0 BiF A
SR o SR AR OF O, DR = AR E T AR v Bl CED M 3R 19 52515 (R, () =

L7 o |70 o 30 B R 36 0 T

R H 6.7 pm; Co) PUFP PR 25 A G5 R W75 19 52 59 058 B (2 5 %% . RCP; i : LCP; %8 . o i ¥R 5 20 A 1R i 9% D s GIAM
A5 1) et 415 25 O ) 5 8 7 0 T A0 A5 1) i 41 285 (S ) 1 % LG CFD

Fig. 9 Division-of-time metasurface polarimeters"™ .

(a) Schematic of the GIAM-based polarimeter and the SEM image of

the fabricated GIAM; (b) reflectivity spectra (R .., = |7,y |7) for the incident light polarized along the y-axis

(circles) at three values of V, and along the x-axis (squares) at V,=0 V, in which vertical dotted line corresponds

to wavelength of operation A, = 6.7 pm; (c¢) measured intensities (left) of the reflected light at the detector

measured for the four incident polarization states (Green, near-RCP; blue, near-LCP; purple, near-x-polarized;

red, elliptical polarization), and comparison (right) between the polarization states obtained from the GIAM

polarimetry (dashed lines) and those obtained from the rotating analyzer polarimetry (solid lines)
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Fig. 10 Photodetector integrated metasurface polarimeters.

(a) Schematic diagram of the photodetector integrated

[967 .

polarimeter that contains six differently shaped plasmonic slit structures™™ ; (b) schematic diagram of the four-

pixel silicon/graphene hybrid detector integrated polarimeter containing differently orientated plasmonic

[o9] |

metasurfaces™ ; (¢) SEM images of the silicon/graphene polarimctcrig‘ ;

Poincaré sphere from the four-pixel polarimeter with elliptically polarized inputs at the wavelength of 1550 nm
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Fig. 11 Other polarimeter metasurfaces. (a) Schematic of ODLM design[lm ; (b) schematic of metasurface design consisting of
ODLM and gold nanowire arrays to fully characterize the polarization state of the incident light. The required units are
marked by P, through P;. The two additional units labeled P and P} provide the capability to identily polarization states

[105] ,

at different working wavelengths (c) Stokes parameters (S,-S; ) extracted for eigth different random input

[105]

polarization state, using a polarization analyzer and the metasruface ; (d) schematic of circular-polarization-dependent

metahologram for generating RCP and LCP images under LCP and RCP illumination, respectively™ ; (e) ideal calculated

a-polarized image components for illumination of the metahologram by waves with RCP, -+ 45° linear, left-handed

[106] |

elliptical and right-handed ellipical polarization ; () holographic images captured by the CCD camera for orientation

angles of the HWP’s fast axis of aywp =0°, 30° and the QWP s of aqwy = —45°, 15°. The inset arrows shcematically

[106] |

indicate the corresponding theoretical polarization state ; (g) Theoretical, experimental and simulated chiral phase

difference and Stokes parameters S, , S, and S, when rotating the HWP and QWP, respectively"’"
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Fig. 12 Realization of structured light projection by metasurfaces. (a) Geometric phase metasurface for 4 X 4 spots array
s

projection on the simulation (b) binary phase metasurface for polarization-independent 5 X 5 spots array

projection’® ; (¢) scrambling metasurfaces generating random point cloud covering 4n space®; (d) selective

diffraction with complex amplitude modulation by geometric phase metasurface™'™ ; (e) metasurface for structured

light projection with a large field of view™ ; (f) VCSEL-integrated metasurfaces, realizing wide-ranging dynamic

. 3]
beam steering
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(top)™ | and experimental demonstration of LiDAR and the acquired depth map (bottom);

actively switchable plasmonic metasurfaces in amorphous (left) and crystalline (right) states

(b) schematic of
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active beam steering using MEMS! . (d) schematic of metasurfaces and liquid crystal based SL M
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dispersion in metasurfaces, in which metalens focuses different colors at different depths ; (d) reconstruction

0281 (e) schematic of 3D (depth and RGB image) reconstruction algorithm using

[128] |

results of different scenes
separate U-Net and end-to-end optimization (f) analysis of 3D reconstruction results"'? (left: probability
distribution of depth sensing results depending on object depth; right: comparison between

reconstruction results of conventional lens and the applied metalens)
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Abstract

Significance Light is an electromagnetic wave that carries information of multiple dimensions, such as intensity,
phase, frequency, and polarization. The change in the intensity, spectrum, polarization, and other information as a
result of the interaction between objects and the light field can reflect the material, morphology, and other
characteristics of the objects. However, traditional photodetectors can only detect two-dimensional (2D) light
intensity information. To perceive more dimensional optical field information, additional optical components and
mechanical devices are required, which will result in issues such as the system’s large volume and complex
structure. Many applications today, such as three-dimensional (3D) face recognition, automatic driving, and remote
sensing, have an urgent need for miniaturization and lightweight optical systems, presenting a significant opportunity
for the development of integrated optical field sensing systems.

A spectrum is a valuable tool for object characterization and analysis, and it is widely used in food safety,
environmental monitoring, biological imaging, archaeological exploration, and other fields. Traditional dispersive
and interference spectrometers can provide ultra-fine spectral resolution as well as an ultra-wide spectral detection
range. Traditional spectrometers, however, have limitations in situations where real-time spectral detection is
required due to the presence of optical and mechanical moving parts with large volumes and weight. People anticipate
that in the future, spectral sensing devices will be reduced to centimeters or even millimeters in size and will be
integrated into smartphones, drones, and other microsystems.

The measurement of light’s polarization state is important in fields, such as remote sensing, medical treatment,
and optical communication. Traditional polarization measurement methods are divided into two types: division-of-
time and division-of-amplitude. Division-of-time polarimeters measure the intensity of various polarization
components by positioning a set of rotating waveplates and polarizers in front of the detector. This method often
relies on mechanical rotating structures, resulting in slow measurement speed and reliability. Polarizing beam
splitters are used in division-of-amplitude polarimeters to separate different polarization components into different
detectors. Both methods have problems, such as large volume and complex measurement system structure.

Many emerging technologies, such as autonomous vehicles, face recognition, robotics, and augmented reality,
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rely on 3D imaging techniques. There are two types of 3D imaging techniques: active and passive. Active methods
typically necessitate structured illumination or scanning, which adds complexity, cost, and power consumption.
Passive methods, which typically use multiple views, have limited accuracy and a high computation cost. 3D imaging
techniques based on conventional optical elements are limited by high cost, large size, high power consumption, and
complex systems for applications requiring compactness, integration, and portability.

Metasurfaces are novel planar optical elements that can control the light field by deploying subwavelength
artificial antennas on the surface. Subwavelength structures of metasurfaces, unlike traditional optical elements, can
interact with the incident electromagnetic field, causing abrupt changes in optical parameters on the surface and
breaking traditional optical elements’ dependence on the propagation optical path. Because of this property,
metasurfaces can modulate the amplitude, phase, polarization, and other properties of the light field within the
subwavelength thickness in a very flexible and powerful way. As a result, metasurfaces open up new avenues for the
miniaturization and integration of spectrometers, polarimeters, and depth information perception (Fig. 1). We
review recent research on spectral, polarization, and depth information sensing based on metasurfaces in this paper.

Progress The ability of metasurfaces to flexibly regulate the spectrum opens up a new avenue for the realization of
integrated spectrum sensing systems. Metasurface-based spectrometers are classified into two types based on their
operating principles: narrowband filtering and computational spectrometers. Narrowband filtering spectrometers use
a single tunable narrowband filter or narrowband filter array to achieve spectral sampling ( Figs. 2-4).
Computational spectrometers do not require narrowband filters. The spectral response of the filters can be wide and
random, which makes designing narrowband filter metasurfaces much easier. Computational spectrometers can
extract the original spectrum from obtained signals using algorithms (Fig. 5).

In recent years, researchers have proposed several types of metasurface-based polarimeters, including division-
of-amplitude (Figs. 6-8), division-of-time (Fig. 9), detector-integrated (Fig. 10), and others (Fig. 11).
Metasurface-based division-of-amplitude polarimeters use metal gratings, scatters, or metalenses to distinguish the
light with different polarization components in space and measure the intensity of each polarization component with
detectors. Division-of-time polarimeters are based on tunable metasurfaces, which replace the waveplates and
polarizers in conventional polarimeter systems and can modulate the polarization state of the incident light. Detector-
integrated polarimeters are built around metasurfaces that can convert different polarization components’ light into
different electrical signals. The polarization state of the incident light can be determined by measuring the intensity
of photocurrents. In addition, recently proposed polarimeters based on metasurface polarizers, holograms, and other
technologies are discussed.

Metasurfaces’ flexible wavefront manipulation enables them to realize 3D imaging systems with a miniaturized
form factor and improved performance, for both active and passive methods. Typical active 3D imaging techniques
include the structured light method and the beam steering method. Structured illumination achieved by metasurfaces
has a simplified optical system and a much larger field of view (Fig. 12). Beam steering realized by metasurfaces is
flexible, has low power consumption and high steering speed, and can reduce size and weight of metasurfaces
(Fig. 13). The use of metasurfaces in passive methods has the advantages of high compactness, semiconductor
process compatibility, high accuracy, and the ability to detect more dimensions of the light field with the help of
algorithms (Figs. 14-16).

Conclusion and Prospects This paper introduces the sensing of multidimensional light fields, such as spectrum,
polarization, and depth information using metasurfaces. Future research into the flexibility of metasurfaces, such as
combining metasurface design and reconstruction algorithms with inverse design, end-to-end optimization, deep
learning, and other computer technologies, is expected to result in a simultaneous perception of more dimensional
light field information. With the in-depth understanding of metamaterial surface, the exploration of new
metamaterial surface design, and the improvement of large-scale micro-nano processing technology, metasurface will
have a bright application prospect in the field of lightweight integrated multidimensional light field perception.

Key words physical optics; multidimensional light field sensing; metasurface; spectral imaging; polarization
imaging; three-dimensional imaging
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