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Abstract Optical chiral metasurfaces are 2D or quasi-2D photonic devices composed of subwavelength-scale units, which
combine novel physics and cutting-edge nanofabrication development, can generate extremely strong optical chirality, and
have broad application prospects, including chiral sensing, chiral particles separation, and active control. This paper

introduces the fundamental mechanisms of chiral metasurfaces, summarizes domestic and foreign state-of-the-art studies

from the perspectives of metallic and dielectric materials,

and focuses on the circular dichroism and near-field chiral

responses. This paper also addresses the application areas of chiral metasurfaces.
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Fig. 1 LSPR of metal nanoparticles™
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Fig. 2 Schematic plots of Born-Kuhn models"”. (a) Right (D)- and left (L)-handed coupled-oscillator models; (b) modes excited by

right- and left-handed circularly polarized lights for D-enantiomer with rods vertically spaced at an effective quarter-wavelength;

(¢) hybridization models for chiral plasmonic Born-Kuhn modes
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Fig. 3 Schematic plots of Mie resonances. (a) Fundamentals of Mie resonances””. Scattering cross-section of a silicon nanodisk with

200 nm radius and 260 nm height (inset) with contributions from electric-dipole and magnetic-dipole Mie resonances, with their

resonance patterns schematically shown below; (b) electric and magnetic field distributions of first and second Mie resonances of

a spherical dielectric resonator””. Circular displacement current in x-z plane denotes a magnetic dipole moment along y direction
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Fig.4 Examples of 3D metallic chiral metasurfaces. (a) Schematic plots of helix-type 3D chiral metasurface™; (b) experimental CD
spectra and scanning-electron micrograph (SEM) images of chiral and achiral bilayer gold nano-disk structures”™; (c) SEM
micrograph of corner-stacked gold nanorods and CD spectra, ORD spectra and coupled-oscillator model for right-handed

1. (d) top panel: schematic plots and SEM images of left- (LH) and right-handed (RH) corner-stacked gold nanorods

structures. Bottom panel: measured (top row), modeled (middle row), and simulated (bottom row) linear and nonlinear CD

enantiomer

spectra of LH enantiomer™; (e) top panel: schematics of reflection behavior of meta-mirror (inset is SEM image of enantiomer
A), reflection spectra of enantiomer A under LCP and RCP illumination and corresponding reflection spectra of co- and cross-
polarized components. Bottom panel: sample images taken with a circular polarization analyzer when pattern is illuminated by
both LCP and RCP lights™”; (f) top panel: SEM images of a twisted triple Fibonacci spiral, window decoration-type nanobarriers
and a deformable spiral. Bottom panel: SEM images of LH and RH 3D pinwheel arrays (left panel), measured CD spectra for
2D LH, 3D LH and 3D RH pinwheels, respectively (middle panel), and measured (circular points) and calculated (solid curves)

linear polarization rotation angle (¢) versus wavelength for 3D and 2D LH pinwheels, respectively (right panel)m
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Fig. 5 Examples of metallic chiral nanoparticles prepared by chemical methods. (a) Schematic of LH and RH helices and their

experimental and theoretical CD spectra (inset: transmission electron microscopy images of helices)™’; (b) schematic (left) and

SEM images (right) of holicoid””; (c) left panel: schematic and optical images of LH and RH Au chiral trimer. Middle panel:

experimental (top) and simulated (bottom) differential scattering spectra of Au chiral trimer. Right panel: electric field

distribution and differential electric field distribution of Au chiral trimer under RCP and LCP lights illumination at wavelength of

650 nm and 830 nm, respectively
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Fig. 6 Schematic plots of three kinds of two-dimensional chiral metasurfaces. (a) Gammadion nanostructure; (b)

“S” -shaped

nanostructure; (¢) “T”-shaped nanostructure
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Fig. 7 Examples of 2D metallic chiral metasurfaces. (a) Schematics of a planar “L” -shaped plasmonic metasurface with a designed

asymmetric transmission (top panel) and measured transmission spectra (bottom panel)”; (b) SEM image of chiral Fano

oligomer and measured dark-field scattering spectra and optical chirality spectrum

[80]

0500001-7



HHEXE - Fik

F I B e Rk o LCP Y, BI AT DL S IR 55 LCP Y6 Y
FBE , 1 24 RCP J6 A G B 3% 5 % £ 2248 O LCP, 338
SRR, 1.5 pum Ab AT LSS B A 1 AE

Fano FE 4 7T LA 5 43 & 40 >k 25 48 vP Ol 5 9 5 1)
A EAE R, 20 F & T O L RAKG
[ 7(b) 7 o S50 W 5 7 i e A AR 1 ) B AT 5T L
TF P ) N 24 255 R S X R i K st T i Rk #) de k
. 30% o WF5 & B0 TP 06 3% 5 P B 84K 46t + Fano 3t
P 588 B F1AH OC 1 30 3 0 2 4 A, Ol 2 22 WA =X R I
FHIEIE B Fano 25 9% U5 T 5 PO b A5 X R e A A 455 =X Y
FRA o ZPEIE R CD 20N Y Tk 44 K 45 #g 43 it
T B B R

T4k 4 Jm TS CD A — R # /N, H T DUTE

F£60%5 FE5H/2023 F£3 A/HASBFEHRE

VT 7 A AR B Y C, R T e B JLRR LA Y 4 K
g
CHPFRESEMERRIRNFHESWE.
Schaferling & 'HF 5% T i 45/ 3L & F 4, & 8(a) B
7N, TR B 35 6 A S T H C Al % 5 /i A% 7T ik 2] 120/
—120, K 8(b)2“G I 4k C,FE5) " K HAE 8 26
BUR T W A5 (SHG) KIS . X B2 S feos 1 H i Fh
S A () SHG T PEPE 5, Bl SHG-CD, 4l XoF ke 44 72
2e A R AR D & T B A A R A B 0 25 51, B
SHG 38 B 78 48 oK 45 #9 A [A] 47 & ab B 3 KA .
2013 4F- Narushima 45" ] F 49 4 305 37 6 2% b Sl e 15 19
THASTIE B GRS CD 4 A EUE, an & 8(c)
Fis o G5 RFWUr s CDAE Hie 3 i H A Hiot 2% .
¢ Macroscopic CD spectrum

Nanoscale CD image

=785 pm

ES LR A A &R T T n B A £ W . (a) LCPYEASTI T " FI G TS 45 (b) “GTIE 440k 454 C, 145 ) H:
SHG &% ™5 (¢) “S"IE 4 K &5 J H CD G Fi 3 CD K5

Fig. 8 Examples of chiral metasurfaces with strong near-field chirality. (a) Chiral near-field distribution (C value) of a planar

gammadion nanostructure illuminated by LCP light™; (b) SEM images of “G” -shaped chiral gold nanostructure array

enantiomers and their SHG microscopy images™"; (c) schematic of a planar “S” -shaped chiral gold nanostructure and its CD

spectrum and near-field CD image”™

4 v R A 2

M T 4 8 AR AR B LA KA R RE T R I 4
JaE 7R T R A S T A N Y A7 B — e BRI . BT A
AR AR A R R B O 5 W TR
FIE AR, A i b RS b 2 AR A R P — sy
BT 4 JE R R R T A RO R An A LR G
KT 37 T 388 5 L R S R AR ST T
F4y fL R R R B R, A ol R T P R T A R A
Iy fit V8 A S Y5 i B AR 2 (0 n] g
4.1 ZH%H

2020 4F Kang %" 811 T 3 Tk (4 A5 X5 B 24 30 1
Fa B TE WA 9(a) R o &5k 302 R —XF
FEAEXF AR b e o SIO, 2 R E R e . It
SERGFE 5 ) T A AR A5 RE A 4 bR R SR
Mo, A ROER T Ot S B AR . Sl
IS 6 45 5 W], 3% 45 M 78 1530 nm 4b BE 52 9188 et
4% T 56 T 66, B3 20 00 i — v ) i 31 ' 1t 2
T — b T 5 4R 6 ELAS ke A e A 9 A ek AT
LIk ) fe B0 G, 2% T AR 2 S B0 v o R R 28R e B S
WA B T EE P

2020 4F Tanaka 55" #1117 — Fh 2 T 6k 19 X0UZ &5

F a9 (b) B 7R ol 2o 52 56 A0 B0(E A HU0E BH , = 4
T A 2 E B 2 LR Ok S5 R R
R LIRS B CDE R KR 0.7, X TAEFR T
20 K 5 46 T i 1 e A AR B BIL R, I SRy i A B T e AR
JCAF B A 4R AL TR Y Ok S R

4.2 SN

TR T A 2 A F TR T R R R 1 A
Mo o 5 2 4 T8 AR 45 K AR EL A HL 254 T LA
TEAT 3 77 A R A TR R . 4R S R T
BE CAE— B mT LR — 2 7 A 50 g (F EE B Ot
W) AR IE S CAE ) 35 A F 5 0 ) EL AT R [
.

2019 4F Mohammadi 25"V Hy T — Fh 3 T Kerker
BN A AL RE IR 4%, & 10 Ca) BT o BE 52 B0 A [
5 (FWy O mFHIE Y, v F R T i ik 22
1B (o 2 3% 5 2518 $2 & 24 4% . 2019 4E Solomon %
BETE T — ol 8] B 100 RE 0 K R 4 254, an 151 10(b) fIr s o
53] i 41 D' T LA 98 i R A X, D e A R A5 X e
A (B A 2 4 0 Ll e Kerker 257, AT LA CE 32
) 250 F5 3 HLARIIE 3T 3 4 R 5 A R (9 75 5, g IR F fe i
BE5R 15 4%, CFN g B3 3 P B 208 4 ) 388 K 30 4%
4.21%.

0500001-8



HEXE- -ZR

F£60%5 FE5H/2023 E£3 A/HASBFEHRE

Enantiomer R Enantiomer A Enantiomer B
(i - y 0.7 -
Enantiomer A Enantiomer B
06" 0.6
05} 0.5
8 g
& 04 § 04
% 03 % 03
- 4
© 0.2} 0.2
: . - 0.1 .
L Experiment Experiment
oL— — - _ — 1 | 0 i i L L
140 1450 1500 1550 1600 1650 1400 1450 1500 1550 1600 1650
Wavelength(nm) Wavelength(nm)

b Upperlayer. ©

rrrrr

~——RCP—LCP (Exp.) ~—RCP—RCP (Exp.) —LCP—LCP (Exp.) -
“RCP—RCP (Sim.) -~ -LCP—LCP (Sim.)

-~ -RCP—LCP (Sim.)

LCP—RCP (Exp.)
LCP—RCP (Sim.)

——RCP-LCP(Exp.) - - -RCP-LCP(Sim.) ~——Absorption LCP(Sim.) ~—-Absorption RCP(Sim.)

1.0

(o

0.5

Transmittance

===

L O - s 1t

RCP-LCP

Absorption

K9 JLRR LAY Y =2 B B PP A R T (a) DAL T o-STREFR/R U SEM {5, 3)Z2 4548 : -Si1,30 nm SO, JZ M4 @ H#LZ ;
T P < P9 o X A 4 A T 48 R 58 S R 1 R S (b) BT G C 3 BRIV ik BUZ 4 K 2544 1 SEM IS F 1 - CPL A St
A C, il CL 4544 1935 5T . CD R o 92 2R A 2k 43 IR 3R 92 g st amL 48 2R

Fig. 9

Examples of 3D dielectric chiral metasurfaces. (a) Top panel: schematic and SEM images of a chiral a-Si split-ring resonator,

which is separated from an optically thick silver backplane by a 30-nm-thick SiO, spacer. Bottom panel: measured reflection

spectra of co- and cross-polarization components of two enantiomers™”; (b) top panel: SEM images and schematic plots (insert

maps) of fabricated C, and C, symmetric bilayer Si metasurfaces. Bottom panel: zeroth-order transmission, CD, and absorption

spectra of C, and C, symmetric metasurfaces for circularly polarized illumination. The solid and dashed curves correspond to

experimental and simulated results, respectively”™”
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Fig. 10 Examples of 2D dielectric chiral metasurfaces. (a) Left panel shows schematic of a Si disk nanostructure with a hole for Kerker-
inspired optical chirality enhancement and right panel shows normalized differential transmission from numerical and analytical
studies”; (b) left panel shows schematic of silicon nanodisk metasurface illuminated by CPL and right panel shows distribution

of chirality density enhancement —C/C,. on cutting plane through disk center (solid black box in left panel)™; (c) left panel

shows schematic of metasurface based on a Ti0O, nanocube dimer array and right panel shows distribution of chirality density
enhancement C/C,on cutting plane through dimer gap center”; (d) left panel shows schematic of biperiodic diamond disk
metasurface, middle panel shows distribution of chirality density enhancement C/C,. and right panel shows distribution of

local (C,,,) and plane averaged (C,,,) optical chirality enhancement along = direction””; (e) left panel shows schematic of HfO,

nanodisk metasurface illuminated by LCP, with structural parameters P=150 nm, A~=50 nm, and d=122 nm, middle panel

shows transmittance spectrum of metasurface, and right panel shows distribution of chirality density enhancement C/C, on

cutting plane (z-y plane) through disk center; (f) left panel shows schematic of HfO, nanodisk metasurface with a hole, middle

panel shows transmittance spectrum of metasurface, with structural parameters P=200 nm, &,=120 nm, 4,=22 nm, and

height of 50 nm, and right panel shows distribution of chirality density enhancement C/Cqp; on cutting plane through disk center
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Fig. 11 Applications of metasurfaces in chiral sensing. (a) CD spectra of LH and RH gammadion arrays in water and in protein

[991

solutions In lactoglobulin solution, CD peaks are red- and blue-shifted for RH and LH gammadions, respectively; (b)

bilayer gold metasurfaces for sensing propanediol™. Top left: SEM image and illustration of bilayer gold nanorods. Top right:
CD spectra of LH and RH metasurfaces (+60°) and S-propanediol on metasurfaces. The error bars indicate standard
deviation, and middle curve denotes background. Bottom left: CD spectra of metasurfaces and R-propanediol on the
metasurfaces. The error bars indicate standard deviation, and middle curve denotes background. Bottom right: CD summation
to remove background CD of metasurfaces. The curves show clear opposite signs for R and S propanediol enantiomers; (c) Si

nanodisks metasurfaces for sensing phenylalanine"”. Left panel: a side-view SEM image of Si nanodisks covered with a dense
200 nm thick phenylalanine film. Right panel: CD signals differentiating molecular enantiomers of phenylalanine using Si

nanodisks
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Fig. 12 Metasurfaces for separating chiral particles. (a) DDSR nanostructure’”.

. Top left panel: SEM images; top right panel:

distribution of chirality density enhancement K/Kcp; bottom left panel: distribution of chirality density gradient V K; bottom

right panel: stability of enantiomeric pair; (b) DSRR nanostructure™. Top left panel: schematic diagram, where chiral particles

are placed 10 nm above plasmonic metasurface. Top right panel: distribution of chirality density enhancement K/K,,. Bottom

panel: gradients of chiral intensity VK and electric energy density V Wy; (¢) schematic diagram of sorting of chiral particles with

different handedness by optical lateral force at an air - water interface (left panel). Variation of optical lateral force with particle

size and incident angle under illumination of s-polarized (middle panel) and p-polarized (right panel) beams
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Fig. 13 Applications of metasurfaces in chirality regulation. (a) Left panel: SEM images of spiral metasurface. Right panel:

displacement of spiral structure with respect to applied pressure of N, gas. Sign of pressure is positive when pressure is applied

from bottom chamber, resulting in left-handed spirals, and vice versa'™; (b) top panel: active chiral plasmonic dimer stack
consisting of GST-326 with two ZnS/SiO, layers sandwiched between gold nanorods embedded in PC403. CD signal shifts

when amorphous-to-crystalline phase transition occurs. The CD signal at original wavelength region switches its sign. Bottom

panel: simulated (left panel) and measured (right panel) transmittance of active chiral dimer under left- and right-handed

circularly polarized light and corresponding CD spectra for amorphous and crystalline state of the phase-change-material

layer™”; (c) top panel: schematic of reversible tuning of CD of C, nano-kirigami metasurface by using a fiber tip. Bottom left

panel: measured CD spectra of metasurface in air and in polymer, respectively. Bottom right panel: measured CD spectra of

metasurfaces at different compression stages'"”
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