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Abstract: Metasurfaces can manipulate the physical parameters of electromagnetic waves, including polarization,
amplitude, and phase. The development of micro-nanofabrication technology further promotes the application
prospects of metasurfaces in fields such as display, imaging, sensing, anti-counterfeiting, and optical modulation.
However, most metasurfaces lack dynamic modulation, which restricts their scope of application. In recent years,
the research on dynamic metasurfaces has made some progress. This review mainly introduces several
mechanisms for dynamic metasurfaces, including electrical, thermal, optical, mechanical, and chemical
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modulations, and summarizes the research progress in the dynamic metasurfaces. In addition, this review also

outlines the applications of dynamic metasurfaces in fields such as imaging, display, and optical modulations, and

highlights their significance and prospects. Finally, this review summarizes the main problems and future

development directions of currently tunable metasurfaces.

Keywords: metasurface; structural color; hologram; imaging; display; dynamic modulation

1 3

TR 2 TR 368 2 Py AT SR RO B9 B IO g
PRELR Y —He g, B R AR 14 D RR 1
AES1, fEd R HILAFER S RN IR A4S .
A LU A S AR R R L) M SIS Y SR, TR
REIAIARNL . IR SR RiRSEEES R, Jf
HSLBIRAR ORI S ORI ME L SC BB P R
rfie, s a R e n et St
B S, RIS WK A AR EAERT, AT
PAE & 21 45 B o R SRR T Mie
PRI LUK Fano JEHR™ SR, B, R
A RASEBLRAR RN 0] LU AT, o] AR L
B RAEZ A R,

e TR RGBT AR E, Berty
R EE BT N 9 P8 I 36 s 1717187153 S
AR ERY e R AT AR
ko HREA P IALAAR A, SRR D W K N
SF, Al DS B RS DA oo D RE, Inor
FELOEROTTY . AR AL SR, REM SR
SR TEE . BB EDE R, DU E 1925
FTEARILATHE AR, 5 B30 2 ThT 5149 FEL i 7 7 G ol
SR e [ T CIE U R, X BRA T 2 T A S P
GRS D, B AN Sl R e A
TS0 A s A IR A RN TG = AR
WAL . BRI E S . A I
SFRCHET SIAS R, ALHE B ek R e A
Br AR AR L EOGIE BETR] 2 RIS . i s X
R PRRLRL A Y B REAIN TS B, R T
RENS SR LIAR O, FIR RS B S e (i Sl S s
A TR A GG ] HRAR g m,
&5 IR RRL T BUSE A ST [ AR AR 14 3h
AT, HAT SRR I R S A . R,
K5I AZ TR 2 (e HO e I RERI 2 HEAL
PP RN ARG R A . 7R ERJLAER, A
TR RTEARAE B B, o SEBEA ] PR iR

RIS 8 )8 F T HEA T T Rt 22l

HHT, FZETEM R R R Sl
PIRPE . HERPRCY | ARASORE S R
AL AR P TR . kR L Ok
RS IN R G o B | B R 6P o3 T F ok e oS o
N G K LR AL T IR BIEUER B, A3
PERLRIAE G PERE AN S PR BEHT Hh #RAT HA R I SR
PUBESR I 258, BT LURESE D65 I A1 5l S X
BIEREEILE . BT, O Lg%
(S R N s T R 5 Bas, (HETEha ]
AR T AT PEAILR RIS F ATk = S BTG . 4TI
RIS ERA . 41 MAE T Shas R m AR T-Br S5
H, ARSOR DL T BU S B A sh A R 1w STt
JE, X Sl T A L IS AR ZE AR

PO

s
AT A
R T

e

B RAmz)&iREFREMNE
Fig. 1 Typical working mechanisms of dynamically tunable
metasurfaces

2 ENESAIEIEBRE RS

21 BIRESSERE

AT RIR () A5 B OB R 1T F2 I TR R R IR Y
YR AR FL R B, R IREE A HL R AR
P K 8 2R THT 1) 240 K 285 48 1 RS A8 Ak -5 300 g o A

il

230141-2



5, % 6 T, 2023, 50(8): 230141

https://doi.org/10.12086/0ee.2023.230141

AR, e T 1 2 B L 1
BPEL W AR R S
BRI U R ol A 2T RO, e
SEFRIRE R H . JCrR RSk fE A A L
T 52 B S TS S 1 RS 1A He)™
R, I ELUMRHOHI & T 2 AR s bt
R TR, (PR f B iy B
HOM KA A 5B LR FE B R A,
G T2 F AR R, o bR
TR AL 4 R

Superstrate
ITO
Rubbed polyimide

Liquid crystal

Imprinted plasmonic
surface
Substrate

. o p—C)
o

&l 2(a) Fr7n, Chanda P88 ZH 78 45 29 K i A0 252
TR B T — 2 AT a0 1) 1) ARV, T S A R
NorF AR IR AR E S B A BT RO . 7EAD
IHERT , Wdb 2 & A BRI, 38U
Z 5 BR8] %07 [ 5 AN 3 0 7 Ta)— 32, AT
(R AT EZ B T S 3. RURZ2 B
BEEEIRE L7, WSS i 224k, (15
BTN A — NS LL R . BR TSR
M A8 A, Liu SR I ] 45 8 S5 48 K L 0% D 41 44 6t
35 SFPREPE R A 1o 0 AR 5 | R P Dl A U8 S R0 SR

r===Graphene-- (iii)
0000060008008

Electrolyte layer

n ® ) ° o o ~ Spacer
LI_O ° O ° o) .Ag/AgCI = i< B
CN;I +°. e o O O e ¢ O Substrate
DRSO ® O * o PPy(red)/DBS
. °® o leLge §d Metal plate =
® PPy(ox)/DBS ] D, )
° Py >
‘ 3 ) 853, ¢ 2> 2% (iv)
Au ¢ R - . | ' /Fermi level
Al,O4 - "" "'*‘*‘V*’ v****
Ag ‘ ‘ ‘ ‘
- A
UPPOTL c otour “off Colour “on” oV 05V 1V 2V 3y U
(i) =
K, g"’v
Ap/v.
ooy
lest t
Mild- Hard-
annealingfr \annealing
A-GST@ C-GST B .
Melt-quenching Au ALO; GST W HfO,

B2 Ut AR A wiRE S SR K@ T A, (a)

AP RAS (0) R L EAAHEARS

(c) & BHATA AR (d) A8 ATHAE A 1 B S

Fig. 2 Electrically tunable metasurfaces with different active materials. (a) Liquid crystal integration”; (b) Electrochromic material

integration®”; (c) Graphene material integration®”; (d) Integration of phase change material as the sandwich laye

230141-

61

3



F%AE, %, 6 TR, 2023, 50(8): 230141

https://doi.org/10.12086/0ee.2023.230141

AL E™,

R 2 — AR B AR, R E
FERS IR T S AN ECE KR L 23 A AT AR Ak
B AR RO T s HL B R S5, SEBL S
W 5 A MWy AT ) . IR, AL 2(b) B,
Dahlin P BAGIER] T —F R T AR A HL - S5 K R OGS
iR ROk R i AR/ NER A3 TR
AR 48 A L SR 4k, i A B—3 % T
R E B, 77 A RO A, TEIXFhiah 4
F R o A2 R A I AR K — 2 Rk,
PR M 238 4 o0 1 7 A 5 G AT AT LB R A e 3 1) 7 =0k
SIS

BB A RIS TR B . SUE A5
s Z [A) e B AR R 2 10 — BB S5 A e SN s R 9 BR B
B Fa LA R s sh B A BRI RE, MU R
(RESL, MRS A RE . 7215 2(c) T,
A A A BA R I X2 A7 B0 I FL AR R 2 1 — IR 45
Py 5 v BELTC S S 4 i P B 2 B — 1 LA RT JRES 1Y
AR, I HAESCE FAEE ) B IR T A 3.41
GHz % 4.55 GHz ¥ Bt 1) . e 5F R ¥ #E -3 dB %]-30
dB Z[BI ISR N . BB (Ge,Sb,Tes, GST) A EHE
T — Rz R R P RARAE R RE, Adibi /N R
T R ik o AT i 2 R GST R 45 & LY,
F 2(d) s, MAITAE 1390~1640 nm 365 B P4 38 3 14 4
FL 1 R/ NS IR 2 (D 7 . 33Xk GST A4}
FR R FHER AL T —FhoBr i B B . WL RG] AekdE
BIBAR, @B R B — R L R g,
g H SR REE AT, BAEOTHILEH, iG]
R 5 28 2 T 11 i g A8 A, 3, 2 — ol b 42 T R g i
MIAREFIE S, (H R T2 i IR HLEE L
BRI ANBREIZAE, A SRR R4t
YRR, IR 2.4 /NI TRABN 24 R P

2.2 HWIAEHSEERE

KRR SR, B TREY . HAEME
SRR RS A, BT RO . TR
HARSEHLH], FTSCEI IR ShAS R . IRE IR
(Rl S, R U S L RE Y 2R AR, SIS
PORFBS ST BT, JE R T B N . Mohsen %5 A\ &
T IR Rk R TR L TEINAE) 300 °C, SEEL T
15 D B ) R I A R, 2R 0.1 nm/°C 1Y
HPRIEAI LR, R, REILE R EA CMOS T
ZAREMRS, TEGRI TN A H R R i

Sun S AT CMOS T M TH1485 T 64 x 64 HyREH:
Yk TAIRERE, WE 3(a) B, HLEEPAE YRR,
£ 8.5 mW A LLZERE n IAHES , B AR AL AR 7]
JH, SEELT 6eMeHmis AL S m S i o e
Teng % AFET PN S5 RERGB R M08l 17l P8 58
H THz b5 R84, Khosro 28 A3t Tk (19 HOB AL
N5 NIRRT AL R (1ITO) Jry in 44y
emeEfLryR R, S T MERE<S V. LA
<625 ps. 9 LR G BT BR T RELISN,
-V 2 AR I LR (GaAs). BEALAH (InSb) 254l
A LA I PR R R T, SO RA R R
Tyer 55 N\ 7E H 4522 1Y InSb 48 i il % AfF InSb 2544,
TS AR BRI R AR RN, 80T
SEERARE, TR RSO L BUARAE InSb £5 /8 23 T
WHERIERT, —HILREASSAMREM D), W
K 3(b) AR,

Iy — R R DR ST DL AL (VO,).
BRI (GST) AHAS A 4 . WA AR R, R
JEASOAEAR AR A AR AE , SET =R ST R A, R
M) 8 2 T AR A IS o R VO, R A M4 T8 3] 246 2 A Y
HIAS, PEARR A T B R, LRSI A (340
K), #) iz B9 T AR LM . Driscoll 58 A K
A JF HiERIE (SRR) FEFI 645 T VO, wWiflE b, i
RS, ST LA R A A Y
Je 354 EE BN R AR AR ST R %% Dk B
P 3(c) B SRR A PR S Lin 258 AR EDE
o8- VO,-4 = WIR S5 H , ik e It BTN (45 P A
IR S5 WP 75% F155% AR Ak, HARE Y
AR AT DR TR S AR = BT VO,.
GST HHAE A 4 AT R IR EE VR ™= A R A S A i 281k,
IS VA3 E R B SRS o S R AT 4 A 3 £l ] B ) 2 g T
Tittl 55 A H 75 T8 58 40 K S5 H9 HE S 7E Ge;Sb,Te(GST-
326) [H) b )2 AAS 5 b, 38k in A A R AE S S
(n=3.5) M5 2= FA 28 (n=6.5), GST 55 24k th 7
SRR KBS SRR L0 0.7 um,  [R]BF L4
R HAERIE T 60% 115 5K JH ],
e 3(d) s, Mou 4 ANJETF GST #RMEEL T
WA RS, YR T TR T Yin K
SR KLY GST-326 MI4h &, T IUMHHL, 8
T X AN [ RUST 4 RO B (A A i 5 2 B HE AT
ST S AN T R XU B B A T RET . B
HBAJET GST A RLSCEL TOE T M sh e A i £

2301414



TR, 55 6 T HE, 2023, 50(8): 230141 https://doi.org/10.12086/0ee.2023.230141

n ™ TE w=2 um
11 F i TR —— 295k ¥
5 1.0
s
209
=
208
5]
- "0"’%.1‘“(4/? o 0.7
1 Si (undoped) I Copper contact 0.6 : V 1pm A
I si (lightly doped) Metal level 1 - - - -
B Si (heavily doped) i Metal level 2 8 10 12 14 16 18 20

n Wavelength/um

) N 1.65 T T T 110 H :
@ E %0 o o - @ Resonance = §(_)°’ @) —— Amorphous
@ A ° )
: 1.60 ° o e, 105.%(’} 0.8 ---- Crystaline
5185, cDgoe 0 S5 ‘
2 Na o [ o Capacitance|—~ 100022806 3 |
& 1,50 S 8 .
40 r T T T T T T T 3 "
_ @ 3.2 —Input power ] =04l 4
ALO; %5241 g Y 5 | x
S=16}a ] ;
as . |
U b
0 . ; y . 5
0 20 40 60 80 100 120 140 0 - -
Time/seconds 25 3.0 3.5 4.0
T T T " Wavelength/um
500 (i)
:gg :g ] square
400p 41 C GST spacer layer Al nanoantennas
ol =8t
= =g
100
0 SRl i ]
1.55 1.60 1.65 170 A mirror
Wavelength/um

B3 JUit KRR A RS SRR @ F k. (a) WATIRALS KA TFHEEFERY; (b) AF £ 2% InSb 4 &A=
InSb #& 444 #4T 8 R4 & K2 (c) R F VO, WAT AR R G (i) L5# 7 & B A (i) HIREAL 09455,
(d) A F GST AT AR AR (1) 48 K F 88 R4 AH A (i) B4 ER"Y (e) ATk
TTRA L@ () A~ F B A (i) RERE T it 840

Fig. 3 Thermally tunable metasurfaces with different active materials. (a) Schematic diagram of an electrothermally tunable silicon-based

nanophotonic phased array®; (b) Thermally tunable reflectance spectrum based on a heavily doped InSb substrate and InSb nanostructures®™;

(c) VO,-based electrothermally tunable metasurface: (i) schematic diagram and (ii) the shift of its resonant peak®; (d) GST-based thermally
tunable metasurface: (i) the reflection modulation caused by the phase change and (ii) schematic diagram of the device"”; (e) LC-based
thermally tunable metasurface: (i) schematic diagram of the device and (ii) the transmittance modulation at different temperatures”

B, R AR, S TR, AE WA O — ARl R AR A A
XEFRFICH 1 = RO FBEM AR EAE AT VO, AR T A, IR AR SR T A TR . 2015 4F,
55 GST MBHER TAIAZIRBE R 22 500, ) — B2 X Sautter S5 N S REYORBEFFFIAAZE &, 0 THE
TETHEANREINS , MRUER RS PIRAE. A IR ISR A 25 m RIPERS, SEBL T anlAl 3(e)
XF VO, MR, ERE BRI LIS, HAKE sy 40 nm ARG AR SN, HXT 1.64 um ALY
BHIAZS; 0 GST Al ARFFARASEAR A Wi 84% 1B R P H T, fEMZ S, Komar 5

WA — MO 225 SRR AR RRE, B AR TMMBOT, @ i i R = 60 ¢, 5%
BTG A A IR . X PWGR AT R T, BT S IR TOGR EHEE ST R 122U T RE .
ERI MRS SRS LR AL, ST AR, R T R S b —

230141-5



F%AE, %, 6 TR, 2023, 50(8): 230141

https://doi.org/10.12086/0ee.2023.230141

VAR D S D S IR 0T, o A i LA
PR ERASHEIRE A TR A DhE, X FJr
FHEE T b AT S R T S BRI FE R . Kim
S NEET LR A AR LA S 5 a0, B4
EAPOREEH, SR ZE A e ROt AN R A 4 S K
8o il I ORI G U 5 AR IR A 4500
BB, TSR HAR G AE IR, SCBURRE I T
FEATREA SR, AT S8R AN [m] i 4 L L 4
PSSR, W BRI R RLE R, SO B
BEHA SR — IS AL, TCIRJedk T2 kL 2
AR R s T, HRRIVERISZ R, HABOESE
BLAT DTS FE A

2.3 RIFEHTBRE

JCHE PT LS BB AL 22 A G SR A A 1
2006 4, Padilla % AHZIE 1 55— i A 2 1T
HAF, K SRR FE51 i & 75 GaAs # R L, 7R
K 800 nm B PRBOLHIMA T, GaAs #IEHL ALl
FHCEIE SRR ILRGAME], 1= A A 2% B i

H Sapphire substrate

K

3,

N
- - —
THz A\~ s
—

0.4 0.6 0.8 1.0
Frequency/THz

RASRIAS, R, TR M-V RS
B S ALY (TCO) SR RHA I R 2 T IR L
TRz R TR R m . A RS AT T
BURISEEE T anisl 4(a) Bros B LGS SE W] (EIT), #
RESHEEY SRR G5 &, Bt £0AMBAOGISE S k4
P SR AL, 15 SRR MIFEIRBN A ER, P24
BT SR AR KR, 7E 0.74 THz FEEELT 42% By
i RAAET™ . Sheherbakov 25 AR U 4(b) Fis
) GaAs %€ | Si0,/GaAs/AlGaO 44K kE 454, 7F
KT 400 W/em® MFEHMEIRA T, ST AP E R
A R 35% (1 B 5 IR T 30 nm A R 4 B
S NI PRAE N FE T REFAAY SRR B A 45#, 5L
LT A A 22 0 B i 0 1l R sl A AR e 1
EE™, B TSR R, TCO iR fEIrLr sk &
LLAMEBUE T R R AR . Guo S8 NF AL
BB (ITO) YKEEREFE/NT 7 mI/em® AL 658 T
ST LT ANRI LT AN B B LA 1 3R ) AR
WERI RSB, M L (R A R FP i g, AL R AE o

Glass substrate

~Metasurface
i -sio,

B4 JURRRAMA LRSS AREE F %, (a) 2 TAF42 SRR £y b4s Kk kB4 = 5B,
(b) AT -V ik SR ey RIS R A AHFEEAT, (c) AT CdO:In ey baz b Bt F iR H B4 25 = H B,
(d) £ F VO, #4 Kzl X R A m ik L 5 b A4 AL Z B, (e) WML AS THRA &G EH4
#MFERY () ATRRATALRTRALEG G RIFEAS~EB

Fig. 4 Optically tunable metasurfaces with different active materials. (a) Schematic diagram of the optically controlled THz device based on Si

and Al SRR structure”™; (b) Schematic diagram of a I11-V semiconductor device with reflection modulated by ultrafast laser pump
(c) Schematic diagram of a CdO:In device with optically controlled fast reflection modulation
modulation of a VO,-based metasuface modulated by the THz wave, and its schematic diagram

7ol
2 (d) The transmittance spectrum
¥ (e) Schematic diagram of

the erasable metasurface modulated by the femotosecond laser direct writing®”; (f) Schematic diagram of the polarization

modulation of an optically controlled metasurface based on azo ethyl red

(871

230141-6



F%AE, %, 6 TR, 2023, 50(8): 230141

https://doi.org/10.12086/0ee.2023.230141

WER T BT a 2™, Yang % A BT R
(R 45 2% A ALK (CdO:In) JEF anf&] 4(c) FIr /s 45 ka5
PR 800 fs H LMY 85% Hi R 5t A L™

T — PO R 2 1T ORI 5 AR AR AR
S TAHAS MR AT R R 2L, EREROE A
PO TR RETHE, FeAAAs, RS R A
LR S R MY 6E . Liv % 0K 4 SRR 4544 7F VO,
FTam BB AL, S K b 2% I % % R B E M 0.3
MV/em 5% 2 3.3 MV/em, 533337 0.42 THz T X
B 13%, WA 4(d) s, HALHISHY Poole—Frenkel &%
NEFEER TR T, FERIER R iz sh 53k
-t A A EHI, 15T VO, KAMAE, 1t
R e, Wang 25 AT GST #kRHE
FUNEE 4(e) /R TS AR E, FIH CRMEOE
HE Rk AR R AT HWAAE, @idX) GST
PIEDEAC T, e 1 nT Ui B 8 22 £ s i AR TR R
Wl . HA WK ERNBIRG ER . KE2E .
AHRUBARHR R, BT ZROIAES. MJE, fEE
Taubner Z4Z B K] GST AHAS B SE B0 T X5 Fe 1 75
F-BF I EhAEES, BR T VO, Il GST #kL, &
AT 3 o PO AR e PR A A . Sharma 28 A LT
FH b 1) S AR A (TNLC) FUTE e, R 2040 CRb
PO AN (8 P 1) B AR AR A 5 I RS, e 2
BENCTIRE, DA Bl AR A S 288 2 B i iR 1]
SCER T T B R IIRESY . AN, —EeRiE S
TG R AR A7, n] FFH6mT A
BRI . Ren & AFET A MU 4(0) Frni
AR, FIRDEIOR T AT I A B
(FEAE , B AR A5 B HOTHR A, SEBl T X A
Fer R E R (AR, SRRV R R
RHEAR 25 (i A 5 F o A 7= A AR Ak, IR AR R i
MR, Liu %5 AT S (LCE) M6 ,
SEHLT 230 nm (YRR I ISR A 3

2.4 MHIAESSBRT

BIUA R 2 308 2 LA 7 Ry 7 S il b 72 e 2 T
R S LT PR RIAR 4B i ] B R A T sh A 4
F A MHLE RS (MEMS)™ ™ DL et e
PR . MEMS, WFRAHMALE RS, &—FERCK
AR R FPUR RS, HAUREE SN T
SR, [ S(a) R T gk MEMS (1)) 868 3%
1, BESCEUANRIAGAI A MR ™, E AR R .
i 7E MEMS L inA B, SRk 2 B A 1,

A LAARAS AN [A] A A2 i, . Cong 58 AAH A L3,
RN, SEBL T A (0 3 S R AR R
FA R 250 B St sh s 428 18] 5(b) SR T ngkre
I 1 MEMS W] B ) 585 i 1 2 e
it NE MEMS R, B R 22 8] A e 7 0T LA
PR, S AR AR R, Il
M F T A L RE Y . Shimura 25 A& T X F i
R SEE AT DL B R

7 38 1 22 1 A S R S B AT IR R 2 T A R T
PN R S Ao e T B e B B R AR L
FLAP A -5 3503 2 T 1) 8 I 25 4 R 1 AE A
Ee % \H 4 #R R il 4 76—~ PDMS i 1,
FESLIC AL R v, A B AR S &R B [
oA, AR TR A AR & AR ARk, AT
AR g N & AR AR, SEIL T — A2 R
FEHl R A BB s . 1] 5(c) BN T #E ] i ) PDMS
Aof I L FH 4 A KA AR I LR T B R Ol 4 O R
1, HEA 220k = ANE AT DL P A (4 LG
Mo PR IEHBOR T 4 B GO oA T G- TH A o7
B, HUrERLEE, a7 AN A R 4 B R

25 = FESEERE

AR R 2 ) T BT BGER A Ji  B AA
bR A 143 RO B R A T L R A I e A Ak
VEBTCAE , AR T e AR 2 s AT SR B
PREFM B YIS 028k, RIS S 1Y L
Rl /S =R 5T BUR BUIN L 2 S N 1P|
Xof AR AL 2 T2 AR U AT R 3 T A R T ket
WSS R LB AE EEA I, B
A Mg, Si SR EME R AR, i ad vl 50 b2y 5
(A ARG BT A R 2 ARk, DT R SR
L ) Ot 2> e i AR ] 6(a) R T —FhAE T
TLEHRT TAEREE (Mg) Bl v m .
i F T -4k Mg Gk, Felin &Rt A MgH,, il
SEH B U Mg, 40 A A 14 45 B A g A kg
TS BN AR AR . X b Sl R 8 3 i ] L 5
A BE L SEEME BN . e & Z R
Duan &5 NGl XF Mg 4 KA 0y & i & s s, 4 i
TR T R A B S B o B AR,
P T ShAS I EEBR AR E T, Yu S Mg
AARE VR FTE, SCBL T WSS IR 4 R % 2 Al Y
P14, Nagasaki % A\G# 4 Si G AL KI5 R 1
Si0,, /R T —FSiEiE BINE M “RIEEK” H45H

230141-7



F%AE, %, 6 TR, 2023, 50(8): 230141

https://doi.org/10.12086/0ee.2023.230141

Vot

S ' 300 FOverdamped §
Cantilever i ; . 1
£ | 8 ¥ < 200 :
) 05} ——0° : ] @ Ap Underdamped
2 8.2" £ 100 i
[ ——=0.5° i !
- : ; .
— 2° é — . - o “Sesge-
0 " i
0.5 1.0 1.5 0.5 1.0 15
Frequency/THz Frequency/THz
n (i) Transparent (i)
electrode (ITO)
60 0.2
> a'--<
L odh o . o'
~ -4
--‘ ': »
IO .-40.1

Voltage OFF Voltage ON

(i) R & A AT AR |

AL (i)

Retardation/(°)
w
o
Transmittance [-]

--e-- Retardation]
-e-TM
-~ TE
0 . - . - - . 0
0 100 200 300 400 500 600 700
Voltage/V

. unstretched stretched

B 5 JURRE A IIRIE S S AR AT S %, (a) F3) S RIRIEH
(iii) RF AA A AT s 445 (o) T)ufubjiﬁxﬂéfr%ﬁefuﬁ? Z 4t (i) 2}44%: 4T

B (i) RE)W/E T B4 633 nm kK FaF TM Ae TE sk 0938 R foif 41 2840, (c) AF MM R T EMAE

BHTER (i) AEMRE T RFEL LR (i) 2 RE T RFEL LR

EROTEMREENY () EMTE

DA
sy

Fig. 5 Mechanically tunable metasurfaces with different active materials. (a) Tunable metasurfaces for achieving dynamic polarization control

and holography: (i) structural configuration, (ii) simulated amplitude and (iii) radiation phase spectra at varied cantilever angles

[89]

(b) Birefringent reconfigurable metasurfaces in the visible range: (i) device structure and (ii) the modulation of delay and transmlttance

for TM and TE waves at 633 nm wavelength under different voltages'
substrate: (i) schematic configuration, optical holograms at (ii) unstretched and (iii) stretched states'
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(b) Optical metasurface holograms based on liquid crystals that are used for volatile gas detection: (i) different images are
produced when the left and right circularly polarized light is incident on the metasurface hologram and (ii) the schematic

diagram showing the change LC molecular orientation upon contacting volatile gas
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Fig. 7 Imaging applications of several typical dynamically tunable metalenses. (a) Electrically tunable molecular orientation of liquid crystals

[38].

(b) Microfluidically controlled ratio between metal and dielectric of the material ""”; (c) Optically controlled deformation of thin films with the

nanostructures "' (

metasurface nanostructures “; (f) Mechanically controlled geometries of nanostructures on the PDMS substrate
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Fig. 8 Dynamically tunable displays. (a) Electrcially reprogrammable metasurface holograms!'*”. The metasurface in the middle is formed by
an array of meta-atoms, with each having a diode welded between the two metallic loops and independently controlled by a DC voltage;
(b) Liquid crystal tunable metasurface holograms and captured images in the far field at different applied voltages*”; (c) Schematic diagram of
a hologram on a stretchable substrate®®. Holograms are switched and enlarged when the substrate is stretched; (d) Thermally tunable meta-

holograms using a vanadium dioxide integrated metasurface"*”,

(e) Polymer-dispersed liquid crystal-based metasurfaces for optical

encryption*”; (f) Principle of dynamic bifunctional metasurfaces'*”
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Fig.9 Dynamically tunable beam shaping. (a) Schematic diagram of a tunable metasurface with adjustable gate electrodes*". The structure
consists of a quartz substrate, a gold back plane, a thin ITO film covered by a thin alumina film, and a gold stripe nanoantenna array on the top.
Appling voltages between the stripe antenna and the bottom gold will result in charge accumulation at the transparent oxide near the aluminum
oxide; (b) lllustration of the active metasurface array composed of electrically tunable channels, with each channel composed of 11 individually

addressable plasmonic nanoresonators'*?. The incident beam from the right side is reflected by the metasurface array, and the direction of the

reflected beam is steered by adjusting the top and bottom gates, V, and V,, respectively; (c) 3D depth image produced using the metasurface

SLM"?: (d) Working principle diagram of dynamic beam switching by liquid crystal tunable dielectric metasurfaces””; (e) Schematic diagram of

mirror-like light reflection of MEMS-metasurfaces under three driving conditions: pre-drive, anomalous reflection, and focusing®;
(f) Experimental results of beam deflection using the phase-change metasurface and its SEM image
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Table 1 Summary of tuning mechanisms and characteristics of dynamic metasurfaces
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Research progress and applications of
dynamically tunable metasurfaces

Wang Jiawei"?, Li Ke'’, Cheng Ming"?, Chen Lei"?, Kong Delai'’, Liu Yanjun"**
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Typical working mechanisms of dynamically tunable metasurfaces

Overview: Researchers have witnessed significant progress for metasurfaces in various domains of flat optics, including
displays, holograms, beam steering, structural colors, and other planar optical applications. The progress is also
accompanied by a growing trend towards device integration and industrialization. However, most optical metasurfaces
lack the function of dynamic modulation, which further limits their potential applications. In recent years, numerous
efforts have been made for dynamic control of metasurfaces. This review article primarily focuses on elucidating the
working mechanisms for the current dynamic modulation methods, namely electrical, thermal, optical, mechanical, and
chemical modulations.

Electrically tunable metasurfaces primarily utilize materials that exhibit electrical response, such as liquid crystals, two-
dimensional materials, and electrochromic materials, to change the refractive index and the dimensions of structural
units, thereby achieving responsive tuning. By combining metasurfaces with thermally responsive materials such as
semiconductors, transparent conductive oxides, and phase-change materials, dynamic thermal tuning of metasurfaces
can be realized based on mechanisms such as thermo-optic effects, carrier modulation, and phase change. Optical
pumping allows for modulation at picosecond and even femtosecond timescales. Optically tunable metasurfaces can also
rely on photothermal effects and the phase change of materials. The photothermal effect induced by high-energy lasers
could enable to locally heat the material, leading to a phase change and modulation of the refractive index. This tuning
of the refractive index gives rise to the adjusted functionality of the metasurfaces. Mechanical tuning involves
dynamically controlling metasurfaces by changing the geometric shape of meta-atoms and/or the spacing between
adjacent meta-atoms using mechanical force as an external excitation. This can be achieved through two approaches,
namely microelectromechanical systems (MEMS) and flexible substrates. Chemical tuning involves altering the
composition of materials constituting meta-atoms and changing the chemical properties of the surrounding medium.
These changes in the chemical properties can cause variations in material optical parameters, such as refractive index
and polarization, resulting in the tuning of the functionality of the metasurfaces.
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Furthermore, this review article provides an overview of the applications of dynamic metasurfaces in imaging,
displays, and light field modulation, shedding light on their significance and future prospects. In metalens-based
imaging, the adjustable focal length undoubtedly adds more channels to imaging, hence greatly expanding the
application range. Due to its compatibility with traditional electrical devices, electrically tunable metasurfaces are
considered as one of the most promising pathways to achieve interactive holographic displays. Furthermore, the
dynamic display of metasurface-based structural colors holds great potential for super-resolution display applications.
Moreover, dynamic beam control plays an important role in various fields such as laser radar, optical communication,
laser processing, and 3D printing.

In summary, the development of dynamically tunable metasurface devices aims to achieve fast response speeds, user-
friendly tuning mechanisms, easy integration, and multiple functions in one device.

Wang J W, Li K, Cheng M, et al. Research progress and applications of dynamically tunable metasurfaces[J]. Opfo-
Electron Eng, 2023, 50(8): 230141; DOI: 10.12086/0ee.2023.230141
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