FERATSNMEERLFRIRBAEBRE P MIELM
S SN B B E FAHI AR
FEFMY ZUERD EFKD ENFD TR BEEY =]

PRfE D TR ™
1) LRI RZEY S YRR, (L RE e B N fs e =, IF
M 250358)
W

R TAEEMER T T B E L85 (indium tin oxide, ITO) {5 ¢ B T3
WU B goR S5 K A BB R T P AR 2P SR L. gk
it R EE WOt RS ITO Z P A i 0L %

(epsilon-near-zero, ENZ) #i:U [AIfFE SR &, L™ [TO WA T
W (Nimo), AT LABNAS 3 H ENZ B, AT A Rcqs i LR = i) o7
ANEAEIF S 9 B2, I SEI 1 AR T8 I KT 5t AT JR " 2 58 I 6T
RIUJAE. BRIAFELMC MR, S8 Nimo 3B W] DAREE ARG Ik
W =4 (second harmonic generation, SHG), SZELARLR Mg 22 mi W i 2.
BRI SHG He45 s e FE M T ENZ 045 4R 1145 B e L e iy T
e, 8R4 Niro IT LASRAS B K1) SHG M. B4 R, BA R
SR IMOC-ENZ 50 R B B R 2 I 45 M 78 W] R B AN 1 o SR 2
AN AR LR ' 2 3 A5 A 1)y T B AT SRR 1 5 70 R0 E 1) S FH 55t

Xebinl: MR, AR, U
PACS: 42.56.Ky, 78.66.-w, 78.67.Pt

B&: ERERBIFEES GIHES: 12174228) BEHhRIIERE.
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TR T I I WK N LRSS e ARG . ARG IR L BUE Al EAT

it

BOREE, NG 2 AR 50678 NIRRT B LR L T S A v 1
A U0 0 32 o 27 R I 7 v 1 ) o A R R TR R b R A DGR AR B, i
R, A HHBOEZE (epsilon-near-zero, ENZ) #1k}, W% 44845 (indium tin oxide,
ITOD, fEF R BRI MR Z B2 56, IERAPRHEY ENZ P HAR ik
J& (Niro) BEYIAHG, AT I e b0 o036 g He L' BIEO it s DIk k47 shas 4%,
NI SIS FC S0 157 () £ B i ). A AFVER M2, ENZ MBHE ENZ Kk
RIS, AR, 18BN AIZ I ENZ B, A H AUy 58

ARLRME RN () BEAR - R 116181,
LR, EEEELMES SEPREH N E SR RBOVIT AR, &

JE YK 25 M e IR R 45 S Ut R (surface plasmon resonance, SPR) %3

JRIAE T NI AR I RE N, 7 A S 25 [ Ry Sk 1 5 RGN, T 384 560 5 P i 1Y)

FHTLAE T, U3 9 5 JR AR S Al AR B 021 K% Jo] B o P22 i AR 2 i S RN,

RABAR M8 5 h S R B2, R 45 B O SR ' 0 O BRRON S, w5

P BE O HLAR IO e 55 BEOT K HOE 250 14E . ENZ MRS SRR S5 &

BERE ™ A= 55 B TR Rtk 5k, B RIE ENZ MPRHE (g i ml g 7y, X
P [ S AE He 4632 5%, R SPR 5 ENZ #4390 58 S T
TEAS B, SCOLE TR R A KR aR AR et AR i, E5 i & -4 k-
)& (metal-insulator-metal, MIM) Z5#4 SPR 5 ENZ B I &, SEIL 1 4D
AN BE 470 nm (58 SRR E R Kuttraff 25 A ERE MIM 902K i ENZ X
RN TR, B Sl T AR R I R I, Alam 45 @K
SYPRFE R LM AR S 1TO 454, LBl T 5675 Ha bR R 2k itk mi 7654,



BEAh, A NAE MIM 254 rpodad (] B R [ 55 B o 5 ENZ AR s il &, SeBll
TREWEB KT T AR ST S R W HBS, BB, B IIRAE SR
Hi ENZ APRHOEGR T RS, IO T R . AR AR 18 (14 3h
AR B, Zhang 5 ANLESS ENZ MR 2585 b R F 80 1 B2 4 et
TR RE); Xie SN G E ITO B A8 1H 45/ s f %
ITO # TR BE SEIL RGN B Huang 58 AFEGGIS 1TO 48 R T 454
B I R ITO M FIR IR BE R A B s 4, AT A 8 il 2 1 S 3 e 1
FRALAPRIERT; Park 58 AAE MIM 54 il i f 42 1TO #m 7R EE, SEIL T M
SR B SR B IR A HE AR SO AL ] 381,

ARLR IR e A A N I AO R M RE . —, AR A K BORTR . Rk
M o 2 AR AN 3 G T PR ) 5 400 LA o B N P B, A% Gl R PR R (1 I8 A
FE[HER, HMELASEIEA S, IR 7 BRI G TSR RS, R
JE-ENZ 5418 & i@ i 4% ENZ PR ER 5 B2 K 2 sh il AR e ok 2 1k
FEAE AN E R HADEEN BE B RS SR AR A E SR R I
JF AT 5 B 20 B rh T B Ol S i 7 R R A% S AR 2RV AT S R s i SR, o HEZ
P P AR I IR 73D B %5 R ENZ PRI TR P SO v i 7= A 1Y
TR AL AL, EIZE SRR T, 2 ENZ MRMREIR TR, A RIOR
FA BERFE FU R U BE 53R S0 VA 7 AR (4 5 o) 2 B 4 T

RSB BUEAL, fEH U BERE45 1TO EHMRIERE S, T
ITO IV P 5L %ot FC LR Mo 2 e L g T, JC HABIOUL A FERRF 9L T 1TO #iit
TR FE T HAR Lot — ki 7742 (second harmonic generation, SHG) 0. W
FEE] SPR 5 ENZ B A5 AR & RN, FF AT ™ ITO MBI 1T E

AL ENZ K, AT SRR 15 RONE PR AT 280 . A T 2R 7 B AL R A4



FARA AR N A IT R AL, [FI SHG B R WAR 2] 1 R & s, #H
FERRY], FEPOC-ENZ 50k £l R 1 e s SC L) 5 1 e 5 AR 2 o S T il
NARRANR TV RO T A8 T A SR AL 1 I8 SE I BOR B AR A B AR 4.

2 igithYEREMERICIEE
A TAEFTROHER TS5 R B BB 1 FR. SR R TURE = S URE
(Si02) K L1 ITO M A B T H i U B EREF AR (B 1(a)) . BRI
HIPE e 2 B B 1(b) s, B0 B THA B AR 1 73 73 2= 72 B 1(e) M 1(d)
. — AT RN Py = 500 nm Al Py = 600 nm. U B & R~FA Ly = 320

nm. Ly=440 nm. W=100nm, ha,=30nm.ITO #EKIEEN hmo =20 nm.

hITO

= Au
B [TO
1810,

(c) = (d) "
t
‘—mp) i
LX

K1 (a) PrstibBRImNA AR EE; (b) BRI~ MET=40nE - BT (o) W
FICRL AL (d)- 0] 40 P&
Fig. 1. (a) Schematic diagram of the designed metasurface, Schematic of (b) 3D, (c) top and

(d) side view of one unit cell of the metasurface, respectively



IR PR R R T A A AR S E R AT, B SE, 20 nm JE ) ITO B
JERIAE SiO )i R WA ML . FB T RO B E iR E S % AR5
7EE 25 1) 1TO JZ BRI BT AR, M T IRIBOGHAR S & B T 2R 2| Prik
iU BUALES K. T ikt U BUES 2R 508 100 nm, 320K T L R Y AT SEI
oy #ese, BRI Ranin Tl &2 AT, BiJE, R BT s Bl R 12
UURR 30 nm JEH)<E, SO ARBOGH BT AR R ER, HeA2E T 1TO F LU
RIS

7R 4 THT FR) D 5 Wi L 7 3 o 50 SR ' 22 U 3 R A5 21, i B AE s o 1) 95
BT RN R,

VxVxE, —k'E, = u,0P, (D
H, Ei RREM o HMHBEIZRE, h=o/c R, c NESFRINEHE, whE
TR, Py = eo(er DE RRFEHUE AL ERSE, Hrheo ARENHEEE, el
FARHRIAR T A BB 2L

PEH BT EER TR (g BAE 3 b, ARGl AT B
MZ2 e F5 77 R S A R HE A . B R =R A L BT AR AR B
7%, BATAEIE SHG W, fERFEHr, 22 i 7 FE 4L — B U ARy

[43,44],

0B,

VxE, =- (2)
Ot
%ZCZVXBZ—LL (3
ot So
% =7, +&0E, +8, (4)

o, Bo A1 E2 7373052 SHG MR 200 ARG ALY, o7& IR IE BN 200 AEH

WEE, y RETHREE, o, =ne/em, BRSPS T3
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PRAA, Jorf ng i PHTHRGT L, e T HAG, m T RARR. LM
PRI S, TR N4,

0 i] -
Sz=Z_(&)_mi[go(v'E1)El+J1XB1] 5

T Or,  en,

Horb, H—TUNEIRT CRTD XNRI, 58 WU RIRAR 2L I, 58 =T
02T, kARK x y BTz A6HF. = P, RIS o LRI RE, ju ARSI
B EAEARF AR k=x, y, 2 $ B0, By AR,

SAITO [ARX A HL 3 BT 8}y Drude B8 &, 1, = &, — @0 /(@0 +iyw) .
T4 e0=1,9y=1.075%x10" s, m, = mes no=5.98x10%® m™; XfF ITO, e, = 3.8055,
y=0.0468w,, m, =035me, FHIBIRTIKE no (B Niro) FIARIEAF 1R T
5% il TR N B R S AT AT . Si0a FRRK M T S 1.45.

JiRE (2) - (4) AT DAFE VR ME SR N AR (B AR s 5 oAU 3. iR RS
D5 FER A PR 7672 (Comsol Multiphysics) BEATEUERAR, VARG PIKEE ML
MG 2R AT SHG Wi . V4 ¥ B AT 228 SO0 71 5 2, THE i GE R i
(R SEAN O 07 AR, U gk 4540 5 1TO 2B T Siop Bk b, H Bl
I, AR RN R ) BB 1 1 A 2, 3 AMUBR N e SE L =

(PML) VLV BRAEM B SN. Horbo 1 1 F TP s unh, ASHER A BN
HARIRTT s x B, o 2 T URERSE NGS5, VR A R i 5t
A, BT A HIRES). £ SHG iR K (<102 i, "ERA/MES
UTfBh, BDEEAOGREAS LT 205, H SHG BipAEe 5EM B &7 4 Kbk
LRMEIAR. B AR, o, R AT R SR AR AR T SRR R T Y
LRMESeEm N, FIARER R, Y B W% Bl AR i % N5, R L
ARRFE) Ei By K ji vHEAREAMEUR S fE 2 SHG 1= AU, SRAE B 222 i

FORE, RIS UGE B Y By AN SHG 84T D) 4%
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3 L&SRMidie

K 2(a) T A ENZ KA T 1240 nm AR ITO A HLH 2L (Nimo = 0.97x10%!
em™) . U BIEFEHIHEE T SiO: BB T1% ITO 2 LM% i vtk an & 2(b)
Fizs. ATLAEH, 1TO #if < S5 U B 40K 4 MI7E 1200 nm A0 SPR A7
NP3, BIALT 1085 nm 2K AL EOT (UP) FLARBEAAILL T 1440 nm 4t
[ R AT (LP) #5312 25T UK S I R 55 BUc R 5 110 2
[ ENZ B0 (Al R iR . 4 b 70 22088 AQ N 281.2 meV. B 2(c)f@/n T BRI HL
PRI Ly (8. IR S BEIRES), G RGO HOCR AT LRI A

E (k)+E,(k,) , 1

Bt k) = 2RO () + (B (k) - (6T (©)

Hor, ED00 (k) RS ESCRUN X EBOCR, Ei(k), Ea(k) 5y B R 0 W
FiBt A BB R, B 2(c) T UG E], 24 SPR AT ENZ B B3E T F28 XH, &
Hoam R AL S, B A RGO RS K g e —ran|/2 W
&>V + Vi 14, HAPERIEUEN: hQ = 2682 meV, HEATREE g = 135.4
meV, SPR L HIFHJEZ yspr = 113.7 meV, ITO HEIEMFHJEZR yenz = 76 meV. H

RAWHERHEMNMBEAMFEE®ITFHEIA, MaEERLK

g =M + (Ygpp —7iny ) /2 BRI, B 2T A=A IIRM K & ENZ 3
K (LB 2b)) A B, 700, X ARESHIT U BEE5H L 108 xz
P b (RN, FERTIN ITO EI, Hil% R e & J@ #E (K Wiv: 51 ITO
JZJ5, ENZ BKAL (1240 nm) HJ I RIECE ITO JZ A, S A ENZ #5
FFAE: T UP A LP PN ARI H 3 R HEN 1TO )2, X [FRIFER BATE1ZIX

1, SPP # 35 ENZ M2 [BF/E R &
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K 2 (a) Nito = 0.97x10?" e I} ITO HISN HLH ELil s (b) R ITRIZAIEES () AF Ly
{6 BRI RIS (1) BRIESIRMK L ENZ BKAL oY B, 2040 ez SFHD

Fig. 2. (a) Dielectric constant of ITO; (b) Linear transmission of the metasurface; (c) Resonant

wavelength under different Ly of metasurfaces; (d) Electric field E, distribution at the resonance
and ENZ wavelengths of the metasurface (xz-plane)

ITO A F i B AT DA o 52 LB Tk BEREAT I ). 1 3(a) 0 3(b) 7 7l Ny
ITO 1 F W A SR AN R 8 5 LB TR B ok &, SRR BB A% ITO B 7 IR LTS
FEATIAF] 10" 2] 1021 em 01, PRI A SCHT A0 B I B0V 2 U 13 e AT AT ).
K 3(a) P ARiC 0 B ITO 1) ENZ K, BEE Niro IS0, K 1R F 7
sl GER) . ik, w LB S ITO 1) Niro KiATH ENZ K, M
il 2 T R R At AT AR A S i Nz, B DYk T ITO AR T ) 30 A6 T4 AF Y
TAEJEE. HAERNE, AR CAFRER FIREASN K FEREE, Lk
W] TTO U1 AT SEBINT 7EE 2 1hT 2 PR AR B 1tk o' 2 e 2 PR 4%, AT 75380 323
RO de . 247 8 SLbRBR 1 IR EERE VR L AL I AN R, LA H B S i
W RAAAM, £ LR 2 AR A N, (HAFEIRIZ I8 S

LR,



1000 1500 2000 2500 1000 1500 2000 2500
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= 02k \ /= =Nj;u=049x10*'cm
oppv.S =N 10=0.97x10*'cm™
0.0 1 + 1 . 1 =
1000 1200 1400 1600

Wavelength(nm)

Kl 3 (a)(b) ITOS HL # B SR R B Niro I A2 AL, TZVENZIALE : (o) FTiIE
B S TR
Fig. 3. (a) and (b) Variation of the real and imaginary parts of the dielectric constant of ITO as

a function of the carrier concentration Niro, with the blue line indicating the corresponding ENZ

position; (c) Tunable transmission to realize electro-optic switching

FATE Fe R ek AT R POt N,. B 3(e)Eas 7 ITO EA
A AN [F) B VR FE I TR R T R e M SR 6 0. SR P — AN B AE R AU
e, Bl 1200 nmy, XA AT 2R IE S R DEITRAT N, 24 Niro = 0.97x10%!
cm™ I}, ITO ) ENZ K492 1240 nm, &L EFEHR 21705 0.76, X B T“ON”
A, MY Nigo = 0.49x10%" em™ B, 1TO /) ENZ JKAEH 1755 nm, R NIE
UFERRIER 0.11, ¥ T“OFF 2. RWIFEET Niro P28 2% H 1132 5 1 SE I 3234
PESETF OE AR AT . B 4@) PEAEWEFE T ANTA) Niro B R THI B 53 1. Qnai
SRR, BEE I TIRE Niro BB, 1TO [ ENZ B KR AR, 72 UP

A LP B A A RS, [FIR UP A1 LP ARFIE S 273 3 A KAIAE /N, i1 Niro HIEA
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AR 5| S IR R L S R R R B T LM A e (ERD) SRRAE, & 4(b)frs. H
€ XN ER =10logT, /T, 7, Horp To 1 Ty 43 5lIARER Niro = 0.97x10%" em™ i Fl1H:A:
Niro X B FIFE R IE S . 24 Niro= 0.49x10?" em™ i, 7 1084 nm KA SZHL T
5.15 dB IR RE, 7E 1203 nm AL SEIL 1-8.63 dB IRTIAEE. KL, Z%AH
Y B AT 3 Ot T 9% 1 AR A . AH DR “ONT IR 2 B 3 1 4 N 451 4%

(IL=10log(1/To)) 5FF M i i N % (FOM=ER/IL) Wi 4(c)5 4(d)fias. 1EI
1 1203 nm &b, #l ABIFEA G BT 0 1.19 dB A1 7.25. (R, dlid iy ITO
FORRIR TR I, T LU ol 2 1T 1 3 5 0% (iR AL R K B, AT S B
TR RS

o

o5}

e
o =
-
g

Transmission
=
(o

—0.49%10%"cm”

0.4r — 0.80x10cm”| — 0.49%10%em™]
— 097210 em™ —0.80x10""em™]
0.2 - 1.13%10% em™ Rt = 1.13%10" em™
: : 1.30%10% em™ 10 3 1.30x10" em™
1000 1200 1400 1600 1000 1200 1400 1600
Wavelength(nm) Wavelength(nm)
(c) 2 ; . (d) g, ; :
@ p
-
5 | S 4
‘ —0.97x10°"em™ | —0).49x 1(131(:111"1
1] - () .
1160 1200 1240 1160 1200 1240
Wavelength(nm) Wavelength(nm)

Kl 4 (a) AFENmofE TR AER G (b) FHRZRITFEGEE: (c)MI(d)F3 A g ds R R il
Ab“ONIRZS B I IS NFRAE S i o2 B
Fig. 4. (a) Transmission spectra and (b) the corresponding extinction ratio of the metasurface at
different Nito values; (c) the insertion loss and the figure of merit at the maximum modulation

depth around the “ON” state
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BE— L, BATITFC T A (1 SHG 1. Z23H 658 B 3 5E 9 10 MW/em?,
SHG #3305 52 UM 1= Psuc/Pins HeH Pin B Psua 73 A& HEATN S 6 (1 35 Th
A SHG HiZh®. K 5@ T ANFE Nmo fH T H) SHG # #2058, 24 Nimo =
1.12775%10%" cm™ i, SHG 33035 AE 657 nm P AR — VS K Ab ik B i
KAE, BUE N 6.43x107. FEAHFIRIEIR TIREZ T, SiO2 £ _LHIER ITO 215
1 U B GRG0 7 A2 1) SHG e 303 73 1109 1.79x10718 A1 1.08x 10710, X 3L A,
U B 445 i) SPR B30 5 ITO 2 () ENZ B [ (i &, 53 1958 7 48 1TO
JERIE AR R SHG Feddske, sl ss T 10 MR HR 3 M= R, MAE
U B 5 ITO R R A, BRI SHG Wiy b E 2K H T SPR R
YR ITO 2, 1Rk I s i) U B4 H B [ SHG MXE . 4T ITO J2
() SHG F=AEUR, B4 Sl Bt B 7 ORHR I, IS AG 24 70 T SR A6 24 71 1011
DUk, A RRIARHRI G = S, HUOR RIS ZE I, TTREIS AR 26 70 15 55
{H2 R =2 S AH BAR A HART (4, SHG TTRRIFAS BB f] S AR 3 Bl =2 1) S A ST k.
K 5(a)3E 7R T 24 Niro = 1.12775%10%" em™ 5}, UP A LP JLARFEAR xy P
R UGB HY [Eo| 14345 Bl UP JLRIECH SR SHG 24 4.89x10° Vim,

1M LP LR R A& A SHG 18k, N 9.84x10° V/m.
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(3) — NITIU-'!.!DI.IJ:'C:!\."‘ d : (b) N —112775% 107 e #
T : S— 1% “em
2 56,0107 — Nypp=1.12775%10"em™? 20 ':'”“ 1A% 102 e
-5 —  Nyo=lé= |:1 em™
= /\ 10}
5404107 T\A \| & I '\
g N
i Z 0 ]
2 2.0x107 = M\\
5] . ~J
(: W :'-ilm 10 ‘JM/(/ / - -10F \\‘// \ﬂ
T
z ofl—E L A
d =20 =
500 600 700 500 600 700
SHG wavelength(nm) SHG wavelength(nm)
(C) (d) 107
700 - —E-Up Z S
= -@-—@-LP | & =R
£ 2 8 10"
S - [*)
650 @ ° =
— [+
% .8 ::—: 10
3 600 W e 2
2 fw
© 550 L1078 ’é S
7 2 vio?
500 R
" " -0
T2 119 126 133 140 1
NI-E-U(KIU“mn"‘) Input imcnsity(MWa’cml)

Bl 5 A Niro {8 T 9 SHG . (a) AR Niro {8 R K IHI ) SHG e H%bE SHG i
KRR S (b) AHBLHIIEEIE O () AR Niro {8 T ) UP A1 LP 4bH) SHG #4303 (40
E o) LI MN ) SHG P (EMES); (d) TEMRIE Nito = 1.12775x10* em™ i, R

IEAR RS EHEE S UP 1 LP A4bf SHG kR
Fig. 5. SHG modulation at different Niro values: (a) SHG conversion efficiency of the
metasurface as a function of SHG wavelength at different Niro values and (b) corresponding
modulation; (¢) SHG conversion efficiency (red part) and its corresponding SHG wavelength
(black part) at UP and LP modes with different Niro values; (d) SHG conversion efficiency of the
metasurface at UP and LP modes under different incident light intensities with a fixed
Nito=1.12775%10* ecm™

HER T SHG (A3 IR Bt ] LURL & Ze btk i AR UL 77 R E . SHG HIVH
et (ERsuc) W LARE SN ERg,; =1010g Py [ Poyco »+ 36 Psuco M1 Psuat 73 AR
& Niro = 1.12x10°" em™ B FERAE Niro J /1) SHG #4000, Bl 5(b)Jrr 1 iR

ERsuc1H. 7] WL, FE3E Nmo HIXEHN, SHG WHHIIERER K. 24 Niro = 1.4x10%' cm™
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if, SHG IR EELE 605 nm ] SHG K Abik 25 KEH, 4 19.6 dB; £ SHG ¥
K 535 nm AIA R /ME, H-15.1 dB. B 5(c)ER TIEARRE Niro{E R, UP Al LP
PR SHG sl (L0 JHXRIY SHG ik CBRED) . TR
RE UP LR, BIREEAE LP LRI, WAEH, BEE Niro B4,
UP HARAR IS SHG 3 HSCR PR, IEEXT A SHG PR AT, LP 3L
PRI IEAE SHG B S I KJG ), 15 Nimo = 1.12775%10%! em™ I 15 2%
KA. FIRE, LP AR B SHG ¥ 80 i KA IK SHG KB 18 45 7 A #
g). B S(d)E7R T AE [ E B TIRE Niro = 1.12775%10%! cm™ B, UP 1 LP L4k
BRAAEA RN GBRE T K SHG B4l . EXTEEI dr, P9k e 2R M Al 32 8y
N1, XRZSFEFSE SHG W2, th4h, 18 10° MW/em? IS HERE T,
LP JLRBE A SHG He e R B =l 3A 6.43x107°. ZABHEIRAT B U B 44Kk 45
AT ITO RS P R B K R 038 (U B4 R 5 1TO Bl (K A~ 47 4k 3944
N1 TW/em?, BT SCHRHRAE r S50 I 58 (1 46 R ITO TR (14 016 15 47 g (15400,
5 RGERE 1 SHG Hace i, g 1 PR, X—3uee i Fiuaisl
5 )8 R R T PO SR Al iR R T BRI T 45 8] SHG #e#H e, KT HEl
S50 AR BINERAKREE S ENZ &R P SHG ke @) 4k
R R AR R T PGSR BT SHG Wi REAE E SRR LR I e 7 34 A VB 1
[y 2 F A .

F 1 ARG SHG R b

Table 1. Comparison of SHG conversion efficiency in different metasurfaces

LY AR VN i Bt SHG He s

G W [A] BRI VPR HE 2 Ty 120) 10 GW/cm? 107
U B4 P28 3% T 2 55 MW/cm? 6.9x10-10
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R H U 455 B ot R Y 1 GW/cm? 108

JEXTFR LINDO; L ! 3.3 KW/cm? 0.49%
JEXFFR AlGaAs FEF Y 1.6 GW/cm? 1.6x1073
SIN HAR G 3] 1 GW/cm? 1x107
AlGaAs+ENZ 1} 2 4 1.6 GW/cm? 1073
C3 X FRIEG+ENZ FHRhE 22 i ) 95.5 MW/cm? 5%1071
U & REFI+ENZ MR} 2R 1 42 4.6 GW/cm? 2.3x107
AT AE 10> MW/cm? 6.43x10°°

AT A TAE 5 HoAth B 4538 ) 878568 28 1 45 04 o i 4% 0 s& e RE A 17 »t
b, 3R 2 Fios. ATBLE W, FATXIHHI S JE-ENZ MRS MTEL M8 A SHG
J7 TH B A B B W [ R A I 2

* 2 AFEEERmE T XS TR

Table 2. Comparison of modulation methods and performances in different metasurfaces

g R Y A RMEREIRE  SHG KRR
45 1TO Z )2 L5 HEH#E  ER=13.44 dB y/
“Ar A SEHITO JZ BRI R HEH#  ER=17.58 dB "
St DENCIR =i HEEE  AR/R=30% g
MIM 4R i 5718 HEIH#  ER=1.7dB T
MIM Z4K i 133) 46  ER=3.34dB I
C3 XFFRYESHITO JZ i ) A AT/T=1% |ATsua/Isna| = 50%
C3 X FRMEAHITO JZ B R e AR E 7 97%
WA E+C3 MR PEEHITO ZEiEaRm M i % b ERsue = 25 dB
A TAE BRI ER=8.63dB  ERsug=19.6 dB

4 4 w
ARCHFF T AE SPR 5 ENZ 0ol A AR I, X2 MR AR M s 24
N E SRS, B AR ITO MR IR A 6 ENZ K, 28X SPR-ENZ

SRR B R R T ) 2R R AR R G 22 i L PR A RG] AR 2R S L [X 3, SR
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1t UP/LP AR QB BT S R 0 25 1], NI B8 1 k. #EdF
LA N X 35, SEBL TR SHG R a2, JEABLY ENZ 555 5
WOt R TR, ISR R AR 2R M G 4 . X TAE R T 5 BT
5 ENZ PR S AE GRS 5T R IL S, et JT Ak Se it i nl 5 L e Al AR L 1k
JeT AR A T RS AR S

SEHR

[1] Yu N F, Genevet P, Kats M A, Aieta F, Tetienne J P, Capasso F, Gaburro Z 2011
Science 334 333

[2] Genevet P, Capasso F, Aieta F, Khorasaninejad M, Devlin R 2017 Optica 4 139

[3] GuoY H, Zhang S C, PuM B, He Q, JinJ J, Xu M F, Zhang Y X, Gao P, Luo X G
2021 Light Sci. Appl. 10 1

[4] PuMB, Li X,Ma XL, Wang Y Q, Zhao Z Y, Wang C T, Hu C G, Gao P, Huang C,
Ren HR, Li X P, Qin F, Yang J, Gu M, Hong M H, Luo X G 2015 Sci. Adv. 1
€1500396

[5] Abdelraouf O AM, Wang ZY, Liu H L, Dong Z G, Wang Q, Ye M, Wang X R,

Wang Q J, Liu H 2022 ACS Nano 16 13339

[6] Xiao SY, Wang T, Liu T T, Zhou C B, Jiang X Y, Zhang J F 2020 J. Phys. D: Appl.
Phys. 53 503002

[7] Zou C J, Sautter J, Setzpfandt F, Staude 12019 J. Phys. D: Appl. Phys. 52 373002

[8] Ma W B, Zhou C B, Chen D L, You S J, Wang X F, Wang L Y, Jin L, Huang L J,
Wang D Q, Miroshnichenko A E 2023 Opt. Express 31 13125

[9] Zhang B W, Liu F, Ma Y X, Huang H, Chen Z D, Zhang A L 2025 Opt. Commun.

15



575 131293

[10] Carletti L, Gandolfi M, Rocco D, Tognazzi A, de Ceglia D, Vincenti M A, De
Angelis C 2021 Nanophotonics 10 4209

[11] Sharma M, Tal M, McDonnell C, Ellenbogen T 2023 Sci. Adv. 9 eadh2353

[12] Kim S J, Brongersma M L 2017 Opt. Lett. 42 5

[13] Forouzmand A, Salary M M, Inampudi S, Mosallaei H 2018 Adv. Opt. Mater. 6
1701275

[14] Alam M Z, De Leon I, Boyd R W 2016 Science 352 795

[15] Forouzmand A, Mosallaei H 2019 ACS Photonics 6 2860

[16] WulY,XieZ T, ShaY H, FuHY, Li Q 2021 Photonics Res. 9 1616

[17] Silveirinha M G, Engheta N 2007 Phys. Rev. B 76 245109

[18] Edwards B, Alu A, Young M E, Silveirinha M, Engheta N 2008 Phys. Rev. Lett.
100 033903

[19] Kauranen M, Zayats AV 2012 Nat. Photonics 6 737

[20] LiuD,Ren Y Y,Huo YY, Cai Y J, Ning TY 2023 Opt. Express 31 23127

[21] Ciraci C, Poutrina E, Scalora M, Smith D R 2012 Phys. Rev. B 86 115451

[22] PuY, Grange R, Hsieh C L, Psaltis D 2010 Phys. Rev. Lett. 104 207402

[23] Lee J, Tymchenko M, Argyropoulos C, Chen P Y, Lu F, Demmerle F, Boehm G,

Amann M C, Alu A, Belkin M A 2014 Nature 511 65

[24] Zhu B H, Wang F F, Zhang K, Ma G H, Guo L J, Qian S X 2007 Acta Phys. Sin.

56 4025 (in Chinese) [ FEH, FI575, kI, SE%, 3k, 2L 2007

YIH 224 56 4025]

[25] Albrecht M G, Creighton JA 1977 J. Am. Chem. Soc. 99 5215

16



[26] Ding SY, YiJ, LiJ F, Ren B, Wu D Y, Panneerselvam R, Tian Z Q 2016 Nat. Rev.

Mater. 116021

[27] Yang HY, Mo HR, Zhang J Z, Hong L H, Li Z'Y 2024 PhotoniX 5 3

[28] Juan M L, Righini M, Quidant R 2011 Nat. Photonics 5 349

[29] Gao D, Ding W, Nieto-Vesperinas M, Ding X, Rahman M, Zhang T, Lim C, Qiu C

W 2017 Light Sci. Appl. 6 e17039

[30] Berini P 2013 Laser Photonics Rev. 8 197

[31] Ma R M, Wang SY 2021 Nanophotonics 10 3623

[32] Wang D, Xu J, Chen Y H 2018 Acta Phys. Sin. 67 207301 (in Chinese) [ T4k, ¥
%, FRuEbt 2018 M)EELSEHR 67 207301]

[33] Kuttruff J, Garoli D, Allerbeck J, Krahne R, De Luca A, Brida D, Caligiuri V,
Maccaferri N 2020 Commun. Phys. 3 114

[34] Alam M Z, Schulz S A, Upham J, De Leon I, Boyd R W 2018 Nat. Photonics 12
79

[35] Guo Q Q, Chen Y H 2021 Acta Phys. Sin. 70 187303 (in Chinese) [FFZ 5, i
bt 2021 Y3z 70 187303]

[36] XieZ T, WulY, FuHY, Li Q 2020 /EEE Photonics J. 121

[37] Huang Y W, Lee H W H, Sokhoyan R, Pala R A, Thyagarajan K, Han S, Tsai D P,
Atwater H A 2016 Nano Lett. 16 5319

[38] Park J, Kang J H, Kim S J, Liu X G, Brongersma M L 2017 Nano Lett. 17 407

[39] Boyd R W 2020 Nonlinear Optics (Amsterdam: Elsevier)

[40] Dass C K, Kwon H, Vangala S, Smith E M, Cleary J W, Guo J P, Alu A,

Hendrickson J R, 2020 ACS Photonics 7 174

17



[41] DengJ, Tang Y, Chen S, Li K, Zayats AV, Li G 2020 Nano Lett. 20 5421

[42] LiuAY, Tseng C H, Lin K I, Hsiao H H 2025 Nanophotonics 13 3337

[43] Zeng Y, Hoyer W, Liu J J, Koch S W, Moloney J V 2009 Phys. Rev. B'79 235109

[44] De Luca F, Ortolani M, Ciraci C 2021 Phys. Rev. B 103 115305

[45] Liu X Z, Galfsky T, Sun Z, Xia F N, Lin E C, Lee Y H, Kéna-Cohen S, Menon V
M 2015 Nat. Photonics 9 30

[46] Feigenbaum E, Diest K, Atwater H A 2010 Nano Lett 10 2111

[47] Tavana S, Bahadori-Haghighi S, Sheikhi M H 2022 Opt. Express 30 9269

[48] Wang Z B, Kan Z, Shen M'Y 2023 AIP Adv. 13 125204

[49] Ashkenasi D, Rosenfeld A 2003 Appl. Phys. A 77 303

[50] Liang S J, Wang W J, Qin Y H, Huo Y Y, Cai Y J, Ning T Y 2026 Phys. Rev. B 113
205428

[51] Han Z H, Ding F, Cai Y J, Levy U 2021 Nanophotonics 10 1189

[52] Rocco D, Gigli C, Carletti L, Marino G, Vincenti M A, Leo G, De Angelis C 2020
IEEE Photonics J. 12 4500507

[53] Ning TY, Li X, Zhao Y, Yin L Y, Huo Y Y, Zhao L N, Yue Q Y 2020 Opt. Express
28 34024

[54] Rocco D, Vincenti M A, De Angelis C 2018 Appl. Sci. 8 2212

[55] BykovAY, Deng J H, Li G X, Zayats A V 2024 Nano Lett. 24 3744
[56] Wang H, Hu Z X, Deng J H, Zhang X C, Chen J F, Li K F, Li G X 2024 Sci. Adv.

10 eadk3882

18



Active modulation of linear and nonlinear optical responses
in metasurfaces of strong coupling between plasmon
. *
resonance and epsilon-near-zero modes
Qin Yuhang”  Liang Shijie?  Tan Jiaxing) Wang Wenjing" Huo Yanyan" Zhao

Yuefeng? Cai Yangjian ¥ Ning Tingyin" l
1) (Shandong Provincial Key Laboratory of Light Field Manipulation Physics and Applications &

School of Physics and Optoelectronics, Shandong Normal University, Jinan 250358, China)

Abstract

Active optical modulation plays a pivotal role in the development of

high-performance reconfigurable metasurfaces. The hybrid system of

plasmonic nanostructures and epsilon-near-zero (ENZ) materials, which

leverages both the near-field localization effect of plasmons and the

tunable carrier concentration of ENZ materials, can serve as the key

platform for realizing on-chip reconfigurable nanophotonic devices. In
this study, we employ the finite element method (COMSOL Multiphysics)
to numerically investigate the linear and nonlinear optical responses of a

metasurface composed of an ultrathin indium tin oxide (ITO) film and

U-shaped gold nanostructures placed atop it. A strong coupling exists
between the SPR modes in the gold nanostructures and the ENZ modes in
the ITO layer. By tuning the carrier concentration of ITO (Niro), the ENZ
wavelength can be dynamically adjusted, thereby effectively controlling

the resonance positions and linear transmission intensity. This enables an

optical switching functionality in which the transmission can be
modulated from "ON" to "OFF" at specific wavelengths. When the Niro is
modulated from 9.7x10%° cm? to 4.9x10%° em, the extinction ratio (ER)
is up to 5.15 dB and -8.63 dB at the wavelength 1084 nm and 1203 nm
respectively. Beyond the modulation of linear optical responses, varying

the Niro_also allows control over the generation of second harmonic
signals (SHQG), achieving tunable nonlinear optical responses. The

hydrodynamic model of metal and ITO is employed for the simulation of

SHG responses. It is found that the SHG response is dominantly from the
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ITO layer and the conversion efficiency strongly depends on the matching

between the ENZ modes and the surface plasmon resonances. The

maximum SHG response can be obtained by optimizing Niro. When the
Nito_ is changed from 1.12x10?! cm™ to 1.4x10%! ¢m?, the ER of SHG is
up to 19.6 dB and -15.1 dB at the SHG wavelength 605 nm and 535 nm
respectively. These results demonstrate that metasurfaces based on

plasmon—ENZ strong coupling offer a robust platform for dynamically

modulating both linear and nonlinear optical responses in integrated

nanophotonic devices.

Keywords: metasurface, epsilon-near-zero material, second harmonic generation
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