(2558524 o 00

INFRARED AND LASER ENGINEERING

JeAA MR R I LRI R
kiR FE LK Hiak BES
Progress of micro-nano fabrication technologies for optical metasurfaces

Hu Yueqiang, Li Xin, Wang Xudong, Lai Jiajie, Duan Huigao

TELR 2 View online: https:/doi.org/10.3788/IRLA20201035

BT BRI H A S T

Articles you may be interested in

WENEOEROE TR A I a4ty
Micro/nano structures fabricated by two—photon photopolymerization of femtosecond laser

LIHNSEOE TR 2018, 47(12): 1206009-1206009(5)  https://doi.org/10.3788/IRLA201847.1206009
B U I B LRI T i 940 R AR 118 e 55 10 FH (i)

Development and applications of wavefront modulation technology based on new functional metasurfaces(Invited)

LT AN EOE TR, 2019, 48(10): 1002001-1002001(16)  https://doi.org/10.3788/IRLA201948.1002001


http://www.irla.cn/article/doi/10.3788/IRLA20201035
http://www.irla.cn/article/doi/10.3788/IRLA201847.1206009
http://www.irla.cn/article/doi/10.3788/IRLA201948.1002001

% 49 %% 9 3 NGt TR 2020 4 9 A
Vol.49 No.9 Infrared and Laser Engineering Sep. 2020

REBHREHNBAMIEARAARKR
MHE E A, IRALHER BES

(I.#HEXF PMEERTLFR BRHRUEH T, 3d K 410082;
2. A RFRINFRE-BFACHMMALT LR EEET, T & K| 518100)

O RMEREG 4T @ A HEAR 6 Tk K TR, AT AR R AR RS TR T #1658
N, ERANCAF LA METHE THRRGEA ., ERETFaba 2, MR Ed TAAARL LEHL
REBIRAAIK G BAT A ZTAEIN S HHRERGRAE S FRBBINART T2 XE, R, EAFR
B, AW AR A HE ) B R e A U e TH &4 T AR S M e AR R, e RE AR
BAE B IR ST YL X TATAL B ROESF, AR A MR AN B A &) 52 R ORL R 16 AR K A BRI
LR THERERN TRNEGELEMMA I LT ke BT k0 R iR #itk, s @i
AB ik KBRS T R AR — RH L Tk, BG4 R MA@ AT @) B 3T
Pk fo R R RBARRITT BERE,

KR BMEAE; MARI; Minklk

FETES: 0436 XEkFRERS: A DOI: 10.3788/IRLA20201035

Progress of micro-nano fabrication technologies for optical metasurfaces

Hu Yuegiang'?, Li Xin', Wang Xudong', Lai Jiajie', Duan Huigao'”

(1. National Research Center for High-Efficiency Grinding, College of Mechanical and Vehicle Engineering,
Hunan University, Changsha 410082, China;
2. Advanced Manufacturing Laboratory of Micro-nano Optical Devices, Shenzhen Research Institute,

Hunan University, Shenzhen 518000, China)

Abstract: The metasurface is composed of carefully arranged sub-wavelength units in a two-dimensional plane,
which provides a new paradigm for designing ultra-compact optical elements and shows great potential in
miniaturizing optical systems. In less than ten years, metasurfaces have caused extensive concern in
multidisciplinary fields due to their advantages of being ultra-light, ultra-thin and capable of manipulating various
parameters of light waves to achieve multi-functional integration. However, in the optical band, high-degree-of-
freedom, aperiodic, and densely arranged metaunits put forward many extreme parameter requirements for
fabrication, such as extremely small size, extremely high precision, high aspect ratio, difficult-to-process
materials, cross-scale, etc. This poses a great challenge for metasurfaces from laboratory to practical applications.
Here, the principles, characteristics and latest developments for micro-nano fabrication of metasurfaces in recent

years were summarized, including small-area direct writing methods, large-area template transfer methods, and
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some emerging fabrication methods. Finally, the current challenges and future development trends of metasurface

fabrication were summarized and prospected.

Key words: metasurface;  micro/nano fabrication;

0 35l

il 13

F 1960 4EAR L) 3K, Veselago! st i 1 4w %k
FIRE S 23 R B 0 2 F- A0 R TI0I . 15 %) 20 2297,
Pendry 5| AT 4R 19 BE SR SE X R [ SR R A
FERRERN, BV Hy DURE 98 2UHES 09 N 45k el
R ARE AT L7 AR S B P R R, T X R AR AR R
SRA R RAAEAEN . J5 K, Simith 45 A58 o 55 56 58
BT MR AT I A vk, AR T

TR TTEZRISRE, A TR ZE TR

Bt B 2 070 R A 0 1 G AE g (R, i
Tl v 52 A 1) =SS PP R, ARMERE SRR R o
PR R VF Z VAR o T MR — R, A
I GRAEHY 4820 SR ISR 25,
B on e AL T TE

) 2 T 3l HE 9 AE T T I K 2
F GRRA BT AL A, 3 o R R AL BT R TR L K
AN T AR, A AR SRR 5 | AAH OB B, AT
EEHIEIERT. 2011 4F, K # Capasso /N B Ik
P T SO R A, I S IRUEM T VIR R
BT R L AE LI A Y UM N 3 Sk R B 8 R
SERATET G . SR, BT A B OT AR S T
0L 1 A % v [T TR AR 0, A 3 T 114 285 471 ) A 3 o
DA i, X BRI T e AR SE PR o PR, H e 5
SR 4 HL A TG R 4 B A R T 5 A DL S L
A RCR G AOE T A, i ARG R Y
SRR )L, B AR T RGN R A 5 S BRI 22 [
B, BeAbh, R I 0 i S A4 R Ak S
& (CMOS) (1 il 1 o R e 25, PRI S 9 o R s s R
Gy TR . AR R [ 5 Y Bl AR
FHL B T ARG BRI S, A 2 1 ik B I T BAA R[]
FIER B (19 AN i e 1072 A3 5200 70 g )
(SR ACRE ST o DRI, 25 ol 1 4 2 1T 194 7 FH S T
PN N, A 1 R R AR T A R L R
B AR - S 4 I R i ke 4 T R, S B o8 56 R
PRE21 gl 043 iR A 42 B 45 A i

extreme manufacturing

T AR R T LSS AR 2t A T (B an — O I AR
BRI I AR ) GZA TR AR AR P, SRR | Lk
PR A B, AR Ltk 4 B R, R A 0 4 e
77, AT DL SE SR B 23 A i B AR 1 A i A i )
SENE T A R Y RO N T 2R %
ORI TE A I 0 22 10 OB A R a4 BRI,
Wi 5 6 AL 2 1A ) D e Ak . AR Ab RN BLAL T 1) R
7 ) 4 T o ) DA 52 55 = S o) S B 07 HH B A 45 A
SR AR, X b, R R T 00 T OGS

SR, P T 68 #2812 e 7 — 46 ~F-1i1 /& A il
B AR I | HES) B A A K ST A R AL, FE
He i Be (NS . AT RN 20 A0 B ) ) f 2
T BRI T T AR A 1 S BRI E )
SEPR I T AR BRER . Hedn, BT AE R B,
S5 K A BTG 5 A SR A /N RUBE (n AT L ik B
15~400 nm); T 761 1A N I8 95 5 10 R 52 3O'6 30
i, D5 AR =R B (T L Bt 16 B AR 75 B K
295 nm WEERGE); b T LB S TAERCR,
A B0 G — i by M ) v T S SRR A LA R A A,
1 TiO,. GaN, Si;N,. HfO,. Si %:; 4 T s £ g
S, B T T 0 22 i A A, R B R R B L Y HL
A BUMRHA N T2 S 1 SE 3K AR ) G R T T
T, T S B (K BK), o (TB i ). IR
BCAS BN T 7735 R 1 SEERGN 1) S 1) £ R Ra A 2 1
R0, W T5 BN A o RS BE o T A, SOl A
o2 Uik B AL 2R THT R 0 T AR B, S5 i AR /AL
b J PG TIE N T3 K T AR A R R 1 A
TGN T kR e, TR T
iR G SHEL BR S 5 DAL, T DL SCHefs DL IEDE AT
Baym At T . o
B, AT mEREEEER, R BT
THRES; HR, A48T KRR R % 7% H R 4%
HAROCZ . DOREENR ARG, Z G R EA R T — L35
D4 YA KN B R A AR T s e, R
ARG 2 T BN T B 58 BR HEA T T R 25 1 X Rk
AR TR,

20201035-2



s Gk A2

&9 H www.irla.cn % 49 A
1 BFREL K2 Capasso TF 58 /N B U HH 7 SC0T i R e 0,

i, F % I )6 (Electron Beam Lithography, EBL) J&
— P EEAS B AR TR, AR LA ] AL
EA W 10 nm FRAERST 9 Z4E 454, 107 B if aT DL i
TN T AEASE S LA 52 I 2 v 7 i) 40 oK BT e 7
I, D RGO T R EE AR AR Z —
25 15 10 R R G e e R SR AR T L RO Tk R
P e BE fe 52 AR rh AV A 2, T e 2
BB R T2 LB 454 o X T IE ST ik F) e
230 WL RS, T O3 A U /N T Vi 1
b, H R 2 2 P AR 3 e s A SvE e isn] b,
FATRRE 2B UK SN, B BN SR B W 2 UK
VIR IR R B Y A R Rk, XM EE
RGEA PN LA, IF B RS A TR Y
DU il s A B, w2 A ) 4 QT AR A 2R R 54
W4 22, HA SRR B BRI . Ry s IRk A5, BIFAY
H i T X EBL AR AR 4T H T
WA . IEZ W T EBL /M HER . A BRI R A
55 U AR R I 9 K &5 0 2H il G o e R 2R TR AN
TEORAEH 324, BT UL EBL 7 H i #8492 10 (19 i T
s i oz o BE BT EBL U ZE ST m
RREE SNE L SiEPNE e E S Sk i riv iy
— MTC W AR A R T BT, I LA EBL A
NEIEAL T Bras Ma SL i OB 6 B T 2045 & it AT
LAESJTTRES | ISR B e AN DTN i ¥
B = I Y D 1 O 5 T N 1 577 D s e T

T AR 2 T 1) e FRe T ), 248 K 22 B50RE # 3R T Hh 4
Jm Y (R A5 B oC ) A B e . I ol A R T
— i 1o 4 v A A5 S T R AR AL B LA A AL
FrARALIR G, Fr LA 4 Ja J5E B2 SR /)N, HLdh] 468 i
KU 1) W T T2, B, il EBL ik e
U h AT RO, S5 6 0T U T AL R T Y B
WNEDE s 2 J5 A7 45 B WY 78 e sk S TOAR, | 1
ROy 125 65 B B i AR A 2% S BRI A ik ) |
10 4 T B 2, i LT LA e 3 R B 1 5 R k) A
RS TR ZBR, BT RIS 2R IR A < S B Sk i
PRI . 2 MOn T 5 v 1 B Lo AR iy, T AR fRAIE
JEE PR 5/ ) 5 J A R DR TR AP, A A 3R T 119 /)N T AR
JEBREUE TP AR AR B LA Iz o 2011 4F, i

FERVE LI AT T\ S8 220 nm., JEEEE 50 nm
M E BV IE REAELLAME BB T 0~2ni) 325 5 A
A, IFF ] EBL 256 3 8 T 2367 I T3k 17 5%
HOCH AT BORCR, W 1(b) Frs o I TAE iR
BT TR R A B e . 2R T
AL R4 D BRI T 9 A A R OT AL R AL R T )
12 N FHAEAS T8 O 2 I B ROAS [m] 46 JB AR &R b (AR
BB DARCEESE), USRI m AT SR AR
4 HR RO S R T T SRR ] . (HE
HY T 375 S A8 45 2 UG 4 R % [T A DR 4R A S S 4
R FBOZLA BB RCRBAR, A B R &0t
U AR A A A R I N AETUR — 2 & SO E, IF
R AFZMRIF, T2 T2 5 Lk 4 R m
AHTR, I T 35 L1 A B i S S S R A 3R T, an
K 1(c) Fs o B T iz IE B 1 3 S HLA 1 52 i
Bt PR ARG 3 e B S A e B 4 R AR =
(GEEZ) 80%). I H., ixAF - HA T84 (750 ~ 900 nm)
AV DA R A S o 525 i DR A D O I A 72 19 1
JBT o TR 52 I 4 Ja i O A R AR A TR
I, BT, BN R EN IR T T 2
T o 203 S S R 4 e v 2 T 17 FH A DG PR D A1
ZMiE A B H A 2EES. 2 )6 R
T

SRS 2O F AR N SR A R, B4
& T R R 2R TN T A R R TR A MR
2o LA, B2 T A e A o AL AR AL R g, JF
B TZ R TE ST . SRR 2 T — i oh = T S R
L1 T SR TC A R, R 5 25 A e T S R0 L A AR
PR T AR AL AR AL A . i TR S A
MRHTCHL 7R 7 7 8O0, BT DLBREAS TR FE, Al L
TR REOCER . AN, IRZ A TR S
AR, 52 IR T 2R . KRB Tl R
A H BRI K22 A9 Naomi Halas WF 57 4 43 IR R
P B R 20 v A B A 2 TR A T L, RS
R4 LAY B4 R A A T ERC A = Y s A i, (H 2 1%
T BAGE HI T HL A BT 45 A0 TR 5 A/ HLARTE PR 2R
ANt B H G X6 T A P A 438 AR A7 BT ART A A7 38 )
PR E, A JO ) 8 T, 58 30 A 4% DK A 6 9 1 AR 3 7Y
TS R03R, — SR A o Y 47 S AR AR HL i B 3

20201035-3



i E ok A2

%94 www.irla.cn % 49 %
(a) Llft—Off (b) T y-polarized incidence from
collimated quantum
‘ ‘ cascade laser (A= 8 pm)
Ordinary
gy Anomalous 1 1 reflection
reflectior
\ hid —/ 4 %{\ : Gradiennt of
{0, phase shift
EBL Develop 0. %Y/ siticon dg
J v gy =<0
i N X0, N
— — —_ —_ ._"\_ s Anomalods 1] Ordinary
‘ L= I SRR reflection reflection
(g
Lift-off Develop
d .
@ Hard-mask etching
[ S EE =
— ©  —
EBL Develop
2
| === |
o . | a S
EtCh Hard-maSk Double-polished MOCVD Hard mask Spin-coating
preparation sapphire deposition resist
(M) Conformal filling
‘ ‘ Metal evaporation Hard mask etching  ICP-RIE&BOE
Development & Lift off
aid @
EBL Develop .,,:._. 724_ —
| || W), |
S| ity |
Etch&Degumming ALD 8i0,| +—g |

1 PR TRBARE N T, HT2RBRRIH SN (2) #E T LRI TH (b) S5 R BRRE A (o) KU A4S 8B %R
T FH T A O A 2 18 ] 45 Y (d) BERERE 201 T 203 M AN T 1Y (o) REBFI T L (F) GaN JH (022 MBS | () TiO, 4= Bl k% 1m;
TFHA BB R0 (h) SHEEFTE T 2R L HIN T8 () Tio, MABEM () Nb,Os #EF#1f

Fig.1 Fabrication of metasurfaces by electron beam lithography (EBL). (a) Lift-off process for metallic metasurfaces fabrication and its processed

(b) transmissive metallic metasurface and (c) reflective metallic metasurface; (d) Hard-mask etching process for dielectric metasurfaces fabrication

and its processed (e) Si metasurface, (f) GaN achromatic metalens and (g) TiO, holographic metasurface; (h) Conformal filling process for

dielectric metasurfaces fabrication and its processed (i) TiO, metalens and (j) Nb,O5 metasurface
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Fig.2 Fabrication of metasurfaces by focused ion beam (FIB) etching. The metallic nano-hole structures fabricated by FIB is used for (a) holographic

metasurface, (b) near-field light field control and (c) structural color modulation; (d) Metallic nanopillar-type metasurface etched by FIB for vortex

optical focusing; (e) Metasurface of quasi-3D structure fabricated by FIB. Non-metallic metasurface fabricated by FIB, such as (f) GST phase

change material metasurface, (g) perovskite metasurface and (h) metal-dielectric multi-material laminated structure
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Fig.3 Fabrication of metasurfaces by direct laser writing (DLW). (a) Polarization-controllable optical vortex modulation all-dielectric metasurface based

on DLW; (b) Schematic diagram of single-step ultrafast laser interference direct writing etching process; (¢) Fourier hologram based on ultrafast

femtosecond laser etching technology; (d) Two terahertz metasurface with elliptic apertures fabricated by the femtosecond laser slit space control

technology on the gold film; (e) 2D perovskite lens fabricated by femtosecond laser; (f) Physical image and SEM image of the new type flat lens

whose performance is easy to control based on 2D perovskite nanosheets; (g) SEM images of direct and inverted photonic structure with different

symmetry fabricated by two-photon polymerization 3D printing process; (h) Processing principle diagram and SEM image of the nearly perfect

infrared spectrum absorption metasurface based on two-photon polymerization 3D printing process; (i) Process flow chart of computer-generated

holographic projection based on two-photon polymerization 3D printing process and the schematic diagram of the hologram; (j) Schematic

diagram of a Daman grating generating an NxN dot array in the far field based on two-photon polymerization 3D printing process

20201035-8



s Gk A2

%94

www.irla.cn

23

% 49 A

4 BEXZIMI

EBL 71 FIB % B 5 $ AR & 28 9 HIR Hi 45 4% Fh 2
RE A AL ST, SR B A1 ]l e 32 s A i 11 7 12
TN X 4 UASE B 4 K 45 4 2 Rk ) i T e
[ PR e (4 I B AR, RO 3 & RIUBAE 7, 52
A8 E, 852 2Ot 20 3 R (Projection Photolithography,
PPL) 2 fif Bl 20 5K E AR Al b 49 L o] [0 5 e s 30
R ERHOR o Hrpe R A6 DD it A 4 4 O 2
ARG TE R EATDLZ AR R B, L2t
18 DX 38 A A 2 R, 3 S 5 R R B 2 B O X B8
(IEJBE) R B DX (FUR) B E 20, R 200 ok 4
ARTEFER BT HEE, A 20b %5 1 s, B
1, HERDEZHOAR S it A it 2B R AU A
R EAR Z —, A A B0  F R T A5 D S 56
B m A . HSE, BT B A S RO 8
/N, B BB C A AN T, A B S A
B R A B e g R BB R G, H A Hh
IS, AR R, L2 EBL S5 FBealb A T as (v il 4 o

JEZHA R B H TR AR fih U4 g, 1D
KB 2ot RGBSR A AR L2 L, & = AE
WGBSk 5 L 20 I 2 1) 5 Tk TR iR e O 2, X b
2N T5 2, MR T 43 R, WIS B2 =, T LA 4 i A
P BRI, HETC S50 T 00 T4 Fh BRI il i %
T b B, SCRIEARTE A SN Trp 2 5 T
BRI T2, BT LA ) B B 1) J7 58 2 BT ik
an B HEATOGZN, F T LA A S i i U0
Dong %5 N7 7E 12 in (1 in=2.54 cm) FORE S H F A
LHNCZN BT I T, K 4() PAERERT
B TR 2, ARy H T B0 T M ER, K
o U LRI 110 1, b G i U 2 SR
K 95.6%. AT UB/INEE AR B B TE SRR 5 K S5
Z NN — JE AT 5 ARAR A LA R S 0, SR AT LY
Kot L BE . WP 4(b) Firzs, Hu 28 A0S FEfE
Fr SRR SIN MR fhiE, ZJ5 FET 193 nm R 550
R ADCZITE 12 in fOHEfEE B FE S TR 6 SR
R, HEE R SF/E 100 nm LT, & 130 nm,
E Ao A o 53 A A 14 AR AN B TT Y R B RS, SRR
WARBAR GF 42 o B 1 PR A R (CRR IS, 328 B 0 2k
JIG BB B A i T 2 e ke, TR AR AL A

PR ez 40 Zhong 58 AN IR & T —Fp
ELHEAE 12 in (A 5 A AR OB ZI0 T 208 n T
BRI, A TSR], Bt g T iE R R
940 nm B 1% 8 mm KB EF . 5] 4(c) ZEM BoR T
HilE 0 T 20, e LRI —E B E R
HOCZI B A A T AERTR I . DCZIZ )5, 2
HTHEMAEWNZ . A0SR T T B 12 518
R, £ T AR 8 mm BHESE . X Tl WO B,
T BN ZE A RS, Park 25 Ul IR S AN
LA, FE 4 inch BA S _EHRIEHR T 45 4
HA#E 1 em B, 76 633 nm I K LT, XHE
[ 2 W AR AR RE A R AT I SRAERCR . Horh i
1y R A 4(d) s, B —47 RO Z0 0 R s B
[, Sefe s ik a2, F DL R AR PR 0 ik,
LA AR . BRI T H
ZI0l, A EFER I T2, Hu 28 A 7R 12 in (94 55
A BN 940 nm K A B, BB LS (Num-
erical Aperture, NA) & 0.496, N 4(e) B, ZeMl Ky
gty oR B, HE T2 8, etk i Ui
TAEARRERAE SRR, MR Z G, TETR IR A AE 12 in
WA S i b, 2 f5 Gt ' R 220 ek 25 S T A A
R NI EASE N iy 22 PEE o s P e g ||
TR WA B o B T3 SRR AL R, SR
R R AT LU FDE 2 T2, BIfE — A bR T
TURR— )2 & R B, W&l 4(F) F7, Roy 58 AU Bt
R A E S, 7EA 4G 200 nm JE 1 4 Y
THEAREETS R XE T 50 nm 5= 4 90Kk, I H S5
DL RSB B, TE I Eh A BB AL 7 5

1 Ge P55 AR 22 G 52 BT A BR %) PR, 75 22
B ROGIR I 200 R GEA RE SEIANK HEDE fin
oo ERRBE ARG B HR BT 2 S NI AU
P T — A AR R 0 RO 2 R, BA
IR G R m LA, BRI/ R 5
B AR AR /INAH [, T LSS iR 2 ) B0 e 5w AR, o5
A1 BT IR SR U PR R O R O 2 R B R e T
HAREJEA . BT, ] 3GE 5] A S 45 5+
AR 375 B SR ORI T 1, ELA e IR LB L X LU
FLE AT 706 20 SR B TR B o P ok 20 ot T 2000
BRI mrya)E)z L, of H AR R ENE
fig. HICZIE s BENE 4(g) Fim . HAMZIESR

20201035-9



i E ok A2

www.irla.cn % 49 %

Transmitted light
(Y-polarized)

Si substrate

Transmitted light
(X-polarized)

Cr deposition DUV lithography  Resist develop Dry etch Cr (resist as
clchmask)

o e

Strip resist Dry etch SiO, Dry etch residual Cr
(Cr as etch mask)

Sio,

(e) Focal spot
Bl
i) Py e Siloxane

1 hh Glass

Y £
Incidence light [4‘}; Siloxane

4 FEMDCZIHAR R TR T (2) i B EHSC2N T A9 R A0 sl AR R, HAAN S5 0 RST SEOLIR IR (F9), In TR

1Y 12 in B R TR S AL 8] 1 (R L A4 KA S5 44 1 = SEM EUR (F7); (b) BRI Hh IB) A 50 )2 Y6200 4 6 S 7 A A 6 T /s 2
(Z0), B BBt h B R IS (h) FURIR RS SO0 AR S5 SEM BIE, 2T ARG BRIMES (f); (o) TEE I B IR
BIAENZHFHEZIA T 2R (Z0), I B &R BOBOR B — DI TSR ISR (F); (d) H 2B i 3 B0 A R 3 T R D6 20 i
P (1), BTSSR SEM IS B f Bin B (F); () BEHEHEIRAE IR HA8 BRI L EAL 3 SR B (Z8), BAITEs iR 318l
(s () WA 48 G2 R BRI B OTA5 I Y SEM KR (76), SCZIR SR BIR () (9) RINSFES TR T E ERY I L2 85 m B

Fig.4 Fabrication of metasurfaces by mask photolithography process. (a) Schematic of metasurface-based half-wave plate by processing directly on Si

wafer (left), photograph of the fabricated 12-in Si metasurface wafer and three SEM images of Si pillar array inside the center white squares of the
wafer(right); (b) Schematic of color display metasurface by adding a dielectric layer before the photolithography (left), silicon wafers and
nanostructures of different sizes, the bottom left is the pattern of color display (right); (c) Flow diagram of photolithography on the transparent
glass substrate (left), the fabricated wafer and the enlarged unit pattern(right); (d) Lithography process of the all-glass metasurface with opaque
layer (up), the SEM images of the fabricated nanopillars and result of lens(down); (e) Schematic of the metalens by layer transfer technology on
glass substrate (left), the schematic of unit structure (right); (f) SEM image of reflective metasurface with a metal layer (left), the schematic of

structure of photolithography (right); (g) Schematic of the near-field lithography structure with the reflective plasmonic lens
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Fig.5 Fabrication of metasurfaces by nanoimprint lithography. (a) SEM images of the two kinds of metasurface by thermal curing nanoimprint(left),

schematic of the corresponding process(right); (b) Process of manufacturing with the thermal curing nanoimprint lithography and lift off (left) and

the SEM image of the fabricated metasurface (right); (c) Schematic of the UV curing nanoimprint lithography process; (d) SEM image of the

fabricated thermal emission metasurface by UV curing nanoimprint lithography. Top views and cross-sectional views are showed up and down

and the images of before and after removing residual glue are showed left and right; (e) Cross-sectional SEM image of the asymmetric

transmission metasurface processed by UV curing nanoimprint lithography; (f) Schematic of the stamp type nanoimprints: the preparation of the

nanostamp, and the imprinting of the stamp and follow-up etching; (g) Process of the laser-assisted nanoimprint and the SEM image of the

fabricated metasurface
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Fig.6 Fabrication of metasurfaces by other emerging processing methods. (a) Schematic diagram of the self-assembly process (top) and the micrograph

of the metasurface of the processed reflector (bottom); (b) Image of the metasurface processed by the scanning probe lithography under the atomic

force microscope. The coordinate axes are x, y, z coordinates
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Tab.1 Summary of fabrication methods of metasurfaces and their process characteristics

Process Feature size

Applicable band  Precision

Process characteristics

Electron beam

<
lithography 10 nm
Focused ion beam 20 nm
etching
Direct Laser direct writing ~1 um
writing technology
Ultrafast d{rect laser <200 nm
etching
Two-photon
(multiphoton) <200 nm
lithography
Scanning probe
<
lithography 10nm
Immersion lithography <100 nm
Plasmonic lithography ~100 nm
Hot embossing
Telizlzl}z:;e()ltgansfer UV-curable nanoimprint
gy lithography Depend on the
Laser assisted direct master
imprint
Micro-contact printing
Self-assembly - um
lithography K

UV to infrared ~1 nm

Visible to infrared <100 nm

Visible to
terahertz

Visible to infrared <10 nm

Visible to infrared <100 nm

Visible to infrared <100 nm

High resolution, high degree of freedom, low
efficiency for large-scale or complicated
pattern, subsequent pattern transfer process
required
High resolution, high degree of freedom, no
material selectivity, ultralow efficiency
High degree of freedom, resolution is limited by
<l um the optical diffraction limit, subsequent pattern

transfer process required

No material selectivity, minimal thermal effect,
<100 nm
low-damage-threshold
Higher resolution than single photon
<100 nm lithography, high spatial selectivity, three-

dimensional structures processing
Simple process, low efficiency

High resolution, high alignment accuracy, high
equipment cost, high requirements of
processing
High-resolution, high processing efficiency,
short working life, poor fidelity
Relatively simple process, time consuming
which is not suitable for mass production

Nanoscale High efficiency, material selectivity
) 10 nm High-resolution, low heat release during
processing, short processing time
<100 nm Low cost, suitable for large.-area or simple
pattern processing
1 nm Low cost, suitable for large-area or simple

pattern processing, simple process
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