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Applications and progress of all-metal
metasurfaces in phase manipulation of
electromagnetic waves

Liu Bo, Xie Xin", Gan Xuetao, Zhao Jianlin

Key Laboratory of Light Field Manipulation and Information Acquisition, Ministry of Industry and Information
Technology, and Shaanxi Key Laboratory of Optical Information Technology, School of Physical Science and Technology,
Northwestern Polytechnical University, Xi’an, Shaanxi 710129, China

Abstract: All-metal metasurfaces are structural arrays composed of sub-wavelength metal units, which exhibit high
efficiency and large bandwidth in phase manipulation of electromagnetic waves. Compared with metal-dielectric
hybrid metasurfaces, all-metal metasurfaces have excellent thermal and mechanical properties, such as high-
temperature resistance, high strength, and good ductility, which enable them to be applied in extremely complex
environments such as high temperature and high pressure. In this paper, we briefly summarize the recent research
progress based on all-metal metasurfaces. We mainly introduce their applications in the construction of highly
efficient and multi-functional planar optical devices as well as multi-spectrum electromagnetic stealth, and provide
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an outlook of the future direction of its development.
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Fig. 1 Schematic diagram of the typical geometric phase-type building blocks and all-metal metasurfaces. The first and second quadrants

show the metallic nanobrick and grating unit structures and the designed electromagnetic stealth devices™?, holographic display device
vortex beam generator”*”; the third quadrant shows a catenary metal unit structure and the designed circularly polarized beam splitter
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wave focusing device"”; the fourth quadrant shows the unit structure with multi-fold rotational symmetry and

the designed wavefront modulation device

FAAELLANM BB T HRED ) AT, 5 LRI e A
il il & 7 4 R RR R 80% MY R U B 4%
R nlE] 2(a) B, T AG R AR T 14 4 B
TUTETEW B NI 1 i B S R R IR e Ao
bR R AT ARRCR R, EL N TR A
NVE WA, NSRS MEGOCRIER
ISR B . ISR Rk HARZsH
RIFHE—ERENEIEZ, [ElRmE . EE
I I%TT I A R AR O A R EAR R e A, (3

and rotational Doppler effect detector®”

GRIENEEIER TR, ol SRS 2amas
AR T RE, P n] DL HAh 42 6 Jm 454
BEJ, 2019 AFRAIATR G Jm il A o BT M, TRIRE
AT L Ao AR A7 it 2 52 B 5 R e 28 1 L i £
AT e 2(b) BR, ERRRCASHOEL T, BT
BB BCEERIAE 9.5~11.5 pm BB TR, 38X
i ST R IAE] 94%. AT MIM BIZEH, 248
LR S I O R B i PR e A R R R R 5, ik —
A, a4 ) <6 BT AR s TR I ) SE B 027 AR

230119-3



X, 4 6L TR, 2023, 50(9): 230119

https://doi.org/10.12086/0ee.2023.230119

0 10— T— T 1.0 — 05 I
Tegr—y~
[ —— == | i — B |
> -
£095 8 2
I g T3 - ———] I g Sos 803 == All-metal structure !
| 8 Z eV | —TE0 | 8% 2 |
2 ® — | --=TE15° M: 0.4 02
| & 0.90 Al | === TE30" — = | = § 5 ¥ |
| Metal . l | 021 .} copolartzation - o1 g 1 ) / |
0.85 0 Ll el ol bl [ == ——
| 8 10 12 14 16 18 20 8 9 10 11 12 13 14 | 8 9 10 11 12 13 g 9 10 1 12 13 |
Wavelength/um Wavelength/um x ! Wavelength/um Wavelength/um
| 1.00 | 0.30 MIM structure |
08f = =
\ e —— ] w e . !
I Zoos z ettt | X § 06} 3025 |
2 2 _ 2 | 3
| 8 — M, 0 8 Min | 8 S04l ° | |
€ o e 2 | g 27 Eo20
| [ -== M, 30° © 2 b._ Co-polarization -=-30° .~ W . | 0.2} 5} |
- e | Co-polarizati
| 085 0 o T 7 S I L 015 L —— !
| 8 10 12 14 16 18 20 8 9 10 11 12 13 14 | 400 450 500 550 600 400 450 500 550 600 |
Wavelength/um Wavelength/um X Wavelength/nm Wavelengthinm
i 1.0 Yt + |
l C b | |
I 5 5 3 I Au|
g 08 m -, All-metal MIM All-Si
5 structure
| - 208 o4 — e | structure structure — aSJ
| - a K] Reflectance 2 im | |
g & 31,
| £ 04 Absorption & \ | sil
H 20\
I " " g o2 R\ I I
I = A\ I I
0 — 0 —
I 18 5 7 11 11 13 15 0 50 100 150 200 250 300 | ¥ y . h |
| Wavelength/um Frequency/THz | |
|10 1.0 10 |10 0 1.0 0. 06 |
°
| o8 08 08 \§0.s/-\ . 08 305 N 05
2 c o4}/ s
I 406 o 06 « 06 1806 06S & | \ 045
|6 ss o SR o Nanobricks s S2o03 \ 03 5|
0.4 04 04 204 0428 \ \ 3
| R PCR e PCR = PCR ‘g < g 02 02<
< 5
|02 0.2 02 2ok = 0. 02 oy o1
£
|0 0 0 | o 0 0 0 0 [
& 9 10 1 12 13 14 8 9 10 11 12 13 14 8 9 10 11 12 13 14 95 100 105 110 15 95 100 105 110 115 95 100 105 110 15
| Wavelength/um Wavelength/um Wavelength/um 1 Wavelength/um Wavelength/um Wavelength/um |

B2 TR&EELEMGTALER. (a) & BRMHT AR, (b) 48K HH AL RALS MIM 2 #4955
(c) S A # s Myagfr sk BY (d) RE) C3 24 6945 At 1™

Fig. 2 Simulation results of different metal unit structures. (a) Simulation results of metal gratings
(b) Simulation results of metal nanobricks and comparison with MIM-type structure *”; (c) Simulation results of S-type unit structure
(d) Simulation comparison of different C3 structures

PAHE, RSB RE T R DGR RS 4 B R TIRE
2020 4%, BFSE N G AR B T AE R A A T T —
TR S BUGKTE 2L 44 S R, S XE 5y
SNPIFPRATTEER, KIS B4 R A5 H HAT R Y
4 5 e 2R R R R T AR 58, AR 2(c) B .
2021 4, BFFEAGURIE T UL A S, 48
HH R 4 4 5 A AT DA R i AR AR
Bf5, Cai S AXFULHEAT TS5 KA, A UL
MGLFH T T ERCR 2 B8k, ik 2(d) Fiow,
HHELT MIM S5 FI4 A A5 M, 44 450 e Bt i
TR PSR A R e TERE DB, Luo A
33 S s £ D G N R e o e i IS I |
T IR ARG (A ERG 2238 A% . ERH T & B JL AT AH
1T ATBCOK TR 2235 s

R A o R R T ) 3 e S A BRI R R
L X T ATERFEA TS #8241 TAERCR
PARAGME LR, Pu 25 AT 2015 A4 T B BEL 454
FEREE ) Ryt SR Y bR s R R 7 BRI T — R T
ZAMMIT:, BRI — RIS T i
S F A SR, B BRI F R, R
N Bk a4 Bt SRR S, AR TE

[36].
’

[471.
’

[501

KT G2E AR R . 8] 3(a) B A3k T4 8 Bt
LAV I R AR 2 SRS, AR A G
PR A 1R D' i 255 4385 kg 2 [ i 1 D' AR A e [ i A1
I RN TUE A B, 3 RRCR A 92%. [
Ab, S ) R IR A A RS SE T T AESR M
10.5 GHz #| 8.5 GHz Wy % 2L 3% . 76 AT WLOG e Bt
Tang % NI TRAEL LR T —Fh 248 MR,
DAL R S BR g R e s A G SR AR T e, Anf&l 3(b) Fr
IRo JITBETT A o ) T LA S BT S 32 BRI A S
WBR R, TARW 9L T s A ] ok, HKT
TOCMINB AL, W BRSBTS
RAERCRIT UMM T 4506

FI &4 B BRI RS EHE, TS
W— RN Z IR Du S5 ARG kS
SERE, ) FH R ) 8 S B e 5 ) i s o o) LA B —
JTRRRAL I, T sS40 KA P B )
SHATHEVCEC HARRIE ARG, AnlE] 4(a) B, [RIA
SEIL T TSR R A = 4 BT, InlEl 4(b) By
/No Zhang 55 AR SP G ZIH A2 T —Fh 5
PR AT ED AN 4 BB i A 4 gk m, W
K ac) Bif 7, AR 6 DT B 15 2 09 3R 08 o A, A

2301194



XITH, 25, 5HL T2, 2023, 50(9): 230119

https://doi.org/10.12086/0ee.2023.230119

o

.
Liquid I Metal

A3

0

N2 X

- N

N7/ N/ DN LN/

A\

5 10

Xx/um
VARA
A VAVAVA

ATAMREMGLEBRER., (a) ARk, &3, (b) REEE™

Fig. 3 All-metal catenary metasurfaces. (a) Circular polarized beam splitter”; (b) Focusing lens!*”

AR
A A;f_"l‘(zen)
Il |1
6,=arcsin(|A])/2
Bren=EXP(i0) %6,
@=0orTr

il X

Z

532nm | |

z=12.5um

2=18.5um

600 nm | A

6.5 im 0 I

633 nm | A

z.=1ﬁim

7,=15 um

650 nm | A

A=

2,=9.25 um

=14 ym

Z|=18.7 m

1
I
1
1
1
I
1
1
1
1
1
1
1
1
1
1
1
1
!
z, !
I
1
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Modified GS algorithm

B4 EFTobBhRATmNSAREME. (a b) A LIRMAIER M ZIILH KL R T = 4o R,
(c, d) FIR &4 BRAT FIN LM E 4 & BH
Fig. 4 Multifunctional devices based on all-metal metasurfaces. (a, b) Simultaneous near-field grayscale display and
three-dimensional holographic imaging enabled by complex amplitude modulation”; (c, d) Simultaneous

full-color printing and holography enabled by all-metal metasurface

230119-5

)



X, 4 6L TR, 2023, 50(9): 230119

https://doi.org/10.12086/0ee.2023.230119

Gerchberg-Saxton F.75 T LGS BIAHAL /315, FRIGEA
[vi) 338 A A7 A B A T RA% . FE S JEAH TR R Y IR
BT, FTENEUSR I e B kA28, I A
AR RS 1T DL SR R (0, 5 LS A
AT IR IREATR , Z g A il IS 4 8. 8
N, I B AR = AN R i 4 B T LS 2
B HE S, & 4(d) frss . Cheng 28 AHEH—F0H
SR B R Ry T TR PUN k- 22 P S 13
SEFIR LTS8, AL T LM 45 B E 2 ik
A, 1E 356.5~536.5 THz ji Bl N A R s 4 il %
It 90%, i HL B T S i H 25 30 I3 g e 2 1) e ke
£ 336.5~544.5 THz 0 [H] P4 HAw IR 1 16 LU A9 246 % E K
F 10 dB.

HAT, 445 BRI O T Kk 2L
3D il . 2 IREESE . 2022 4, Wang SF AR
HE& BT B IRASEMBIT T —Fh e . maim 2
REABRZZ BRI, WA 5a) FR. IZSEMRER R A
S5 04 8 O A D' B AR TR AR R R B AR O, 7E 0.8-
1.65 THz i [l N 0l R i i 95% ., i —20, @i

“ finvs===viri}

Reflection coefficies
o ©o ©o o o

________________________________________

Tl R PR AR ) A ST RSP AR A il
[ 5(b) Fizs . 8l 5(c) 1 5(d) Sy B8 48 K e ol = Ak
M B, RINZE A R A IR\ g

2022 4, Zhu 5 AFIH 3D FTERERE I Bl 48 17—
T a4 SR, LASCEROUS 5 IR ) e e 24
ZETRE M mAR G A, X AEANCAT A3 i B AR
PATCEER A B A T B AL REARRS , KA S
SCEA A TR R IR I % B A, ErTLLS
WA ER 4 E T | AR LR A ZE & g sl A
S 2 B RS E L o) — M BT RS IeAh, A4
J& R I RE S AE 2 W B R s v R E SR . filn
FE 2019 4F, Cui 8¢ AJE TR BHE & T — ol [R5 g
PR Sk aRa R, nkE see) R, TR
THIT LHER PSSR 7E 50-100 mm B3 K5 Bl P AR
e W R T 3000, HRIE R B ITE 0.99 DL F . FET I,
Gy RIRT A 8 R LA B R A S D R T
THAE, WNE S(fh) frs . AHECT MIM 2 R,
AR SRR, FE R e 1Y AR
W T SEBR N v R R | A R A R T R R A

_______________________________________

B 5 ATHuBRALEMYLLERET. (a) AikkeLBRAD TR,
(b-d) KA@M AL R, SrERF AN, RE. RrbiFA", (o) FlIE A BRI A F K4
b BRART, (f-h) 4at Bk A B e SRR A RRA VAR R AR ib it gk 27
Fig. 5 All-metal metasurfaces based on split-ring resonators. (a) Schematic diagram of the terahertz metasurface”; (b-d) Simulation

results of the terahertz metasurface, including anomalous reflection, focusing, vortex beam generation”; (e) All-metal metasurface for
simultaneous manipulation of electromagnetic waves and acoustic waves””; (f-h) Calculations results of multiple-beam generation,

scattering diffusion, and beam steering for both electromagnetic waves and acoustic waves

[75]

230119-6



X, 4 6L TR, 2023, 50(9): 230119

https://doi.org/10.12086/0ee.2023.230119

P BHE PEER

22 &S ERREERMEE A EMHA

HL RS By, RIR] R A X e J0t R A 2 S5
PE, SEEFR “RSE 7 A S s s Pk &
oCE PR, ATAPESR, BET R ISR I R R D R e
J1, W T — RSB MR SRR S R, 5
14 B - FUR A BRI L TAET R, LIS
MEEBAER"™, I H ISR e LUFE R 2% 0 T RE A
B SEBRn . AT e iR —HERE, RS 4
SRS T 2R AR, ST £
AT HEAS I LR D

2018 4%, WFFE A DL H— i iy 23 K 4 S Sl
SRR o B B e T, 3 A R R R RO, R
G B RELL SN B R R ST RePE , 7E 8-14 pum U
B[] IS S BT R 9% 55 1 S S SRR R B R [
6(a) FT7R, FEHLREDE ISR B ST, Seaiim Ty
FESHAE 10~14 pm 3% B A9 AH R 85 1 f 3R 34K F 0.1,
It H LTI AAGA A4 S v mT LU R 5 HAT
TR ERER ST, UERRIZ S5 M A SN F T 06 S LAY
WA . eI TAESRE [, 2019 4Eflfi145 A8
SRR, FEMBE BRI T M e s E il R
Y, ARIE 60, 200, 300 =FP A G AT 2
RSHES, WEW TS A R A A R ST T i
U IS EU A (radar cross section, RCS) #1il B8

n 1.0 1.0
Metallic plate

Metallic plate

>08 >08¢
= = [
5 0.6 \etasurface ] © 08 Metasurface
g 0.4 —TE, 15 g 0.4 -—TE, 15°
D TN —-=TE, 201 © Y ~-=TE, 20°
® o2} D Pl S ====TE, 30°

0 . N M 0 ..~"\." -‘::;:f.’

8 9 10 11 12 13 14 8 9 10 11 12 13 14

Wavelength/um

Wavelength/um

CO, laser input

Ceramigdoll Metallic plate  Sample

Sample QLI

PE—25, AR RAIE T 28 2 T A4 T i TR RV
Fetk, s 6(b) Bion. (EAF—3RAE, AR AL
4 SR CH AT (0 FRL A o0 A il JE R PR, ST UL
TR R T LR, S R A TR A B E R Y
YHL AR, s T RO — 2 R R

2020 4F, BT A2LEMERM, Feng AN T
— oy 2 AR SO - RS- AR R
W 7(a) FR™ . 145 R T2 B 42 4 1 R 571
RS 2 BT W W 2 4L BN o 4 i 8 2 1 R A% 5 At
(1) 1.06 wm A A 7 b i i K w5
R, Z5H7E 3~5 um 1 8~14 pm AYLTAM RS 10 A
A WAL K G R TFES R B4 wm 9458 B 14 1)
B, [ B LT B RS A0 S 1 T 04G22 (4 WAL I A
BHERORMC, (7 EERERY], TEASHAA KL 4098,
TE F1 TM fi R EHE 7~12.7 GHz HIH R Fl N W sk
R 90%. #—, 1T 2022 4 4T T —
TR IR A B RUBE 4 2R ARL™ RIS S 1B K
WOt LA L BARE (1 Z AR R S, ik i
A AT LA i 94 K B AR AT R T BRI A 3
miE 7o) fs, SRS S FR TAERR, &
S FH 4 4 R 2 IR R R R AR AR . v R
T AERE R PEF 1.06 pm F1 10.6 pum 35 K A4 3O B 2]
oAt 7 1) fefi A5 45 1D S S R iUk 22 0.2, (R 4 JB 4 4
FA T MR 0.2 BTN RT3, ASRT
I I 4 T R 2 TR S BT T R IR AR, I

b =0 EvE
N
ZI a. B
x| Kl |
Ih K Zw d
X
PEC —
m 0 ——28C 100C7'7300Cf
T -5
c \;
S \
"g-10 "\
8 -15 \,\‘
3
3 -20 \
x v
-25

6 8 10 12 14 16 18
Frequency/GHz

A6 %FiAeBRADYMA-LIMR-LIIMEEH A, (a) BA-L0IM R AT G AHEHg M X s 2P,
(b) B4, At 4 5 30, SEAR RN BAK -4 91 J 218 & AT 44 308 RCS Feirshia 4K s X1
Fig. 6 Laser-infrared and microwave-infrared stealth technology based on all-metal metasurface. (a) Measurement results of the laser-infrared
compatible stealth materials®; (b) Equivalent circuit model of the thick metal grating and measured high-temperature RCS and

infrared radiation of the microwave-infrared compatible stealth materials

[46]

230119-7



X, 4 6L TR, 2023, 50(9): 230119

https://doi.org/10.12086/0ee.2023.230119

absorber

|
| Microwave  1.06 pm Infrared A 1.06 pm laser |
absorption laser shielding 4 4 y 10.6 pml 1.55 um laser |
a .6 um laser

AL e x | \
Au ‘

PET tHigh absorption -~
B Resistiv fiim [ |
o Microw High absorption Ay I

absord & B POMS
~ AMMA & Lé . v |
X — 4 A
e Low infrared emission /' I
\

 Microwave 4 4 ) . reﬁ':i«f; A A A J |
|
|
|
|

Cu - Resistive sheet

Frequency/GHz Frequency/GHz Frequency/GHz

10 45 —— Metal —- Bended sample —— Ceramic
. |
Gold plate Gold plate 40
gos s | = B
- - W
%0'5 5 gg o BMin |
% 04
AMMA TE 5] AMMA TE 0 200 400 600 800 1000 |
™ 02 ™ Cycles |
Au FR4 Cu Ml Resistive sheet o — © 50 Max
0 45 —— Metal —— Twisted sample —— Ceramic |
.9 1.0 1.1 1.2 9 10 11 40 |
Wavelength/pm Wavelength/pm
’ ? @ m | | =
1.0 e, 1.0 gg’ J Iwin |
f
008 / \ 08 200 400 600 800 1000 |
<3 TE <3
506}/ so6f // Cycles
< - 6=0° < TE |
204 - 6=20° 204 ™ lefal —— Stretched sample —— Ceramic |
<02 S0 <02 |
0 0 |
6 8 10 12 14 6 8 10 12 14 5 10 15 20 25 |
|

A7 AToeRehdmdsts RithaRyRaH. (a) BOb-Loh- Rk 18 & 500 0 A M T & B B Ay Ao 25,
(b) X EARSE RE o EARM AT B A S Im X4 R0 (c) Bk kigoh-4rsh as) F 4 B AR AT =& B A E X R
Fig. 7 Multispectral compatible stealth metamaterials based on all-metal metasurfaces. (a) Schematic diagram and simulation results of the
hierarchical metamaterial for laser-infrared-microwave compatible stealth®; (b) Schematic diagram of the large-area and multiscale hierarchical
metamaterials and experimental test results *’; (c) Schematic diagram and experiment results of the flexible metallic
metasurface for multi-wavelength lasers and infrared compatible stealth®™

¥ 4% T R AR 2.7-26 GHz A8 ¥ 45 VI FE P9 WIS s R
It 90% . 5 RSB S ORI A 52 Bz I 22 7 2 i i
W4, Huang S5 K42 )8 A2 T-AE PDMS 1% I,
ST R EEEEY, WK Tc) B, %4
FFEFAE T R FESCL T 1.06 pm A1 1.55 pm 306
HI R, SR, SRR R R 2 i 2 T
DLV 10.6 pwm SOGHUR T BEARHEGE I B %, A
L[]S I = PO (1.06 pm, 1.55 pm, 10.6 pm)
B SF,  SE 50 I A5 (9 B 58 %43 518 0017, 0.13
0.17. %4 REEMITE 3~5 pm Fl 8~14 pm I BEAR SR 14
FRIRP AR SR, PR G550k 0.19 1 0.11,
BRULZ AN, ZARA R B BB K PSR S, A
TEFRA RS TH T B

3 BRESRE

%y

UTAER, NSRBI T 26w R A FL
BARBLIFEBATT T T T Z AR ARINISE, it
g T —RIVHEIIREA SR LKA, &
EmHRMRIU T PURIERE LS55,
I HHEARYCR . Sil S, AT U

AL SFIIEE R F B AR A Y FL R B B AR
RMIT%R,

A2 R BRI ARG S Tz REMRK
AR, (BRI E VP2 HLE SRR e Pt
WIEEART FE, PRI O LURRIRS S, 2t
— IOt 2SR, ARSI R RN,
HOk, BEprpE i A R Jrse . eess
PERE, AN FE0r RIE & R IRHIHR R HAEL
YR IR T R A A Rt — P9 e, HAT
e A AT [V Tk G5 B AP B D, 7Rk
S ZEE A IIRER RIS, s A T R TB
Hefes 4= = N R

25 52 AR R IO 4

S22 3Rk

[11 Yu N F, Genevet P, Kats M A, et al. Light propagation with
phase discontinuities: generalized laws of reflection and
refraction[J]. Science, 2011, 334(6054): 333-337.

[2] Tang D L, Chen L, Liu J, et al. Achromatic metasurface

doublet with a wide incident angle for light focusing[J]. Opt
Express, 2020, 28(8): 12209-12218.

230119-8


https://doi.org/10.1126/science.1210713
https://doi.org/10.1364/OE.392197
https://doi.org/10.1364/OE.392197

XITH, 25, 5HL T2, 2023, 50(9): 230119

https://doi.org/10.12086/0ee.2023.230119

[3]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[195]

[16]

[17]

[18]

[19]

[20]

[21]

Hou H S, Wang G M, Li H P, et al. Ultra-thin broadband flat
metasurface to focus electromagnetic waves and its
application in high-gain antenna[J]. Acta Phys Sin, 2016,
65(2): 027701.

Pl UM, 2R, A5 R T 1 2R AR R 1 M HTE
HA 55 RE RN FHJ]. P21z, 2016, 65(2): 027701.

Lei Y S, Zhang Q, Guo Y H, et al. Snapshot multi-dimensional
computational imaging through a liquid crystal diffuser[J].
Photonics Res, 2023, 11(3): B111-B124.

Luo X G, Pu M B, Li X, et al. Broadband spin hall effect of light
in single nanoapertures[J]. Light Sci Appl, 2017, 6(6): €16276.
Burch J, Di Falco A. Surface topology specific metasurface
holograms[J]. ACS Photonics, 2018, 5(5): 1762-1766.

Zhang C M, Dong F L, Intaravanne Y, et al. Multichannel
metasurfaces for anticounterfeiting[J]. Phys Rev Appl, 2019,
12(3): 034028.

Zhang X H, Li X, Jin J J, et al. Polarization-independent
broadband meta-holograms: via polarization-dependent
nanoholes[J]. Nanoscale, 2018, 10(19): 9304-9310.

Chen D B, Yang J B, He X, et al. Tunable polarization-
preserving vortex beam generator based on diagonal cross-
shaped graphene structures at terahertz frequency[J]. Adv Opt
Mater, 2023, 11(14): 2300182.

Liang Y, Dong Y Y, Jin Y X, et al. Terahertz vortex beams
generated by the ring-arranged multilayer transmissive
metasurfaces[J]. Infrared Phys Technol, 2022, 127: 104441.
Akram M R, Bai X D, Jin R H, et al. Photon spin hall effect-
based ultra-thin transmissive metasurface for efficient
generation of OAM waves[J]. IEEE Trans Antennas Propag,
2019, 67(7): 4650-4658.

Guo Y H, Huang Y J, Li X, et al. Polarization-controlled
broadband accelerating beams generation by single catenary-
shaped metasurface[J]. Adv Opt Mater, 2019, 7: 1900503.
Monticone F, Estakhri N M, Alu A. Full control of nanoscale
optical transmission with a composite metascreen[J]. Phys
Rev Lett, 2013, 110(20): 203903.

Qin F, Ding L, Zhang L, et al. Hybrid bilayer plasmonic
metasurface efficiently manipulates visible light[J]. Sci Adv,
2016, 2(1): e1501168.

Akram M R, Mehmood M Q, Bai X D, et al. High efficiency
ultrathin transmissive metasurfaces[J]. Adv Opt Mater, 2019,
7(11): 1801628.

Jing X F, Gui X C, Zhou P W, et al. Physical explanation of
Fabry—Pérot cavity for broadband bilayer metamaterials
polarization converter[J]. J Light Technol, 2018, 36(12):
2322-2327.

Pfeiffer C, Grbic A. Millimeter-wave transmitarrays for
wavefront and polarization control[J]. /IEEE Trans Microwave
Theory Tech, 2013, 61(12): 4407-4417.

Bouchard F, De Leon |, Schulz S A, et al. Optical spin-to-
orbital angular momentum conversion in  ultra-thin
metasurfaces with arbitrary topological charges[J]. App/ Phys
Lett, 2014, 105(10): 101905.

Chen M L N, Jiang L J, Sha W E I. Orbital angular momentum
generation and detection by geometric-phase based
metasurfaces[J]. Appl Sci, 2018, 8(3): 362.

Yao B S, Zang X F, Li Z, et al. Dual-layered metasurfaces for
asymmetric focusing[J]. Photonics Res, 2020, 8(6): 830-843.
Xue C H, Lou Q, Chen Z N. Broadband double-layered
Huygens’ Metasurface lens antenna for 5G millimeter-wave
systems[J]. /[EEE Trans Antennas Propag, 2020, 68(3):

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[39]

[36]

[37]

[38]

[39]

230119-9

1468-1476.

Lin D M, Fan P Y, Hasman E, et al. Dielectric gradient
metasurface optical elements[J]. Science, 2014, 345(6194):
298-302.

Fang C Z, Yang Q Y, Yuan Q C, et al. High-Q resonances
governed by the quasi-bound states in the continuum in all-
dielectric metasurfaces[J]. Opto-Electron Adv, 2021, 4(6):
200030.

Yue Z, Li J T, Li J, et al. Terahertz metasurface zone plates
with arbitrary polarizations to a fixed polarization conversion[J].
Opto-Electron Sci, 2022, 1(3): 210014.

Li J T, Wang G C, Yue Z, et al. Dynamic phase assembled
terahertz metalens for reversible conversion between linear
polarization and arbitrary circular polarization[J]. Opto-Electron
Adv, 2022, 5(1): 210062.

Liu Z Q, Tan W Y, Fu G L, et al. Multipolar silicon-based
resonant meta-surface for electro-optical modulation and
sensing[J]. Opt Lett, 2023, 48(11): 2969-2972.

Zhu L, Dong L, Guo J, et al. Polarization conversion based on
Mie-type electromagnetically induced transparency (EIT) effect
in all-dielectric metasurface[J]. Plasmonics, 2018, 13(6):
1971-1976.

Chen M, Cai J J, Sun W, et al. High-efficiency all-dielectric
metasurfaces for broadband polarization conversion[J].
Plasmonics, 2018, 13(1): 21-29.

Chen J, Wang D P, Si G Y, et al. Planar peristrophic
multiplexing metasurfaces[J]. Opto-Electron Adv, 2023, 6:
220141.

Zheng G X, Mihlenbernd H, Kenney M, et al. Metasurface
holograms reaching 80% efficiency[J]. Nat Nanotechnol, 2015,
10(4): 308-312.

Jiang S, Chen C, Zhang H L, et al. Achromatic
electromagnetic metasurface for generating a vortex wave with
orbital angular momentum (OAM)[J]. Opt Express, 2018,
26(5): 6466-6477.

Li X N, Zhou L, Zhao G Z. Terahertz vortex beam generation
based on reflective metasurface[J]. Acta Phys Sin, 2019,
68(23): 238101.

ZEIGEAR, JEIBR, BN I L T B T 7 A R 2% T IR [J].
YyE=Ail, 2019, 68(23): 238101.

Sun S, Yang L J, Sha W. Offset-fed vortex wave generator
based on reflective metasurface[J]. Acta Phys Sin, 2021,
70(19): 198401.

M, BHARS, V0. 356 T 5 S 9 i 1) e Bt X e e 7 A 2
[J]. PrEE=E47, 2021, 70(19): 198401.

Ye W M, Li X, Liu J, et al. Phenomenological modeling of
nonlinear holograms based on metalic geometric
metasurfaces[J]. Opt Express, 2016, 24(22): 25805-25815.
Gong Z J, Wu C, Fang C Q, et al. Broadband efficient vortex
beam generation with metallic helix array[J]. App/ Phys Lett,
2018, 113(7): 071104.

Xie X, Li X, Pu M B, et al. Plasmonic metasurfaces for
simultaneous thermal infrared invisibility and holographic
illusion[J]. Adv Funct Mater, 2018, 28(14): 1706673.

Xie X, Liu K P, Pu M B, et al. All-metallic geometric
metasurfaces for broadband and high-efficiency wavefront
manipulation[J]. Nanophotonics, 2020, 9(10): 3209-3215.

Liu Z Q, Liu G Q, Fu G L, et al. All-metal meta-surfaces for
narrowband light absorption and high performance sensing[J].
J Phys D Appl Phys, 2016, 49(44): 445104.

Hulkkonen H, Sah A, Niemi T. All-metal broadband optical


https://doi.org/10.7498/aps.65.027701
https://doi.org/10.7498/aps.65.027701
https://doi.org/10.1364/PRJ.476317
https://doi.org/10.1038/lsa.2016.276
https://doi.org/10.1021/acsphotonics.7b01449
https://doi.org/10.1103/PhysRevApplied.12.034028
https://doi.org/10.1039/C7NR08428E
https://doi.org/10.1002/adom.202300182
https://doi.org/10.1002/adom.202300182
https://doi.org/10.1016/j.infrared.2022.104441
https://doi.org/10.1109/TAP.2019.2905777
https://doi.org/10.1002/adom.201900503
https://doi.org/10.1103/PhysRevLett.110.203903
https://doi.org/10.1103/PhysRevLett.110.203903
https://doi.org/10.1126/sciadv.1501168
https://doi.org/10.1002/adom.201801628
https://doi.org/10.1109/JLT.2018.2808339
https://doi.org/10.1109/TMTT.2013.2287173
https://doi.org/10.1109/TMTT.2013.2287173
https://doi.org/10.1063/1.4895620
https://doi.org/10.1063/1.4895620
https://doi.org/10.3390/app8030362
https://doi.org/10.1364/PRJ.387672
https://doi.org/10.1109/TAP.2019.2943440
https://doi.org/10.1126/science.1253213
https://doi.org/10.29026/oea.2021.200030
https://doi.org/10.29026/oes.2022.210014
https://doi.org/10.29026/oea.2022.210062
https://doi.org/10.29026/oea.2022.210062
https://doi.org/10.1364/OL.489627
https://doi.org/10.1007/s11468-018-0712-8
https://doi.org/10.1007/s11468-016-0479-8
https://doi.org/10.29026/oea.2023.220141
https://doi.org/10.1038/nnano.2015.2
https://doi.org/10.1364/OE.26.006466
https://doi.org/10.7498/aps.68.20191055
https://doi.org/10.7498/aps.68.20191055
https://doi.org/10.7498/aps.70.20210681
https://doi.org/10.7498/aps.70.20210681
https://doi.org/10.1364/OE.24.025805
https://doi.org/10.1063/1.5039804
https://doi.org/10.1002/adfm.201706673
https://doi.org/10.1515/nanoph-2019-0415
https://doi.org/10.1088/0022-3727/49/44/445104

XITH, 25, 5HL T2, 2023, 50(9): 230119

https://doi.org/10.12086/0ee.2023.230119

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

absorbers based on block copolymer nanolithography[J]. ACS
Appl Mater Interfaces, 2018, 10(49): 42941-42947.

Mattiucci N, Trimm R, D'Aguanno G, et al. Tunable, narrow-
band, all-metallic microwave absorber[J]. App/ Phys Lett, 2012,
101(14): 141115.

Li ZY, Butun S, Aydin K. Ultranarrow band absorbers based
on surface lattice resonances in nanostructured metal
surfaces[J]. ACS Nano, 2014, 8(8): 8242-8248.

Liu Z Q, Liu G Q, Liu X S, et al. Achieving an ultra-narrow
multiband light absorption meta-surface via coupling with an
optical cavity[J]. Nanotechnology, 2015, 26(23): 235702.
Zhang K, Deng R X, Song L X, et al. Broadband near-infrared
absorber based on all metallic metasurface[J]. Materials, 2019,
12(21): 3568.

Liu Y M, Zhang X. Metasurfaces for manipulating surface
plasmons|[J]. Appl Phys Lett, 2013, 103(14): 141101.

LuMJ, LiTY, Ge Q, et al. Phase modulation mechanism and
research progress of multifunctional metasurfaces[J]. Acta Opt
Sin, 2022, 42(21): 2126004.

XA, RN, AR, 55, ZT)RE AL R A AR L IR B AT
FEHEIRJ]. G, 2022, 42(21): 2126004.

Xie X, Pu M B, Huang Y J, et al. Heat resisting metallic meta-
skin for simultaneous microwave broadband scattering and
infrared invisibility based on catenary optical field[J]. Adv
Mater Technol, 2019, 4(2): 1800612.

Cai J X, Zhang F, Pu M B, et al. Broadband and high-
efficiency photonic  spin-Hall effect with all-metallic
metasurfaces[J]. Opt Express, 2022, 30(9): 14938-14947.

Xie X, Pu M B, Liu K P, et al. High-efficiency and tunable
circular-polarization beam splitting with a liquid-filled all-
metallic catenary meta-mirror[J]. Adv Mater Technol, 2019, 4(7):
1900334.

Chen L, Shao Z L, Liu J, et al. Reflective quasi-continuous
metasurface with continuous phase control for light
focusing[J]. Materials, 2021, 14(9): 2147.

Cai J X, Zhang F, Pu M B, et al. All-metallic high-efficiency
generalized pancharatnam-berry phase metasurface with
chiral meta-atoms[J]. Nanophotonics, 2022, 11(9): 1961-1968.
Luo J, Wang Y H, Pu M B, et al. Multiple rotational doppler
effect induced by a single spinning meta-atom[J]. Phys Rev
Appl, 2023, 19(4): 044064.

Luo X G. Catenary Optics[M]. Singapore:
2019.https://doi.org/10.1007/978-981-13-4818-1.
Pu M B, Ma X L, Guo Y H, et al. Theory of microscopic meta-
surface waves based on catenary optical fields and
dispersion[J]. Opt Express, 2018, 26(15): 19555-19562.

Li X, Ma X L, Luo X G. Principles and applications of
metasurfaces with phase modulation[J]. Opto-Electron Eng,
2017, 44(3): 255-275.

e, Ty, B SERI. R 3 IR 7 DR SRR B ). JGr TR,
2017, 44(3): 255-275.

Xie X, Pu M B, Jin J J, et al. Generalized pancharatnam-berry
phase in rotationally symmetric meta-atoms[J]. Phys Rev Lett,
2021, 126(18): 183902.

Guo Y H, Pu M B, Zhang F, et al. Classical and generalized
geometric phase in electromagnetic metasurfaces[J].
Photonics Insights, 2022, 1(1): R03.

Pu M B, Li X, Ma X L, et al. Catenary optics for achromatic
generation of perfect optical angular momentum[J]. Sci Adv,
2015, 1(9): e1500396.

Zhang M, Pu M B, Zhang F, et al. Plasmonic metasurfaces for

Springer,

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[73]

230119-10

switchable photonic spin— orbit interactions based on phase
change materials[J]. Adv Sci, 2018, 5(10): 1800835.

Guo Y H, Ma X L, Pu M B, et al. High-efficiency and wide-
angle beam steering based on catenary optical fields in
ultrathin metalens[J]. Adv Opt Mater, 2018, 6(19): 1800592.
Guo Y H, Zhang Z J, Pu M B, et al. Spoof plasmonic
metasurfaces with catenary dispersion for two-dimensional
wide-angle focusing and imaging[J]. iScience, 2019, 21:
145-156.

Zhao L, Liu H, He Z H, et al. All-metal frequency-selective
absorber/emitter for laser stealth and infrared stealth[J]. App/
Opt, 2018, 57(8): 1757-1764.

Song M W, Li X, Pu M B, et al. Color display and encryption
with a plasmonic polarizing metamirror[J]. Nanophotonics,
2018, 7(1): 323-331.

Zhou X T, Jin R C, Wang J, et al. All-metal metasurface
polarization converter in visible region with an in-band
function[J]. App! Phys Express, 2019, 12(9): 092010.

Yan J C, Li Z K, Zhang Y, et al. Trapped-mode resonances in
all-metallic metasurfaces comprising rectangular-hole dimers
with broken symmetry[J]. J App/ Phys, 2019, 126(21): 213102.
Wu P H, Wang Y Y, Yi Z, et al. A near-infrared multi-band
perfect absorber based on 1D gold grating fabry-perot
structure[J]. IEEE Access, 2020, 8: 72742-72748.

Majumder B, Sankar V S, Meena H. Design of an artificially
engineered all metallic lens antenna[C]//2020 IEEE Asia-
Pacific Microwave Conference (APMC), Hong Kong, China,
2020: 1072-1074. https://doi.org/10.1109/APMC47863.2020.
9331698.

Li L X, Zong X Y, Liu Y F. All-metallic metasurfaces towards
high-performance magneto-plasmonic sensing devices[J].
Photonics Res, 2020, 8(11): 1742-1748.

Shi Y'Y, Yang R, Dai C J, et al. Broadband diffraction-free on-
chip propagation along hybrid metallic grating metasurfaces in
the visible frequency[J]. J Phys D Appl Phys, 2021, 54(4):
044001.

Xiong X, Wang X, Wang Z H, et al. Constructing an
achromatic polarization-dependent bifocal metalens with
height-gradient metastructures[J]. Opt Lett, 2021, 46(6):
1193-1196.

Du W J, Lou Z L, Chen X S, et al. Multifunctional metasurfaces
integrating near-field display and 3D holography[J]. J Phys D
Appl Phys, 2022, 55(10): 105102.

Zhang F, Pu M B, Gao P, et al. Simultaneous full-color printing
and holography enabled by centimeter-scale plasmonic
metasurfaces[J]. Adv Sci, 2020, 7(10): 1903156.

Cheng Y Z, Yang D R, Li X C. Broadband reflective dual-
functional polarization convertor based on all-metal
metasurface in visible region[J]. Phys B Condens Matter, 2022,
640: 414047.

Wang M C, Cheng Y Z, Wu L. Ultra-broadband high-efficiency
circular polarization conversion and terahertz wavefront
manipulation based on an all-metallic reflective
metasurface[J]. App/ Opt, 2022, 61(16): 4833-4842.

Zhu J F, Liao S W, Xue Q. 3-D printed millimeter-wave metal-
only dual-band circularly polarized reflectarray[J]. IEEE Trans
Antennas Propag, 2022, 70(10): 9357-9364.

Bai G D, Ma Q, Cao W K, et al. Manipulation of
electromagnetic and acoustic wave behaviors via shared
digital coding metallic metasurfaces[J]. Adv Intell Syst, 2019,
1(5): 1900038.


https://doi.org/10.1021/acsami.8b17294
https://doi.org/10.1021/acsami.8b17294
https://doi.org/10.1063/1.4757282
https://doi.org/10.1021/nn502617t
https://doi.org/10.1088/0957-4484/26/23/235702
https://doi.org/10.3390/ma12213568
https://doi.org/10.1063/1.4821444
https://doi.org/10.3788/AOS202242.2126004
https://doi.org/10.3788/AOS202242.2126004
https://doi.org/10.3788/AOS202242.2126004
https://doi.org/10.1002/admt.201800612
https://doi.org/10.1002/admt.201800612
https://doi.org/10.1364/OE.455381
https://doi.org/10.1002/admt.201900334
https://doi.org/10.3390/ma14092147
https://doi.org/10.1515/nanoph-2021-0811
https://doi.org/10.1103/PhysRevApplied.19.044064
https://doi.org/10.1103/PhysRevApplied.19.044064
https://doi.org/10.1364/OE.26.019555
https://doi.org/10.3969/j.issn.1003-501X.2017.03.001
https://doi.org/10.3969/j.issn.1003-501X.2017.03.001
https://doi.org/10.1103/PhysRevLett.126.183902
https://doi.org/10.3788/PI.2022.R03
https://doi.org/10.1126/sciadv.1500396
https://doi.org/10.1002/advs.201800835
https://doi.org/10.1002/adom.201800592
https://doi.org/10.1016/j.isci.2019.10.019
https://doi.org/10.1364/AO.57.001757
https://doi.org/10.1364/AO.57.001757
https://doi.org/10.1515/nanoph-2017-0062
https://doi.org/10.7567/1882-0786/ab3c0c
https://doi.org/10.1063/1.5128520
https://doi.org/10.1109/ACCESS.2020.2983394
https://doi.org/10.1109/APMC47863.2020.9331698
https://doi.org/10.1109/APMC47863.2020.9331698
https://doi.org/10.1364/PRJ.399926
https://doi.org/10.1088/1361-6463/abbfc6
https://doi.org/10.1364/OL.414668
https://doi.org/10.1088/1361-6463/ac3b11
https://doi.org/10.1088/1361-6463/ac3b11
https://doi.org/10.1002/advs.201903156
https://doi.org/10.1016/J.PHYSB.2022.414047
https://doi.org/10.1364/AO.454099
https://doi.org/10.1109/TAP.2022.3184483
https://doi.org/10.1109/TAP.2022.3184483
https://doi.org/10.1002/aisy.201900038

XITH, 25, 5HL T2, 2023, 50(9): 230119

https://doi.org/10.12086/0ee.2023.230119

[76]

[77]

[78]

[79]

[80]

Chu H C, Lai Y. Ultrathin invisibility cloaks based on
metasurfaces[J]. Infrared Laser Eng, 2020, 49(9): 20201038.
MRS, TR . TR R T B B B AR V). £LAM SO TR,
2020, 49(9): 20201038.

Ji C, Peng J Q, Yuan L M, et al. All-ceramic coding
metastructure for high-temperature RCS reduction[J]. Adv Eng
Mater, 2022, 24(8): 2101503.

Li Z G, Wang W, Rosenmann D, et al. All-metal structural color
printing based on aluminum plasmonic metasurfaces[J]. Opt
Express, 2016, 24(18): 20472-20480.

Xu C L, Meng Y Y, Wang J F, et al. Optically transparent
hybrid metasurfaces for low infrared emission and wideband
microwave absorption[J]. Acta Photonica Sin, 2021, 50(4):
0416001.

R, BT, EWE, FOU¥ENL SREEARERSZE
R[], 771z, 2021, 50(4): 0416001

Yang K, Shi S Q, Li C X, et al. Broadband stealth devices
based on encoded metamaterials[J]. App/ Opt, 2022, 61(34):

(E=TER

X (2001-), 5, Bi-EEFGEA:, EEMNSFOLF
R Y2 1T S5 T BIAESE

E-mail: liuyouxiu@mail.nwpu.edu.cn

(81]

[82]

(83]

[84]

[89]

230119-11

10171-10177.

Huang S N, Fan Q, Xu C L, et al. A visible-light-transparent
camouflage-compatible flexible metasurface for infrared-radar
stealth applications[J]. J Phys D Appl Phys, 2021, 54(1):
015001.

Buhara E, Ghobadi A, Ozbay E. Adaptive visible and short-
wave infrared camouflage using a dynamically tunable
metasurface[J]. Opt Lett, 2021, 46(19): 4777-4780.

Feng X D, Xie X, Pu M B, et al. Hierarchical metamaterials for
laser-infrared-microwave compatible camouflage[J]. Opt
Express, 2020, 28(7): 9445-9453.

Feng X D, Pu M B, Zhang F, et al. Large-area low-cost
multiscale-hierarchical  metasurfaces for  multispectral
compatible camouflage of dual-band lasers, infrared and
microwave[J]. Adv Funct Mater, 2022, 32(36): 2205547.
Huang J K, Wang Y T, Yuan L M, et al. Large-area and flexible
plasmonic metasurface for laser—infrared compatible
camouflage[J]. Laser Photonics Rev, 2023, 17(3): 2200616.

L fEfes ] e (1992-), 5, Wit Hlds,
ERNIOG AR ) SOUAREAL . B
P AR TT TR o

E-mail: xinxie@nwpu.edu.cn

D

'

.

OF5=A0

;

B4R, FREPDF2T


https://doi.org/10.3788/IRLA20201038
https://doi.org/10.3788/IRLA20201038
https://doi.org/10.1002/adem.202101503
https://doi.org/10.1002/adem.202101503
https://doi.org/10.1364/OE.24.020472
https://doi.org/10.1364/OE.24.020472
https://doi.org/10.3788/gzxb20215004.0416001
https://doi.org/10.3788/gzxb20215004.0416001
https://doi.org/10.1364/AO.471262
https://doi.org/10.1088/1361-6463/abb728
https://doi.org/10.1364/OL.439435
https://doi.org/10.1364/OE.388335
https://doi.org/10.1364/OE.388335
https://doi.org/10.1002/adfm.202205547
https://doi.org/10.1002/LPOR.202200616

X, 45, JeHL TR, 2023, 50(9): 230119 https://doi.org/10.12086/0ee.2023.230119

Applications and progress of all-metal
metasurfaces in phase manipulation of
electromagnetic waves

Liu Bo, Xie Xin", Gan Xuetao, Zhao Jianlin
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Schematic diagram of the typical geometric phase-type building blocks and all-metal metasurfaces

Overview: Classical optical devices use changes in the refractive index of material or surface shape to accumulate the
optical path difference like lenses and prisms, thus converging, diverging, and deflecting the light beam. To overcome
these limitations of the large size and heavy weight of classical optical devices, researchers have proposed a new structure
known as metasurfaces, an array of artificial designs at subwavelength scales. Metasurfaces can change the amplitude
and phase of electromagnetic waves at interfaces, which provides a means to realize novel optical phenomena and the
planarization and lightweight of optical devices. As a result, a series of metasurface-based flat devices have been
demonstrated in the past few decades, including beam deflectors, holographic displays, vortex beam generators, etc.
However, the efficiency of the initially designed functional devices based on metasurfaces is too low and is greatly
limited in practical applications. To improve efficiency, low-loss dielectric materials with high refractive indexes are
used to design metasurfaces, and the working efficiency is significantly improved. Additionally, metal-insulator-metal
hybrid reflective metasurfaces can remarkably enhance efficiency. A new reflective metasurface composed of all-metal
structures has been proposed recently. All-metal metasurfaces exhibit higher energy efficiency and larger operating
bandwidth in phase modulation than metal-insulator-metal structures. Besides, since metallic materials generally have
excellent thermal and mechanical properties, such as high-temperature resistance, high strength, and good flexibility, all-
metal metasurfaces have the potential for applications in highly complex environments such as high temperatures and
high pressures. All-metal metasurfaces have been applied in various fields of holographic display, beam deflection,
electromagnetic invisibility, etc. In this paper, we focus on the applications of all-metal metasurfaces in planar optical
devices and electromagnetic stealth and provide an outlook on its future development direction.
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