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Abstract Based on the direct modulation of diffraction channels by localized surface plasmon resonances from
metallic nano-structure or Mie scattering from all-dielectric micro/nano-structures, a metagrating emerges as an
ideal platform for high-efficiency manipulation of wide-angle diffractive optical fields. In this paper, the physics and
applications behind metagrating-based manipulation of diffractive optical fields are reviewed. First, metagratings
with desirable high diffraction efficiency are introduced, including different working schemes of reflection and
transmission modes as well as symmetric, asymmetric, and reconfigurable configurations. Second, by incorporating
the high diffraction metagrating with displacement-coded phase modulation mechanism, arbitrary wavefront shaping
with a wide-angle range can be realized, leading to their special applications in high numerical aperture metalens,
angle-tunable multi-functional devices, and wide-angle hologram metagratings. Third, considering the metagrating
as a bridge to connect the surface wave and free-space wave, the mutual conversion between a free-space wavefront
and a surface wavefront is analyzed. Finally, we give a brief summary and the development trend and the potential
applications of metagratings are prospected.
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Fig. 1 Schematic for comparison between phase-gradient metasurfaces and single unit-cell metagrating structures.

(a) Reflection and (b) transmission phase-gradient metasurfaces; (c) reflection and (d) transmission single unit-cell

metagrating surfaces

FEA 2 & 1 A R bR T A R 1 B SR
BSR4 1A AT S 2 5 o T 25 MO 3
5 QS 31 22 Z0 A S 0 57 006 0 OO L R TE Ok
A EE T ¥ A T 2 R R S T, P — S T R A S Al
HAT QTR 45 50 1) M D6 Bl 3 o0 45 0 0 i 5 e 9 B
etgn nl LUST WK A BE D AT B 0P 5 S R Z [l Y
[ B 5 2) A S Al v 17 5 0 15 1T P9 A2 4% =X
HA R R & R R 3 A th s 1] B 5 3%
T AR G ] T s AR JR A 8 B O 3 9
PEARAE 5 3) AL G AT 52 BT O 1 B AT OE

FHASE I8 ) 75 A ASCAR A T B — e TC 45 K 22 [ 1) A T
RLFE A T AN T 2 03 T 25 4 1 T LT T 30 R R
R T 9K £ T2 MRS BEZERES e ml I, Y
DA R R A TR A S ' 7 4 e A0 4 | R U T
BOLY 98 P A S 1 T 00 RSP 5 78 B AL AR AL
B R 4 B 7 R R G TR 3 4 4R R
RS B e T E A B R T AR AT B
JZ N

7 SO R G A R A A O 3 1 ) BEAIL B K
B AT TRk . 5 W ARG T A

0823011-2



BRI

E 415 F8HI/2021 F 4 B/RFFIR

SRR R G M O R A LB S S B AR B A
20T 4 Jm AR AR B OT L 4 A ROK TGRS X
ey R 25 A3 A 3 T O B B 9 R 58 S A A B
R R A RN I — P A AT AT A R
R DA 1) T R A DT TR AR R . SR =
SR BEIR T AT S AR R O Pl i 51 A AT A
A LS B A AT O A I 45 A N T R
PG T R AL AR A 6 M B R R Ol
ZEJCARAE AR B TR B 22 2y RO AR 1R L R AL AR
ey Sl M 4 8 A AR P D T R A AR L SR T S A
20T AR M D SR T 5 A S 18] A0 I 4 B
B TEAR LA G B RT 15 2 T O BHT Y R 28R AL
R AR Ty T T . S R A3 X R AR O M O 3 1A
BERBUR AR A S bty T R S RE ., W
FEUL I A R, B T AR SR TR A 3 TR O R TN
FE ST LA R TR 0 s SRS N I i i
JOA Al R AE AR SO RHE T Z N

2 AT A SRR AL A

B A A A 25 A PR T S R I R R S
ZAT ST GO AR AT X AT OGS AT RO L 4
HTARB, a] 43y 52 5 =X S8 4 8 48 S i 5 33 5 =X
LR T A G 5 X —Fb TAEAR S, AT DL H B0
GEARAY Sy R AR B 254 AR X PR A M . BT e
e 235 4 1) 5z Sk KRR A D' Bl — RO T R Je R T A
T e PR AR G AT SR 90 U 194 346 45 1 1 iR RO T R
T4 HL A BT A A 118 325 S OB A A U] 32 AR T
JoT T 2 45 R ) A TR RIS Rt Sl 45 A3 S 2 ) e 4
PERG SR . X T TAELERF A GG BT 1R PR A 5
TG AR A, AT S BRI RS 0 5 — 1 AT
S IE B R HF A GRS 3OS Jay S =X 1
AHEAE I B A] 35 3 A S R0OR 19 H . iioxt 1 T
YEFETEASHE BT B R X PR S o A e . 1.0, —1
AT 5 G TR B A A L Ol T 3R B 22 A0 G GE T G Y %
T2 X AR R o g Z ) R S S
AHEAE T i B4 2 8 AT T 98, m] ik 31 ik
PRV o 5 — P AT E Y
2.1 gt

T8 S 3 2K A8 S B b, 7 S s 4 O 37 19 S e
T HFH 4 G I 7 A ] DRI AR AR U S Y AT
S, 38 3 R AR D AR SRR Y A ] DGATT S
LR TITE 0 F1 £ 1 9, 3X 2L 07 5 Gk B hy oo 4t
PRESH MR R G B IE . O T ASHEE 2 +1

o — 1 G5 AT 5, B A FT M 5 o0 45 44 11 % AR bk L 2
2ATBEASC R R R CER BB A ST 7 . |
i AT 28 A 4 T Al 80 s Bk o A O i R
PR 3 B2 S5 3R A S A L 4 i ok B I - -
4 T JES T (MM &5 g T80 49 516 ) 26 S ik 56 o AR
SEA ST AR ACSTHIE B Y 58 98 B 78 36 K A
JEAT G s R, AATTHE th JE X AR Q B X% 1] 5
PEILPR I T 25 M KR — W 4 i 4
T =4 i A 4 K A g R B A YA P 3R A TR
NG OL T B AR BR AT B S S R e
A R AT 555 38 3 B 3 S R R DGl /b, AN AT R
T 435 My 1y e A X B RT S B ChnAE A RIS L E
{7 2 B AR A LR B A] )

2 Jif 7R o0 76 4 T Al 760 [ 1) v 6 58 S 3R 1Y) 58 6
FT A L Y 4 A P A R e R (CMD B
Wkt M 0 AT (RO BESE ST, Wi —1 9%
B (R - D RCRIBF] 100 % [ 2 Ca) ], i Fl B 5 9k
B A 2 R 5 (EOD) . FH B 2 (b) fT 7R 1Y i
S5 A B A A AR A i TAE B K S S A
il BRAT S 90 A B — R SR 3 (WA 444
LA LM TRk, tm « 2x/p,=*k,
(m=0,1,2, )% . L £, HFATF = WK
KA ko AR R KN po HEEHY T, £m
NG R, fE+tm By WA DL b, IFE B +m
PR . B A% 5 A AR 4b 7E 20 AT 5 29
X (FDO[E 2(b) I A B R &AE 0 H5 1(5
— D) At 4. 1 FDO . 4o S )5 38 8] BR AR oK
(Localized gap mode) #% 3 % H. i & ¥l A& % 1) 238
I 45 PR B A B RV SR ) 1 (B — 1 O AT
S5F 30 G L A L T 0 AT S ) o8 e g, B 2
() B EM—1 HATFHBCR R |° BEAST
O HIH— PRk, /20 WL, Hd i +1
— 2 B I R T PR A A DX sk B X R R 2 (b A
M FDO K3, 7MKL, |[R |° 78 ko /2n=
0.85 Ab Hy BLIL 4R 0 , I H 4R W 76 A 55 M0 10°~
8O I A Y Yo Rl N AP AE . M A ST MAE R 0, =30°1F
(H 2CD ] A5 8% | R |* BRI F] 100% , 1M
XiF A EEAR Y 0 RATIACE (R, [ M 0. R, B3
PRIE 555 0 B CM (CM,) 1 1% ik 04 15 & 4, 1 W
CM, Wik T R, 8 8. B 20
JEAS A 30T H |, A3 A A OCHIE R AT
SR —30°, B G 58 4 W R R [ET, B B T 58
ESEEIEE

0823011-3



(d
g A
$05 RPN {
g 7 A~ "lAcwol
% ‘g \
-9
e !
0

HF 415 FSH/2021 F£4 B/REZER

FeyAdiffraction-
der (FDO) regimes
Diffraction Order Chart Kk,

5 (e)
87300
S e
® 7 7
§ 77
0

~710 20 30 40 50 60 70 80
6o

A

Pl 2 Gk R 4 A R A O

0809 101112131415

Ca) 4 Jm MY R K DL A 9 7 BT 5 (b))l 22 A% AT 78 S i R Y & 2 [0 2 0 K T

()[R, [ * BEA ST A BE R BB A 5 (d) — 1.0 GUAT 5 8003 3% K Jmy SR W 35 5 Ced A A1 Ry 30° HL & /= 5 36 Tl B
(retro-reflection) ML WG & (H ) 431

Fig. 2 Symmetric reflection metagrating™”

. (a) Schematic of metallic groove metagrating; (b) k-space diffraction order

chart composed of multiple Wood anomaly lines; (¢) ‘ R, ‘ * versus incident angle and wave number; (d) —1th and

0™ order diffraction efficiency spectra and local mode amplitude spectra; (e) magnetic field (H,) distribution

diagram for perfect retro-reflection with incident angle of 30°
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Fig. 3 Asymmetric reflection metagrating™®® . (a) Metagrating composed of bianisotropic unit cells array with perpendicular

electric resonance and magnetic resonance as well as schematic of asymmetric perfect diffraction; (b) parameter

scanning image of cancellation factor under normal incidence; (c) diffraction efficiency of each diffraction order

corresponding to normalized frequency denoted by red star in Fig.3 (b); (d) distributions of incident and reflected

fields at designed frequency
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Fig. 4 Symmetric transmission metagrating. (a) Principle diagram of plane wave diffraction from all-dielectric

metagrating™ ; (b) normalized scattering spectra of electromagnetic multipoles excited by p-polarized wave and s-

polarized wave, respectively™ ; (¢) experimental demonstration of realization of beam bending with all-dielectric

[l

metagrating”" ; (d) schematic of transmission SiN, metagrating”? ; (e) theoretical efficiency diagram of perfect

transmission end diffraction™ ;

bandwidth™ ; (g) magnetic field pattern of perfect transmission end diffraction™
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Fig. 5 Asymmetric transmission metagrating. (a) (Left) dielectric double-ridge waveguide with different widths and free-

space radiation under certain phase difference and (right) far-field response image of double-ridge metagrating™" ;

(b) extraordinary diffraction of bianisotropic transimission metagrating

shaped structure™™ ;

(e) freeform metagrating constructed using topological optimization™ ; (f) metagrating constructed by deep learning
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Fig. 6 Reconfigurable metagrating. (a) Schematic of reconfigurable metagrating composed of metal-graphene-metal

sandwiched structure™ ; (b) schematic of spin-locked reflection of right-handed circularly polarized beam under

varying incident angles with reconfigurable spin-locked reflection metagrating
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Fig. 7 Applications of metagrating lenses with large numerical aperture. (a) (Upper)SEM images of metagrating lens are
displayed (scale bars indicating 10 pm, 5 pm, and 500 nm from left to right), (middle) focal field distributions of
metalens in xz plane and xy plane, and (down) normalized intensity map along 2 direction at x =0 and normalized
intensity map along x direction at ¥ =45. 05 ,ummﬂ ; (b) (upper) design diagram of hybrid metalens and actual
metalens (bottom left) phase distribution and structure diagram of phase-gradient metasurface, (bottom right)
structure diagram of wide angle deflection metagrating, diffraction efficiencies of metagrating (dot) and diffraction

efficiencies of phase-gradient metasurface (solid line) under different diffraction angles™"
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Fig. 8 Achromatic focusing of metagrating™’ . (a) Schematics of beam deflection of coaxial small-angle achromatic

metasurface and off-axis wide-angle achromatic metasurface; (b) structural diagrams of off-axis wide-angle
achromatic metal groove metagrating; (c) effect diagrams of achromatic focusing
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Fig. 9 Multifunctional device with angle selectivity of metagrating™ . (a) Flow chart of extraordinary optical transmission

(EOT), total internal reflection (TIR) and extraordinary optical diffraction (EOD) of multifunctional metasurface;

(b) phase profiles of EOT, TIR and EOD at different incident angles and incident wavelengths; (c¢) numerical

simulation results of EOT, TIR and EOD focusing at different incident angles
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Fig. 10 Applications of metagrating holograms with ultra-large angle tolerance. (a) Metasurface hologram device designed

by sub-wavelength dielectric metagratings and detour phase
tolerance designed by subwavelength metal metagratings

diffraction dielectric metagratings
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Fig. 11 Metagratings used for converting surface plasma polariton (SPP) into arbitrary free-space wavefront. (a) Schematic

of conversion from SPP wave to [ree-space wave through diffraction orders of metagrating"®® ;

(b) modulated
(s8]

metagrating for free-space Airy beam generation by SPP excitation™ ; (c¢) modulated metal metagrating used for

3D plasmonic micro-projector™ ; (d) modulated metallic slit metagrating used for conversion from SPP waves with

different polarization and propagation directions to different {ree-space holographic images
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Fig. 12 Circular metagratings used for mutual conversion between cylindrical SPP wave and arbitrary {ree-space wavefront.

(a) Circular metallic groove metagrating with central hole

FUL (b) circular metallic slit metagrating formed

by interference between SPP wave and free-space vortex beam™”
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