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All-optical image processing technology and applications

based on micro-/nano-devices

Fu Weiwei, Huang Kun®

(Department of Optics and Optical Engineering, School of Physical Sciences, University of
Science and Technology of China, Hefei 230026, China)

Abstract: The rapid development of nanotechnology has promoted the processing and manufacturing of micro-
nano structures, scientific research and industrial applications. The investigation on optical properties of micro-
nano structures has recently been one of the hotspots in the field of optics, which has driven emerging disciplines
such as nanophotonics, surface plasmonic optics, metasurface/metamaterial optics, topological photonics, and
non-Hermitian optics. It provides the important technical fundamentals for full control of light with high
precision. This article focused on the edge detection in all-optical image processing. The fundamentals, principles,
technologies and applications of micro-/nano-scale structures and devices were discussed to realize optical
mathematical computing (such as differential, convolution), followed by a detailed prospect about its future
applications in ultrafast image processing, high-contrast microscopic imaging, convolutional neural networks and
intelligent optics.

Key words: micro-/nano-optics;  edge detection;  picture processing;  all-optical mathematical computing

Wieis A #A:2020-06-02; &7 H#A: 2020-08-29

ELWH: HE AREAI4 (61875181, 61705085)

{EZ BN AT (1994-), 55, A, EEMFHADEFEERA I HYAHFT . Email: fww@mail.uste.edu.cn

BIRAEE: T (1985-), B, DFSE 0L, [E-EA: S0, 8, 2T Grot 2% KN HAE S H 95K . Email: huangk]7@uste.edu.cn

20201040-1



ISk A2

%9 www.irla.cn % 49 %
0 31 T [REE RS B R A N E AR (o Y i

A TS, 5 BAE LU B 580 RE 18 K, ¥ B o de
A BRI i e 1 SRR O XA 3 K R 1l
R, USRS A S B BETHLAE, 2RI
ARBRIEIR | TS 2B B, N g A 87 5
JE AR i 1Y, AEL T EL PR AT H R Y IR AR BT v
2% A R 1 FL B R e SRR AT, (EAR I T
U B JBE R DG 55 P REAR M R T, DA O HEAE
(1N NEEZE S i 14 ST Ve IR | A S
AR R fifp R T B[R] R A SR, Horh, FE TR TR
T AL B D v Al i S BR 4R I T — SRR B A
P JLAE, S # BN B2 B 1R 0l 19 &, LR AR Y
FHATEAR R, e AT 55 P40 1 sl L IR
FERY R R S o O E T DO X B A R A7 R
MUBIFAT AR BE, 31X 55 5T i 7T B LAY R 87 b 2
FALE, BAT B F AL Ot 5 A AR % vl G )
3 20 tHh28 60 AFACF], SR B T M2z i 121
P T AR A AP0 A 8 HL Ml v b, AR 58 )
PG Ak BT vk K B Z2 AN e, Hoil o (R B
K, AT R R A dte o VRO — Bl 2
BAL BT, EGA A I AT TiE Z R, JC
HURE i 2K SRS B

T JUAR, D2y b 2 T A K R G 7E M K5
FEL PN A5 K R 42, 0 e TR Rl A B s 1) RS R
FEARAAT S AR A 1) 0 AT AN R Y, L RE SE B
GOt IR & P IIRE, ATIUUREE | R BUR A9 2 4t
Jerontt, AR B BREA 2RO R
GOtk — 2R A I IE B T S R R
THT 32 i g 8 BE | R TIAR AN AT 5 4R AR A i, LAl
TEFAE R EA BRI TR O AT RE . 7RO
TR, LGNS HARAE I | R 3 28 FU R a4
(1 220 B, FLRE SR O O/ B R I B BRI R
D A B B B P, Gk )
53 20721 o e P 4 P AR B B R A T
S 2 U R A H BN TS 2, AR,
TE 52 I P Ak A ST R, an BT TR LR g
PR, A e R v i I R DA AR I o B XX
— A1, A 25 M AT PR D G D o — 4
LR AT B, Sk A T A R

A U709 S8 N AR 07 08 R0 1 I R 2 1) 52
XU T, TLART A 37 TE SR BE M9 A0 T e 7 /R
ROL I EEAG U 2 o SRRl LM e R B A L,
He T BRAA LR ) FG D A A 1 (9 (AR K 2, R
PG, A B E R R G SOy
07 bad At S N 75 4 ) T B BRI S B gk
e, WHE T ARSI AL, S AR R 4
MG RGBS %

1 RFEGAZENEAR

1.1 AHERENEN N EERMESE

2014 4 Silva 85 1 A I 52 B0 T8 BHY
B G HA, A T RR IR BT Y AR 25 4 R 2
B, Xk HG I8 ) R AR T R AT R IS B (s [a] Ak
g3 BUPBCET) A 28 i A, 38 5 Bl
70 g SR AR ) PR R (s e S I8 AT 2 1]
BN BCEEEERAE. T S T hE, flfiTE
TN T s (1) B R RST A A6 B A S 4 U
T (2) ZEVPHOR IR T ks MR BT RE . X
FRE AR Bl /N AL . PR LRGSR R 4, LAk
TR O A 1A% GEAE 5 AR Ak B g v LA K
=

5 T 5 A8 Ik S vk R A 10 L e A9 el rh R
VI AR AT B R IE R, AN E R g() =
jf(u)c(y—u)du, Hor, fuyREEAS S, GO)hi%
RGNIRE R REL . TR B IS, 2T ROR
g(k) =G (k) f(k), & GRIf 550K g, G A £ i L
A TR, A RHA R A EE = A R
A B A8 46 PRLTT, — A5 ] B IR 4 G (k)R 30 ol L
AT, X T A TT, H—A R R
(GRIN) 41 B, HAT R 5 = p MUBAT iy 2221k

[ 41 HL B
e(y):sc[l—(z%g) yZ] (1)

e ek GRIN i 0 B A HLH B0 Lo R AE K
. FEE 1, GRIN®FR /R A HLUH BORRE 5% 0 1E .
FEGERE AL, VR AE 3G 7 1) 76 fa BB LA m] 52 9L f 1L
A e, HDREM S T LB ST . GRIN-F/R A HL

202010402



s Gk A2

%94

www.irla.cn

% 49 A

RO RN, u=—p,, € = —s(y), WrEHEIT 10078
AR LA AR A B AR e T TR) R Y A
AT SR FH T AN ) 9 7 9 s (1) R 1 vl i e R
I (metasurfaces), E. A K S K e, () /€0 = s () /1o
(W& 1 FIR). (2) —FP SR =R AR, JE T A
AN TR RE B 451 2R B RR A RLIE 24228, i, SRR A 4
fLEF (AZO) FIEE (Si)o 5E T X S, TS0 — L gt
KRB EARAE

Output

Input GRIN+

P 1 ST RAGRATRRTIY . — RSO 2 AR AR R SRR
R B R AT TEAL AR 5 A R 0 AT T i i BB 4,
7E GRIN+7HI GRIN- 4544 2 6], BEH5 PR ES 4 AT LUTE L
R T BB

Fig.1 Wave-based metamaterial computing. A conceptual sketch of a
suitably designed metamaterial block that may perform a desired
mathematical operation on arbitrary wave signals as they
propagate through it. A thin, properly designed metasurfaces
sandwiched between two GRIN structures with positive and
negative parameters, can perform mathematical operations in the

Fourier domain
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Fig.2 Nonlocal metasurface. (a) Schematic of an array of split-ring

resonators parallel to the x-z plane. The measurface is excited by
TM-polarized waves propagating on the x-z plane; (b) Metasurface
with broken x and z symmetry to obtain an asymmetric response
with respect to positive and negative ky, as required in order to
implement a first-derivative operation; (c) Metasurface with a 90°
rotational symmetry to implement the second derivative in 2D; (d)
Transmission versus incident angle for the metasurface for an
second-derivative operation; (e)Transmission versus incidence
angle for the metasurface and for an first-derivative operation; (f)
Image used to test the response of the metasurface at f = 0.98 fy,
where fp is the resonance frequency of the unmodulated
metasurface; (g) Output for illumination (f) with unpolarized light
from the normal direction. Panel (a)-(f) adapted with permission

from reference [17]
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Fig.3 Design of surface-plasmon-based spatial differentiator. (a) Sch-

ematic of the plasmonic spatial differentiator with the Kretsch-
mann configuration to excite the surface plasmon polariton
(SPP). The dark grey layer and the light grey area correspond to
the silver film and the glass, respectively; (b)-(d) Spatial transfer
function spectra of the three samples by the experimental measure-
ment (dotted lines) and the numerical fitting (solid lines). In the
numerical calculation, thethicknesses ofthe silverlayerwere46.0nm,
50.0 nm and 55.5 nm, respectively. 6y corresponds to the incident
angle for the phase matching; (e) Left: incident image consisting
of the Stanford tree logo and letters generated with phase
modulation, where the inside and the outside of the letters and the
logo have different phases but the same intensity. Right: reflected
intensity image. (f) Left: incident image consisting of the ZJU
eagle logo and letters with amplitude modulation where the inside
and the outside of the letters and the eagle have different
intensities. Right: reflected intensity image. Scale bar:100 pm.

Panel (a)-(f) adapted with permission from reference [19]
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B A1 LI DX TR wp = 0.476 56><27tc/qu‘|t|7Fﬂkx$ﬂk)®§5I9€

i [ PR T B () W o=14°77 [ |6, 1AF o [kl B, — L&
tu = aylkl?, a, A BB G S8 (h) /R 2 610a x1 729a 1Yy
Stanford #5; (i) T AL B9 TR IR (8, 15 I B AR D7 1
W%k, [ (a)~(h) MkEhEid 5% 3CHk (18] HFAT

Fig.4 Photonic crystal slab differentiator. (a) Geometry of the photonic
crystal slab differentiator, which consists of a photonic crystal slab
separated from a uniform dielectric slab by an air gap. For € = 12,
the geometry parameters are: d = 0.55a, r=0.111a, d; = 0.07a,
dg =0.21a, where a is the lattice constant; (b) Coordinate system;
(c) Brillouin zone of the system; Contour plots of transmittance ||
as a function of k, and k, at frequency wp = 0.476 56 X 27tc/a for
(d) S light Jrysl, (e) P light |r,,p|, and (£) unpolarized light |#,|, which
are all isotropic near I'; (g) |7, as a function of |k|along the p=14°
direction, and the quadratic fitting #, = a,,lkl2 where a,, is the only
fitting parameter; (h) Incident Stanford emblem with a size of
2 610 a x 1 729a; (i) Calculated transmitted image with unpolari-
zed light, which clearly shows the edges with different orienta-

tions. Panel (a)-(h) adapted with permission from reference [18]

[t 52 7 25 [ [a) P i) B o WS o = 1405 [, |t [
kB 7 R A e (L E 4(g)), Hiii £k & R
It = a ks a A S, TERVNT6x 107 x 2mt/ail
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B, A 5235, 6107 x27r/adf i T HE 0 £
0, =0.72, BUHFLIE NA=0.013, X 4 EZ o $2 4L T
FEE R R TEEE o BT 4(h) T 40 7R iR TGRS
P05 B0 UG W 22 40 S5 3L, 15 06 b Sk s i B 34 5
%% o IR I BE 25 8] 3 BE 29 20 pm, 2 L)
W R 2B GRS FORF iR fF 5 4
B, H R BRF 4 B i is B, X S ROR A AL
Ty — s BRI, 3R 23 (] 43 BB o vk K MR 42 =
AR

VE R LA SR A TN A, T S R 1
e P N S S TR DR B S ) 3 T e 1 W A )
75 2 T 75 19 A% 328 ek AR, SR T S AR HE S| S B (quasi-
guided modes) M R ML5H . H 55| FHRFE, 5]
A T R A, TR R HE PN I R AT S SR A TR P A%
RO, MR Sl AU RS v S RLUC LR,
SERLFIE S S8 2 (8] 45 & AE Fano T, B3
1B B BE T, Segs 7 AR AR EE (Si0,)
Hob I A 4 K i AR LT A TR R i (PMIMA) 4
B AB T A (UL S BT ), e g R R 0 5 B
440 nm, H 15N 280 nm, JEIH A 600 nm, X Fp— 4 ik

5 MG TR USRI . LT AR i
BAE B EUR Ein S UL Z VS Eour o« V2 EinMR LB, S5
BT R R ABR A

Fig.5 Two-dimensional image differentiation using nanophotonic
materials. Schematic of a photonic crystal slab acting as a
Laplacian operator that transforms an image, Ej,, into its second-
order derivative, Eqy o< V2Ej,. The unit cell of the differentiator is

composed of Si nanorods

I AR AE BB R i, A SRR L REPAT — B
st
1.3 BRREAR LR IR A

H T LA IR A T B 2 KR RIR R, Ny
T ag R AR R, T R AR DGR AR R
HIDEATCIFHF B HARNL | IR AEAIRAEF- 1 _E =S
]SRRI T R AL ARZAFHT, A Tt e th A
FH SR L AR HEAT 3 G AG I 0 7 e R AR A Bt L,
VFZ A AR LX) HEE B 7 I8 WS, T Je e
37 % L BE LSRN 22 73 1 5 X LGB IR iR e AH
7 98 D A 1 A% ol R — DB E AL, T(xy) =
exp (i), & fiI A AR o ARG I8 Bl A 51 A 2 4 L
TET, A P 8T P 094 57 0 W T A L A 4 5 52 0
SYRRELO(x, y) B FRAF 5

i e
E(x,y) =0(x,y)®T{e“’} = 0()c,y)®12m2
e _ . e®
jj dxdyO (x - x,y—y)zzﬂf2 ®)

Ao FoR B AR =
r, oM, @ 5 YGAN T B A WA 10 Lo SRAEAAIAZ Y
BRE R, AU 5 5 AR S L G AR 5 LTI AR
WAE . % e BB HEAN A BA L IRLAS, B2
RITE,

Equ o €7 g e +iE;,g e )
Ko B M E 53 i 2 i A S A 3 10 52 B R
Yid B MW A RAGL 5 Gam PN gon(Gum F1 S ST A 1 (EL T AH
B EE RN (BLAR), HAE R

X2 +y?2; ¢ = arctan(y/ x);

Zum =:V: |Einl = 8am€"™"€am (10)
8on = V il = gne™epn
VUi 4 3 P 4 i A 3 S A 7 208 30 P A
(ELFUAR 5272 F 5 M A P I 2E o IR BE AR AT — A4
DEAEAS, R FT 2065, 45 g ~ O, i tH I IO AR AR
1 SR T7 [ RSE Y, DI, % B 7R, 76 LT
TR O 28— 1% T2 52 KT T 52 B A 2 490 A ) 300 45 42 1L
S T 2 2R 2 T Ol 7 o 4 ok 92 B e AR
37 5% 5760621 P AR, LAY Dol 4 A A R A T L R
S BUHE TR BER L B SR AR,
5 T 0 Y O T X B AR (10 0,).
MDA 0, 0. = (co+ ) /2, ¢, = (co+¢) /2 -,
0=(co— @) /4o @ @2 mBLRKAB LW Ry — 42 B
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F, [l 6(a)~6(c) Ry T $i H 118 8 2 T 8 5 4 I B IR A
AR AR AT IS AR K AR AR R GO BORLIE B 2 T
BT A 09 4 K A 5 2 4T 18 22 S 600 nm, JH 4] 450 nm.,

d
LP QWP Objective Metasurface

'

Sample Relay lenses Imaging lens
_ _ _ _

6 WRHEMNI AT, () TS TR I 48 [RIE P A8
Ko A AT AR b BTG AR AR ORI
S TC AR T BRI 75 0 PR RVRFAL ] s (b) SR A R T 9 e
Fo HBIR: 500 pm; () TiO, 49K 451 SEM & I I 4 14 1
AHLE . HBIR: 1 pm; (d) A BEAR S SR TEAR (7 36 He AR S5 56
BB REEL, LP R QWP ] Ul A U fdk . CP Wl LA
FHARIH BRI B P Y TT 5015 (e)~(h) F LCP ASHEZHITE 480,
530 580, 630 nm P KAMBIRAIE ST E % ()~ FANHREE
K RCP ASICAARAGIEBEAR XS BRI 100 pme
Bl 6(a)~6(1) (188 i 22 30k [42] 17T

Fig.6 Spiral phase differentiator. (a) Schematic of the designed all-

dielectric metasurface spatial filter. Inset: perspective and top
view of the metasurface unit-cell formed by amorphous TiO,
nanopillar sitting on a silica substrate; (b) Optical photograph of
the fabricated metasurface device. Scale bar: 500 pum; (c¢) Top
view and oblique view of the SEM images of TiO, nanopillar
array. Scale bars: 1 um; (d) Sketch of the experimental setup for
spin-dependent spiral phase contrast imaging. LP and QWP can
make the incident light with circular polarization. CP can be used
to eliminate background light in the optical path. (e)-(h)
Traditional bright-field images captured with LCP incident light at
the wavelength of 480, 530, 580, 630 nm, respectively; (i)-(1)
Spiral phase contrast images captured with RCP incident light at
the corresponding wavelengths. Scale bar:100 um. Panel 6(a)-6(1)

adapted with permission from reference [42]

TiO, Bl VEAF 8 2 T 1 bR, 2 PR HoA S 3K, AT
WCHR T RN AR (0o, )R 3T HO2E — 1L
ER AN KA1 R SE DA D SR SN, T L AR AR A3 A1) AR
X T PRI PR e 2 £ B O s i 1

AR % B A E 6(d) BT, 20 £5 W 69 e H T &
QIR R A B BE ALY 4F R Gk 472 (B A %
Peds, 8 AT 8 P AR AL T S T G ) b
&l 6(e)~6(h) & 7% T 4 % 7€ 480 nm. 530 nm. 580 nm
1630 nm P (4 22 i 18 i ik (LCP) D't BRI T 4 3R Y
TEAR L AR SE 5 U, A RE 55 40 i 5 22 18] (4
JINYIR MR KR 37 2 S50 SR 200 500 SRk DA A3 B SR, 7
AT B i iR (RCP) A B HE St A e AR 07 4o L
BLAG Y, EGO BE 5E 4l AR (8] 6(1)~6(1)). 31 3%
iR PRI T S 7 B 22 (18 A 68 B2 AN, 60 B 200 i 4 i
SR, T AN I A

JRUAE T I8 T8 AH 57 224 1 U I8 28 1T 55 B0 340 %
() B Y, (HH T AR —, TC kS — i Bl 43 2 Ho At 3%
B . 53 A, 3308 T8 AR AV 1) D8 e 4 I vk 4 il 120 2%
o PR, LA IR B2 IR, HORAT IR . R4
KT 2B 5 T0 1, N TR ke 0 R Ak A4
A
1.4 FRARRMZEEAPIERT

MR 224 T3 %t e (DIC) W 48 i Js 3L, 1) 4
T (4 P4 0 2 [ 52 5 g 4 A 3 1 B 1)
& T A% 1 4 Ry — A /N B A B A B
(QPGM)“™I(ILIE 7). SEHGIE B, 1% R ST 2K G4 4
18 A AHAE 53 B BB A1 AE PR AR TR B0 1 AH 67
B ER (PGls). 55 — J2 1 8 2% T 1l 2K 6% 1) R 3
(TE) S [ # 3% (TM) Dl 4 19 1 A~ FELAR B AT 0 45
Wy BT, FERE AR B 063 50 1 J3 B = A0 ST 1
Dy, RS R A RS, fEE 2
T 2 T ) g ) R 233 1) 2 FH B AR 17680, 28 — R 3%
AT R =4S XUCH 5 s il o S 4 R, 7E TE I T™ g i 2
) B = A~ AR TR AR 07 0 % 19 DIC BIHR, 58 2Ry E4
R I ) 5 5 — 2 R AL & A (1) DIC B B
RY5 . AR A P AR ST 450145977
I6], 35 = A5z, DIC G AT A [ A9 AR 17 I 45
Xt — A~ HAT B IR IR 63 1 Z e R U (xy) =
e QPGM [l Ak =4~ DIC K& (I, LANL), Hoh
1, LAL V] LUS
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I/.=|U(x,y)—ei¢fU(x,y—Ay)| (11)

S5 g, = g+ (G s AVRAESIF i TE I TM i
PR5Y Y] (sheared) &5, RN AL ALY AR 101 L0y y BhAH
B AV A, X T B R ) 69 ROk, 72127 T -
B MR 9155 . R 1. L R L, AT B B A
HISF y W2 BE BV, g Cx, y), T3 = MRS

L-L

1
V,¢ = — arct. 33—
b A arc an(\/_ZI] -

) - Vy¢cali (12)

o Vo goai® N T I BR 20 45 A S8 2 100 7 A 1
S, IR, BV A TG BEAR AT AR AR (1 45 5L T
HE RS, 2805 =5k DIC B4 ItE i PG, 7F
ARG OLT, p 77 o) B 1) AR 057 A6 BE UG ANAE 1 T i
(R6F FLBESR, A2 AT T 2R T LU BE 355 o

Output Metasurfaces layers 2
Metasurfaces layers 1

Phase objective

7 FET QGPM o IR, SR MR QPGM JEE
P, 58 R =AML R R B R A . H BRI SH
R )Z T A — B, BRI — X TE F1 T™ {4k
A BB R B, T3 0] = A AR R D5 1 [ B 45 2B =A
BE. TEMIRAT, B RN = REE Y M =1~ DIC /&
& (I, LRL), 75 TE Al T™ (il 2 84 AR R BAR (R

Fig.7 Principle of QPGM-based differentiator. Schematic of the QPGM
employing two metasurface layers, where the second layer is
composed of three separate metasurface lenses. The first
metasurface, together with each of the lenses in the second
metasurface layer. Metasurface 1 makes two sheared focuses for
TE and TM polarizations and splits the field in three different
directions towards the three lenses in the second layer. With the
polarizer, the three metasurface lenses in layer 2 form three DIC

images (1, I and I3) having different phase offsets between the

TE and TM polarizations

ZYE I E R S e eI RE RS
T ZABEWEEA B AR EUR, Sk T R 50 A
BERBIAE S . (HRIX ARG BT PGL A AETR 5

BAFWih g, B RAE—4E 07 midE AT, A8 i wie A fF
P s [, = A R T B Al AR S 5™ AR 2,
Xof e UG ™ A L, R T A A BRI . (H
207 2 Won A B R T 5 72 8 iU T B R T,
P2 AL U R e, i3 O R &, I
AR N B, R AR R SR HOR W A rh
RIEREREEM .
1.5 E-FIJLAEAHIEREE

TR R TR R W RE AT Sl s Sk I, 1t
Pancharatnam—Berry (PB) AH {3 it & Il = [8] 48 A P4~
T FLO S IR PR 4, 5 B A B A
A, iz R REETARSEMMHEEIEN. H—14%
it 4 V- 1T 38 A A 553 21 PB A A3 68 3 1T 7 AR AR S 6
pCxy) = T, A BRI x 7 16 JEL 0 8 A e 1
(RCP) FZETié w4z (LCP) 43t 1Y AH A 53 591 35 1 + 201
2, AN R AE — A EIAR A B A A —
PB {7 AT, W L3 E o (x, y) AT 3R7R R

Eou(x,y) =Eu [(x=A) 3] L |+

EulGera)y]| 1] (13)
o — IR R e i Z R CE, HHER TS
i A AR 2 D I e T2, DU HC K R HL 37
Eoutiedge ('xvy) :(Ein [(x + A) ’y] -

Ealc-n0D| 9] a4

Aefts &= A AR b, W8 B A
FL37 16— B2 ALl o0 3 ARURIE L
dE;y(x,y)
d(x)
S b, A A EOGAS R B P T RN
KEEF . BEEEFEAR A ELAR N 2.5 em, JEE R 3 mm, FE
i B T BLUA 8 mm>8 mm, 41 8(a) A1 8(b) i /n . B
THCAE 4 72 40 Pl B A 1T (O ] 8(c)), K43l
7430 . 500 . 670 nm, FCN L5 E 37 2k I A HE A
AR W S R RE (WLIET 8(d)~8(f)), I Y wi iy 4
ARG TR T 490 DK 25 4 I ) 4 JL AR AR, 2 R A 5 b 37
TR Ak, G S A A 43 3 00 R AN [+ 11
PB AL BE I A, 1% 2 G0 8 8 53 BER 242 pm, #2500
et RGN AT SR PR o 3 I A — R A R R, %
REPY RS —dh Z A, R (x,y) = mx/AZE

| Eoue (1)) | =24 (15)
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Fe(x,y) =m/x2+y2 /A, 1555 T & BT 451

8 T PBHHMIAI MR () AR 1 in (1 in=2.54 cm) AHE fh 1
Fo MR ZE X 8 mmx8 mm (AR 5 mm); (b) 1E (a) X
BFMCREARRDE G . LA RFIRETTE— R AR 7
o (D) AKEEHI A9 SEM IEE (LI 500 nm); (c) L5025
B AGDOUF AWK, WREEZ A 4 R HAR (B
THT) BORCEAE PLAL P2 208 Lok, Pl As (d)~(f) 55 —AT
7R B R AR A I AR 10 FELRG BRBT IR K 4 2 430 nm,
500 nm Fl 670 nm. EEZETAH 4 2 8000 pm. 55 —AT R
FEA G A iR 45 R ER . B 8(a)~8(h) BB 45t 5% 3
ik [44] (9VFRT

Fig.8 Differentiator based PB phase. (a) Photograph of a 1 in (1 in=2.54
cm) diameter sample. Metasurface patterned area, 8§ mm x 8§ mm
(scale bar:5 mm); (b) Polariscope optical image of the sample
pattern area marked in (a). The red bars indicate structures
orientation in one period. (Inset) SEM image of the induced
nanostructure(Scale bar: 500 nm); (c) Experimental setup: The
incident light then passes through the object, which is followed by
a 4f system. The sample (metasurface) is placed in between of the
Pl and P2. L: lens, P: polarizer; (d)-(f) The first row shows
images without the analyzer; the illumination wavelengths are 430
nm, 500 nm, and 670 nm, respectively. The images are taken with
metasurface period 4 of 8,000 pm. The second row shows
resultant images after adding an analyzer. Panel 8(a)-8(f) adapted

with permission from reference [44]
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YIAERE ] b 53 5K E B E gy o XY x Ry J7 W B A
5 3 A S R 7 WKL 9(a) TR, En = u EM(x,Yy),
Eou = u, 2 (x,y), Forbu Fu 53 ARG x Ay J7 1)
iR, 38 3k 2K 2t s [ B A 4 o AR (RS R
5T A BN, B (e, y) FLES (x, y) 1] AR 7R Sy
En = [f B
exp (ik,y) dk dk, (17)
P TV A DD 1) 0 2K i A 2 2 1, 7R 5 G
ST U (ke ) ) 08 S S TG . LG, AL S
S At L 37 22 8] 1Y 23 Ta) AR 4 02 2 A) 3 A% 3 R AR
H(k, k) RE 1, H (kx,ky) = E®"(ky k)| E" (k. k), TEGS
BT, 45 1] 35 1% 33 pR AT LA 4k Ry -

i(ry+r,)

wk,)exp (ik,x) X

H= (eikyr? + e—ik‘vé) (18)

233X (18) A8 OT Y IE 515 R W, 3 434
S HHR I IE AL AR 20k, S e W L 7 03 2 ]
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H=~-

6(ry+r,)
3 k, (19)

BSE— B y 1 25 [ Gl o0 o A% 326 pR R AN M,

6 28 8] 3 P, B2 5 1 B (e, )39 A ES (x,y) =
6 in L
; ("Yz””) @aiy Fh L T 260, 38 2o O 7 T Ak )
IR BE S P [A) 3540 o

@

B9 T A BRI I d o (2) PARHS 18] [l AR (s -
RS ) Ty SHE 7R - 10 F I - 1925 Al 437 &
o (b)~(c) 73T 0 ek YA S5 1S S35 R R 201 [ 5 (d) AT
PG DU IR MR ED s () T ES™ SR T (d) 1R
JERE G HEBIR: S0 pm. 8] 9(a)~(e) kB Zeid 2% SCHk [46)
iopA)

Fig.9 Differentiator based SHE. (a) Schematic of spatial differentiation
from the SHE of light on an optical planar interface between two
isotropic materials, e.g., an air-glass interface; (b)-(c) Measured

intensity profiles of the incident and reflected beams, respectively;

(d) Incident image consisting of the Chinese character for “light”

with amplitude modulation on EI"; () Reflected intensity image
corresponding to (d) by measuring E}O,“‘. Scale bar: 50 pm. Panel

9(a)-(e) adapted with permission from reference [46]
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