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Fig. 1. Schematic of a single thin film anti-reflection coating.
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Fig. 2. (a) Atomic force microscope images of two porous PMMA films, after spin-casting of a PS- PMMA-THF mixture onto silic-

on oxide surfaces; (b) variation of the refractive index as a function of polymer composition; (c) light transmission versus

wavelength of microscope glass slides that were covered on both sides with AR layer(62,
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Fig. 3. (a) Top panel is the scanning microscope photographs of the Si surface after FAB etching, bottom panel is the calculated
spectral reflectivity of two-dimensional Si pyramid gratings with different periodicities®”; (b) top panel is comparison of the reflectance
as a function of wavelength for a planar Si wafer (solid line, black) and SiNTs (symbols) for L = 1.6 pm (green), 5.5 pm (blue) and
16 pm (red) at UV, VIS and NIR wavelengths, inset in top panel shows the cross-sectional SEM image of the L = 1.6 pm SiNTs;
bottom panel is comparison of specular reflectance as a function of wavelength for a planar silicon wafer (solid line, black) and

SiNTs with L = 16 pm (red) in the far-infrared regions, inset in bottom panel shows the cross-sectional SEM image of the L = 16 pm
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Table 1 Vapour source material, vapour incident angle in oblique-
angle deposition, measured refractive index and thickness of layers
forming thegraded-index coating.

Graded-index layer number

1 2 3 4 5
Vapour source TiO, TiO, TiO,  SiO; SiO;
Vapour incident angle (°) 25 40 65 -68 -87

Measured thickness (nm) 77.4 80.2 99.3 145.0 223.0
Measured refractive index 2.03 1.97 1.67 1.27 1.05

The thickness and the refractive index for each layer are measured by
ellipsometry. The refractive indices are the ones at a wavelength
of A =632.8 nm.
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Fig. 4. (a) Linear-, cubicandquintic-index profiles that have
index matching with airl®; (b) cross-sectional SEM image
of graded-index coating with a modified-quintic-index pro-
file, the graded-indexcoating consists of three TiO, nanorod
layers and two SiO, nanorod layers; (c) wavelength depend-
ence of theoretical (solid line) and measured (dashed line)

reflectivity of graded-index coating at normal incidencel”.
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Fig. 5. (a) SOI photodetector with metal island film; (b) measured enhancements due to the presence of the metal island layer, en-

hancement is defined as the ratio of the photocurrent of the device with the islands to that without the islands(™; (c) light trapping

by scattering from metal nanoparticles at the surface of the solar cell, light is preferentially scattered and trapped into the semicon-

ductor thin film by multiple and high-angle scattering, causing an increase in the effective optical path length in the cell; (d) light

trapping by the excitation of localized surface plasmons in metal nanoparticles embedded in the semiconductor, the excited

particles’ near-field causes the enhancement of light absorption in the semiconductor(™.
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Fig. 6. (a) Top panel is sample picture of an optically thick metal films perforated with a periodic array of subwavelength apertures,

bottom panel is zero-order transmission of 200 nm thick Ag film (periodicity of air holes 900 nm; hole diameter 150 nm) at normal

incidencel; (b) top panel is normal incidence transmission images for subwavelength holes, bottom panel is normal incidence trans-

mission spectra for three square arrays of subwavelength holes. For the blue, green and red arrays, the periods were 300, 450 and 550 nm,

respectively, the hole diameters were 155, 180 and 225 nm and the peak transmission wavelengths 436, 538 and 627 nm!¢.
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Fig. 7. (a) Left panel is light transmission through conducting gratings, oblique incidence under the flat transmission condition, Ew
and Eh“ are the projections of E™ onto the surface and the slit wall, respectively, right panel is transmission spectra of a gold grating
of different periods and the incidence angle is 84°, the inset shows the reflectivity for period of 10 pml'%; (b) left panel is optical image
of the grating, the insert shows the cross section, right panel is experimentally measured angular transmission spectra of the gold

gratings in THz region['’); (c) left panel is geometry of the metal grating, right panel is experimentally measured angular transmis-
sion spectra of the metal gratings in microwave region!%.
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Fig. 8. (a) Schematic of metallic cuboids on a glass substrate; (b) calculated transmission spectra under incidence of 0° and 68°,
d, = d, = 320 nm, w, = w, = 80 nm, h =320 nm, and n, = 1.47; (c), (d) the cross-sectional distribution of electric fields (| EJ?) at

the center of the cuboids (y = 120 nm): (¢) 6 = 0° at A = 1020 nm; (d)

= 68° at A = 1600 nm"4,
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Fig. 9. (a) Normalized magnetic field distribution inside the
ABA structure at the high transmission frequency obtained
by effective medium level calculation; (b) measured (circles)
and calculated (lines) transmission spectra of a practical
ABA sample, following the spirit of metamaterials, the sub-
wavelength metallic mesh structures and H-shaped resonators
(inset) are adopted to realize respectively the desired B layer
with negative ¢ and A layers with positive ¢ at the working

frequencies!!53,
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Fig. 10. (a) Top panel is illustration of Terahertz-pulse propagation through the uncoated and coated silicon substrate, as measured

in our experiment, middle panel is AFM images of a chemically deposited gold film, bottom panel is Terahertz time-domain spectro-

meter (TDS) transmission signals'””); (b) top panel is schematic diagram of the THz measurement, middle panel is SEM picture of a

Cr grating on Si, bottom panel is THz TDS transmission signals under normal incidencel'®); (c) top panel is a schematic of the THz

measurement, middle panel is SEM picture of a Cr mesh on Si, bottom panel is THz TDS transmission signals under normal incidencel!6!],

A TR TIR 45 T PR S 1) B B 45 2R (29
5%). FEHMBIA ST, BT R0EB e, KL
DK A1 552 35 AR 45 W Y JBE 5 A BB LG AN (H F, 33 1Y
SEHRETA i E R A TN (R
WHURTE, 255 (ngy, = 1.0) 5k (ng = 3.42) i
Tt 2R R S, i R R E A, P48 5
AR G5 5 Y N5E R A% ol 5 A K % T e il il J2 BHL A D
BC A&, DI IR B O IR AR . AN, %051k
AR R AR R R/ INHE UORE B 42 ], B 1 o SO A
F A PEXELLRIIE. 2013 4F, Ding 45 160 | HIG 2114
I TR ARAE B S R E A RS ] A — 2 R I I v
ARG (R 10 pm, JEEE 20 nm, %51 0.35),
IF R IZEER T FEH AXMF%E I (0.06—3.00 THz)
18 S S8 IR RE T AR 210 2 i m il /E L (anl&l 10 (D)

FIiR). ANid, PR e AR S 45 R AR B 0 4% 1) S5
(4, PRI DB S5 38325 X5 A SR A8 D B A A e Pk
XX — Al #4F | Ding 55 [SU(ILE 10(c)) PRk IR
WIS S0IE B TR IR I K 1E T 42 8 A 45
o 2 1 T S Bl B I O 1) T Al R 2% T 1)
T

Thoman %51 Ding 542 H 19777k B AR W LIE
“H A 2050 O AT R A B ) A 2 A SRR 1) g, L
[Fi) ) 45 i U8 2 225 40 %o L 0 0 A, 2 AR i 1) R A
S RMFE, KA R FEGPRIFARIRE. 2009 4F,
Zhang 45 102 0B R R RHEE A6 5 4% 0 DUZ RS 7
PARGE A AT RIAT ROh A6 S 5 (s 11 (a) B
), T HA ST BT 98 B R BR 2% 5 1 e S 1Y
ROR, S SAUEBAUSE R B/RTE 0.56—1.56 THz

147802-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

0.80

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019) 147802
(a) 2 () H° Mttty g
.»'\\_\Pielecfric substrate 0.90 [4f MM‘ “ | "E wmﬁ%ﬁ ]WF
. LM il
- m (AN
\ \H il

- ™ y

“Thin copper film square grid

Bl 11
Fig. 11. (a) Basic structure of the artificial dielectric; (b) transmission of the complete ARC quartz plate

I B 0 BT P 3 S 2R e 3k 90%, ULIET 11(b). %5 ik
YR SRR T 2 R B R F, BEEAEH A
H, B8 i AR A R E IR, RS2 i TR AR B
) B GA  Joi

2010 4, Chen 55 163161 $3 538 1 5L T8 A4 B4 R}
TYEAHTH (P SRR 24 I S (5355 ) 1Y i
P TAE. WK 12(a) s, BB Rk S5 H L3
TR =2, BIERMEE)E /N 2 ) 4 E ias
2. TUZ &4 T HIE IR 451 4549 (split-ring
resonators, SRR), JIKJZ N4 M (mesh) £544, H
(i) J2 Ay 38 3o T T BB T A ek i 25 1 SR BE 2R
13 pm PR LA B2 (dielectric spacer). B iZi#
a1 Fk sk sz 8 il 2 FE R AL AR (I HLH 3K eqans =
12.7) w2 b, AT RAREAR F R I D25 S S 3]
s A R R . B 12(a) AR B & 1R i i 2 S
Tk, S5 WRTEASHEM A 1.2 THz Ab IS5
AR 0.32%, M AR IE 90%. 5 ICH R
IS A 2R LRI 31 555 24 30% 13E (J) HiF 58
Ak (AH TR 4% #Tﬁﬁﬂﬂc%‘%%ﬂ“iﬁ S 34350 R
32% M 68%). Mg Hr R, TiZ & )8 JF MR
H@ﬁﬂ?ﬁﬁ*ﬂfh};iﬁ DA A% 45 ) T 4 258k BELA T
VRIS HL R R I 2 ) ST, X SR AU (5]
JI)2 22 1] B S35 5 T AN T2 /Aol JEE 22 1] Y 535 3
TAT) X0 T S5 I8 R S I8 A e i AR A 57 B AT AR 98 A
FERE ). B MM RHEUR RGBT — D HERFR
1) FPIEHRIE, S — BB A 2HZE R )5, %
KA Z WIS, gt (GBS 2
R GBS LT WEMMER. X—H5%%
S8 /A B /4 e BB AR Rk 3 v R R R A R Y T
YEHLIRSE A [H].

Chen %50 TAEFH T ANTR B AR T
VS 3 375 S 1) SEUR R R A A 2 o

Transmisson/arb. units

0.70 “H

il i gl
“ H ﬂ‘ | | ”W

\ |||
il ‘l" H“u;" \I‘\| J | |4 |
50 60

{ .t\ |I|||‘|”.|,.”||.J

20

30 40
Wavenumber/cm~!

(a) N AN BE5 MR 7R B (b) 4776805 2 1Y A7 3L 35 A0 35 55 3% 102

[162]

£ S RN € = SToh SN 285 0L A = A
W B AR T SR VY, am AR R B BT AN [
WTUBE SN FL R /0% Dz 348 37 11651090, L v
FMEAFA 152, 2013 4 Kabiri 55 170 $2 1 T 4
i 5 )2 (superstrate) MBI R (JF SR 4R
YR KLR) R AU SR, R R 2Z T AT LA L
MR 5, 2 DR R 22 F R 6 2 (B TV A 1A
e, WE 12(b) fiR, BB R s b
AR A, TR D) 7R 6 1 5 BE 1 AR k. SRS </
A 7 552 SRR 7 552 /R 3 1 AL T 22 [
7;255%0\&%1‘ TER—3 R, YER AR 55
AR 5 R AR A T 5 (AL e R R AR A
J )2 546 S 22 1] B 4 i 490 K R 28 1 RR B A FH % 1)
AHOC. YRG5 AR P B A 4 R 9K R b 2%
THI 45 K4 AH ELAE PR, P e o 7 A i (e
WA P 2E R M 2 T TRt M ) T LA R 5 4 R b
BELL AT S A Ak i [ e 2 1)), 3| Ak A R D5 1
PRIE AN, K AR TRFIA L (RIS Chen 4 163164
P2 SRR A R T 0 A TV AR SR AR
IR S, W13 3 4 K R s A e e BRI A 7 =X
AT R TAERG IR T & FAFIE
ARG 20K 4 T8 4540 4 BEOAS [R) HE Ay QA o 7
2 SRR Z A R 135 R AT k. BN
JERGHR I 1 AT 2 5 25 30k [170].

TR ) ) 9 T i ML A A o 7 o )2 R o 2 A
HIA R Z 18], R 268 T80 0 77 kT L SE e
B RCR, R E TA R Z b, #ih ks
15 i1 TR AR A AT D3 T 4 1Y) J B 3] R
SRR A SRR 2014 4, Zhang 25 17 9 K4k
1B T X AR 2 T 2L Ak S R, Al 12(c)
B, T2t R 60 nm A4+ F 408 SR
TRBES, FETOUZ 5 5 ST (nge. = 4) #HRZ R4

147802-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019) 147802

100
@ 3
@) 8 80
r\’l.eﬁp“ E
5 60
@
S
090 5]
h‘\ey\p\\eﬁ e 40
S
8
% 20
4
. 0. L .
Air SRR Spacer Mesh  GaAs . 0.8 1.2
Frequency/THz
4.0 -
£06 = Bare Si
i 8 — = 0 NM
504 0.3% = 100 NM
3.0 Eo.z d =250 nm
3 w=d = 350 nm
E g o s==d =500 nm

o

200 400 600

Depth of array/nm ====d =550 nm

= = = Simulation

Relative reflectance/arb. units

4 5 6 7 8 9 10

1.0

g S
[} ®

o
IS

o
N

Reflection & Transmission/arb. units

o

Wavelength/um

B 12 (a) Zc BB AORHES 2 T 38R DL R AR SCAR 1, b 181 S 18 b RS )2 R 284 T, A P TE AR 2% T S8 3 I 4+
PO IS S 1 5 3 S i 1990; (b)) 7 P A B i A B2 T B 4 i 4 K 25 e 1 s S LB R R, P R T R R 45 1 SEML L, SRR T
VU Z 2R, 4300 0 L1 Z0phA B 2R AT I | L2 # A UG OK 42l R 45 1 . L3 L35 4 B2 0 100 nm A £ ik LA B A4 T2
500 nm (4925 Fh i, A 1B A S 300 A5 1 SR 170 (c) 72 PR A e 3R T Sz 445 4 v 114 22 T S A 1R s T BT, o R S 8 e 190 9 T
AR R R, A7 B D 4 T AR IR M A BUE AR (R LR FISCIRI R (S04 BT (T) 5 AHE (R), & BT
ZER 1Y SEM [ 171

Fig. 12. (a) Left panel is illustration of interference model of the metamaterial antireflection coating and associated variables,
middle panel is schematic design of the metamaterial antireflection coating, right panel is experimentally measured reflectance and
transmittance under normal incidence.l'® (b) Left panel is schematic of antireflection mechanism, middle panel is SEM images for
square nanoantennas. SEM images demonstrate the following four layers: L1, patterned substrate; L2, embedded nanoantennas; L3,
covered amorphous silicon layer (100 nm); and L4, covered amorphous silicon (500 nm). Right panel is measured reflectance for
square nanoantennas('™.. (c) Left panel is schematic of multireflection within the metasurface antireflection structure, middle panel:
is schematic of the metasurface antireflection coating on a germanium substrate, right panel is experimentally measured and nume-
rically simulated metasurface antireflection performance, the optical reflectance (R) and transmittance (T) spectra at normal inci-
dence are plotted as solid curves for experiments and dotted curves for simulations. Insets: SEM images of the unit cells!'!,

KT —)2EE KR 520 nm FFALEE (nver, = 1.32) 5 AR RAN L, BON AR 36% TR T 5%,
TR, SR AE R W, BT R RS S5 A 1A R 32 5 5 e 64% $2 i 21 1 94.9%. X Ml s 7
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Fig. 13. (a) Top panel is unit cell schematic of the bilayer metasurface structure consisting of top gold cross resonator, bottom gold

cross-slot, and silicon cross-pillar, bottom panel is false-colored SEM image of the unit cell (scale bar: 50 um); (b) bilayer antireflec-

tion metasurface at mid-infrared wavelengths, measured reflection and transmission spectra; (c) bilayer antireflection metasurface at

THz wavelengths, reflection and transmission measured in experiments for three different values of cross-length L; (b) and (c) dot-

ted lines are reflection and transmission for a bare silicon surfacel!™.
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SPECIAL TOPIC—Plasmon-enhanced light-matter interactions
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Abstract

When light passes through an interface between two media with different refractive indices, part of light
energy is reflected and thus causes an inevitable optical reflection. Optical anti-reflection is of great importance
for applications in a wide range such as solar cells, optical lenses, infrared sensors, and photo-detectors, which
has long been a research topic in the fields of optical systems and optoelectronic devices. In this article, the
recent research progress of the optical anti-reflection based on subwavelength artificial engineering materials is
reviewed. Having made a brief review of conventional anti-reflection methods, we focus on the overview of the
newly developed techniques for optical anti-reflection, such as eliminating reflection by exciting the localized
surface plasmons, the enhancement of transmission induced by the excitation of propagating surface plasmons,
making metals transparent by the help of metamaterials, and the reduction of anti-reflection in long wavelength
infrared and terahertz spectral ranges by using metasurfaces. Compared with the conventional anti-reflection
methods, the new technique usually does not suffer the limitation of material, and it benefits from enhanced
light absorption and wide incidence angle response. The new technique also enables the design of anti-reflection
over wide or a multiple wavelength band. Finally, the future opportunities and challenges for further developing

the subwavelength artificial engineering microstructures in optical anti-reflection are also predicted.
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