| $£48 %5 £ 2H8/2021 £ 1 B/hE

DR0OIE I 968 Sz 54 8 1k F 5 30E Jie

ik, BLE, BEE, BAL, RAE

TR TR S TR BRSO T EAXE AR E., HHh KF 130012

FE PRI 0 IS R AR R BH AR A W s S5 R LA B D A R S MR SF S P B A BN E
S PO AR S — BT B R R R 0 S T B T O A s B A N A A O T A Y s R
R TE ST OGS A A0 BE TR BT R AF A SRR T LU 80 ] B A I R 0 O O B R /IR, TRAE S T OE
o ek 2 i 2 v A e T T A AR A T O S S TR B D T AN () R SRR 0 S S R R 0 2R [ R B T SO T
S S 2 T 0% Jo7 P T S, R SR R I 9 S R T A AE 04 Jed B M T I B PR AT T WS R I U8R 6 2R i A ok
kR IAT T IRE,

KBERBOCH A BRI BT, Masity; Rl

FESES TN249 XEARER A

15l G

o5 W) B AR LA AL S W BSOS LB LI
GE AT GTR T A B R T YO8 2 R k2
Ak 2 T Xk A S5 L TG 5 W O, — L A2 G T L R
Yy B X SO B AL 3 S s B R T S Y T
Mo WO R I R S CARO B Ak — 5 i A A
TARTHRRE LR 5 OB RE ) O —Or AT B T
S TR E TS . B A e e 3k
TAT F) 52 35 O 52 o HL i O A 3 O = AR
R, 7 — 6 5t i B A v 5 TG T A A0 R
AE 85 23 1 AR K B OL BE R K , BRI 3 Ak R Y
RE B e 4 005 S i A8 AR PR BE 5 78 T IL AT S HIL A5
B 7 v MG B A7 A 2 7 T 0 A B A 5 o
1 B M- THT B2 25 06 27 TO A TP A b BB R 2 e A 2
BOG  dEMR R O RGEVERE . L AT AR
MOLAE HE B OCE A,

il w6 ek B Bk 2 A AR 22 05 5 B AR O R BE I
P R TR Y Ao R BN 3k 2 e A
TR A B v R — RN AE IR N SRR

doi: 10.3788/CJL202148.0202011

il & JCHLAE i B 2T i, — B R A 2 Lk
SRS o (EL A 2 I I 5 . K T B M) Ol 20 i
FHBD A B E N A e B B AR AR B B
Jin TR B PR RS s AR R R B R R R
A S T 205 A A B A R PR R R —
Fob bR | 1 28 B4 220 et Tk S HH 2 it A RIS A T el
VRN HEAT IS b 2 IO TR B S s A Y (H
X7 AN AR oy ) 4% 1) () P %

WOEI TEOR M T Bk R, E e, BOotn
TR A 2 0 T4 R B4 A T AT A L B A
NI R RS EE B R s U O TR A AT
JF 4K 3 A T ORI T LA R PR B A A AR
It B3 T 22 FhobERE A I T 4 45 4 R L2 AR B
SERPRLRIER S 0 RO 7 T A 1 R0 RO
SERANIN T SURAT B T AR Bk Z 4t
WOCIN T HA S5 R Al B L XA R T e S A5
R A BT LA S W A DR 06 In AR )
BB 2 U O AR

VSRS R N T T A R e i,
— LU I Bl TR BT Y 0 3 R 2 1 SO SR

Wi B HI: 2020-07-30; fEE BHHI: 2020-09-08; R BHHI: 2020-09-27
HEE&WAB: BEXRESAMAITRI(2017YFB1104300) . EZ A AR 2= 54 (61935008, 61775078, 61590930) ., HMA R H &

JRHKI (20180101061JC)
“E-mail: yonglaizhang@jlu. edu. cn

0202011-1



FRIEX

#4485 £ 2 H/2021 £ 1 B/ EEH,

RS, 5 BUR S J0TR I W R 7 ok UL (A5G 22
B S A 2 T AT LA A ik R AR I L 5 0ok S 53 2 T 7 T AL
SN B A b B8 AT LA SN AR e/ A
AR X HR A A 43 8 5 A DG AR 7 ol v Dk S B 3 Tk AT LA
AR B T K BHRE FL T B LA ZR R T L 2R T 32 T L 1t
AR . ARAE A O I X A8 3 A ) 1 17 A
DB R S R A T AP RN S

AR SCEES T IO I e R S 2 T U Y BT
FUHE I . VR A0 3 18 3R 1 9 S S T LRl S S A R Y
T IR AL i i BT RS A R A AN () 4 ) R
FARBLIE X HLRi s b 47 1T/ 2

2 FEZR RN 5 05 vk

2.1 EARFEE

MG A — Fh A BT AL 1R I B R AL B AR 2
PRAFANAZE H I 20 4 A S 3 W 47 S5 5 [ 1 A
J5T SL TN ' 0 4% 17 B AR L 23 B AR U — R Aot 2
i [ 2 J5UAT A 5T 3B A3 s e S SOt L X R il Bt
AT S A (RO RAZHIE A . A8 58 bR v F 3 3
a3 SO 23 38 AR K O BE 5 A6 PRt 820 b R 3R
T 52 3 't 2 58 AR

5 G — A BT A B 5y — A BT kA
FETR H B S, ST A YO S S eT DL EE T H TS R oR
ik . FEMHT R T AL e iU S TR 2 B S A
BRI AT WA 3 - 1) S I B A TR A 5 L 4
AN SRS — A5 20 oAl e~ 9 A ELAE T At
WSS ] DL Z B AT

FEJE AT n O LAY (T8 n<<ln O3
A A W T 9 A 24 WA BT A Y B kAR
I T RSO F . WA 58 & AR AR T
PO R DU A S 1) SO I 22 8] A AR 6 25 R
3 2) WY SRR BE () L AF 2 A /4 Y A1 B, o 2
RHAGFH WK ML 2E 6 =2nnd cos 0/A(0 A
SEFAED L G A B S B R 0 =0) i,
ST R A R AT LLRIA
nZn\—i—nZ) ’
Aren, HESYHE, BT R=0,H(1DAA]
Haon=1non d=2x/dn., WL, H T KB ENER
SRF o IR R 1% T LA B AT S AR DG

W5 R, — e B B ik Y A2 B 3 1
3T A R I G KR [ A7) 3 b O IR 4 o AR gk
R 3 T8 1) S ARG L A AEAE L 3 A F) T Rk 7E 1 (R
WML E bR ORBE T R AT A, il T H MR

R:( D

e RV AR 298 TAE 32 KR 254 i & sl ik
VNG VE P S B 35218

T 200 Hb 15 BH A SR ' R s S 45 # A B AR
IPLEE

WME 1) frs , Y458 R R T ASHEE K
B 305 2 A R L, 8 A% 6 B S O s 2 Al R
SRS G 2T L AN B 1 (b BT R G s AR A
PN HEAT 2 RN UG T G RA A5 A R 2
AR 6 A /N B 494 0K 25 0 BT 38 K 45 R I, n
B 1Co R s A S 33 A 45 0 91 A Uk H. 23 3% i
B, X e T Ik P 2K AR R HIR 2 A B 4 K 55 4 s
WA G5 A8 S5 AN T 5 A 0 BE T A8 T 56 23 0 el S U )2
WE 1D PR, 76 A S A AR B BT . 28 ORISR
JI 22 B AEAE A - 22 1 37 58 i A LA T A
Vi TV B BB % S B T S R g Bk

(a)

Reflected light (b)

ncident light

(d)

1 el TR IR 45 H T i e . oot IR 4t 31 %2
WEEH BT [ (b) ot 5 a5 /4 R 7= AR Ot s
()5 PR EEHIAR TAE s (D 7 7 3 A S 4 2

WA Y R 1B A
Fig. 1 Light acting on structures with different sizes™" .
(a) Light irradiating macro-structural unit;
(b) light interacting with microstructure to form
“light trapping ”; (c) light interacting with
nanostructure; (d) light gradually bending through

surface with refractive index gradient
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Table 1 Comparison of methods for fabrication of AR surfaces
Method AR Structure Advantage Disadvantage Reference
Double-shelled Simple method and uniform . . .
Sol-gel P . High cost and consuming time [10]
hollow nanosphere product composition
. Facile method, and controllable ) .
Photolithography Nanoneedle . . Costly and complicated master [11]
morphology and size of graphics
. L. Moth's eye High resolution, fast preparation Costly and complicated master and
Nano imprinting . ) [12]
nanostructure process, and low cost high environmental standards
Simple method, fast preparation .
. 3D compound P p- P Poor anisotropy and
Wet etching process, large production area, o [13]
eye structure . . tough conditions
and good etching selectivity
Asymmetric . .
. Y . Fast preparation process, high . .
Dry etching nanowire o . . > Expensive equipment [14]
flexibility and anisotropic etching
structure
Chemical vapor Simple device, controllable Lo . L. _
! Nanocone ,I . . Limited reaction conditions [51]
growth coating thickness and density
Grating structure FasF Preparatlon process, .hlgh r29]
. efficiency, mass production, . .
Laser processing . .. Special equipments
) green, high precision, and
Hybrid structure [55]

strong controllability
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Fig. 2 Morphology and reflection spectra of laser-induced nanonails

B8 (a) Cross-sectional SEM image of laser induced

nano-nail; (b) picture of fused silica sample; reflectance spectra of (¢) untreated and (d) laser-processed samples
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Fig. 3 SEM images and spectra of different structures™ .

SEM images of Stru. 1 under laser scanning intervals of (a)

30 pm, (c¢) 40 pm and (e) 50 pm; SEM images of Stru. 2 under laser scanning intervals of (b) 30 pm, (d) 40 pm,

and (f) 50 pm; (g) spectra of two structures under different laser scanning intervals
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Fig. 4 Flow chart for preparing anti-moth-eye nanoarray structure on Si template using laser interference and PDMS transfer
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Table 2 Reflectivity, transmissivity. absorptivity and wavelength of each AR material prepared by laser processing

Material Reflectivity /%  Transmissivity /%  Absorptivity /% Wavelength Reference
Si About 3.5 - — 250—2500 nm [29]
2.06 - - 300—2500 nm [67]
Si0, <4 - - 450-1200 nm [68]
Ti alloy <6 - - 500—1000 nm [70]
Ag-Si0,-Ag - - 70 400-700 nm [71]
Cu <5 - - 250—2250 nm [55]
<3 - - 14 ~18 pm [72]
PDMS - =>94. 2 - 350—800 nm [76]
- - 90 240-1050 nm [77]
ZnS - =92 - 8 —10 pm [86]
Sapphire - =>85 - 3 =5 pm [87]
Graphene — — 98 250—2500 nm [88]
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organic solar cells versus operation time
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Abstract

Significance The interaction between light and matter makes our world colorful, which includes absorption,
reflection, scattering, transmission, diffraction, and interference. The antireflection ( AR) characteristics of
material surfaces are beneficial to improve the coupling of specific incident electromagnetic waves and the ability to
distinguish particular electromagnetic signals. The AR characteristics are also helpful to shield and eliminate specific
interference signals. Reducing the incident light reflection on material surfaces and improving reflection and
transmission are vital to the utilization of solar energy, flat panel displays, infrared imaging, surface Raman
enhancement, optoelectronic devices, military stealth, and aerospace technologies. Therefore, it is crucial to
perform an effective light management and improve the performance of optical devices.

There exist many AR surface ( ARS) fabrication methods, such as sol-gel, chemical vapor deposition,
nanoimprinting, wet etching, dry etching, and laser processing. Among them, laser processing has attracted much
attention owing to its advantages of high efficiency, programmability, high processing resolution, noncontact
processing, high flexibility, and environment-friendly operation. Moreover, it is suitable for almost all materials
(e.g., silicon-based materials, polymers, metal films, and carbon-based materials). Furthermore, femtosecond
laser processing is a cold working process, which is highly suitable for complex and precise surface structure
processing. Therefore, laser processing technologies stand out in the field of ARS preparation. To further improve
the processing efficiency, multibeam parallel processing, or laser processing technology combined with other
preparation methods such as wet etching or dry etching can be used. Above all, laser processing is a powerful tool for
preparing AR structures on any material surfaces.

This review summarizes the latest progress in laser processing of ARSs , elaborates on the principle of AR and
the selection of AR materials, and summarizes the current applications of ARSs in various fields, including solar
cells, LEDs/OLEDs, photodetectors, and solar-driven water evaporators. Many excellent reports have described the
preparation of ARSs; however, there are still some challenges in their large-scale industrial production and practical
application. Therefore, summarizing the existing research is crucial to guide the future development of laser
processing technologies.

Progress First, we summarize the principles of AR in detail using the Fresnel equation and elaborate on various
structure sizes and light effects (Fig. 1). Then, according to previous reports, we summarize the advantages and
disadvantages of various ARS preparation methods, structures and morphologies, and the scope of laser processing
technologies (Table 1). In addition, we introduce how to effectively improve the efficiency of laser processing for
preparing ARSs. For silicon-and silicon-oxide-based materials, Papadopoulos’'s research group has used circularly
polarized ultrashort laser pulses to induce a subwavelength nanopillar structure on fused quartz, realizing a useful
ARS with a full angle and broad spectral range (Fig. 2). For metal-based materials, Fan's research group has
successfully prepared an AR micro-nanohybrid structure on a copper surface using a laser direct writing strategy
controlled by pulse injection (Fig. 3). For polymer matrices, Leem's research group has prepared a
polydimethylsiloxane (PDMS) AR layer using a moth-eye AR structure on a glass substrate using double-beam
interference combined with dry etching and transfer technology (Fig. 4). Moreover, silicon and silicon oxide,
metals, and polymer-based materials are summarized comprehensively (Table 2). ARS applications such as solar cells
(Fig. 5), OLEDs (Fig. 6), photodetectors (Fig. 7), solar-driven water evaporators (Fig. 8), and multifunctional
bionic surfaces are discussed in detail. Finally, the existing problems in ARS preparation are discussed, with a focus
on the processing efficiency, problems in practical applications, and the challenges in industrial production.

Conclusion and Prospect ARSs based on micro-nanostructures display excellent characteristics such as wide
angle, broad spectra, and polarization insensitivity, and have been widely used in solar cells, LEDs/OLEDs,
photodetectors, and photothermal conversion. As the ARS preparation technology continues to develop, laser
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processing stands out owing to its high processing resolution, high efficiency, and programmable design. This review
introduces the ARS technologies, including surfaces and morphologies, selection of AR materials, and the
applications of ARSs, especially the progress in recent years. Although there are still some unresolved problems in
the preparation of ARSs by laser processing, we firmly believe that through further in-depth research and structural
optimization of existing ARSs, a much higher-quality ARS can be prepared. We expect these advances will bring
development to many areas such as the photovoltaic industry, military, and aerospace industry as well as LEDs, and
thus promote the development of renewable energy and national economy.

Key words laser technique; anti-reflection; laser processing; micro-nano structure; theory
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