5 52 B4 6 1] T o Vol.52 No.6
2023 4 6 H ACTA PHOTONICA SINICA June 2023

5] F#% 2 : WANG Shaogiang, CHEN Zhili, BI Qian, et al. Fabrication and Performance Analysis of Subwavelength Multifunctional
Micro—nanostructures| J . Acta Photonica Sinica, 2023, 52(6) :0623002
EDBR L BRER, BEAE A L WK 2 D RE R AN R 5 H T i R PERE 3T [T ]. 0 TR, 2023, 52(6) 10623002

. 35 1K 22 T RE Il 49 K 45 ) ol 3 B A% e 0 A

IVR,EEAH, A, 2EE X 2E
(V542 Tl R 2% S TR B2, 522 710021)

O OEARAFAANRER T LS EBEMA RSN IR T, R EARAEMG A AT T
RFHA, BFRT ERKLIN(8~12pm) B N R A AR, 2 A T RE A2 M IER
THEHEGHm, BLAHEFETRABBRPIKEZTE T RABBERKESHE 97 X, AL
BHRTEARRSAFETHRAMARLS SN, NFLBEREA Y, HAEMA A 12577, 3
SRR —F od, CHSERAR  ARELICEABRMA KL S L MG RS EE® TFRAEEE
— R ZE A BT, B2 R R A 2 M AT 4D S R BUR RS AE R SR R B R AR R Tt A AR R @ K
KU CAERFHO LR L, EA MM SEHNOMMEBRARTE—/hREHM, 52 LM
LR, AVMMARE MG A ERBA B EAR TGRS,

KER R R AR, AL, 2K, AWAFEFRREIKES T R

FES XS :0484.1 SERFRIRAD : A doi: 10.3788/gzxb20235206.0623002

0 5§

DX T b Pk R, LA R4 4 f 2 8 7 A B BB P b B O H AR R B S N iz et RE
35 WO B G809 A% B AR AN RS T =, R DR SR AR R Y BT T B B SR O . G A BT 43 BT Ak Y
FEE B B BOUL T R T 5 A Rt RGeS BE R FH AR B AR A S L B TS A 1 BB S A
IR RE 2R T O REAFE  (H i T )2 5 BRI MR Z TRl AN ) 4552 ), 23 R BOH B E % 7 o e SE ik 1%
GPERE T AN Z R BritbZ b, 28I 35 X AR 4 T AR PR EE 0 52 ), ot 2% 25 1400 75 i KR B
REA

Z P IR R R A AR BLrh Z IR AS W 1Y R K L VE 2 T IR N A5 A SOk RIS AR
Ko AR IEZ] T2 R0 20 b S5 A6 6E B AL A A0 BE S5 22 1 T AR Al 2 1T 21 TR TR AR BHOK / 40 K e 2
P, BIRE & 1 £ 0 4 S T2 M5 U2 00 7% 11 ) 0, S — 7 R B M 8 T 1 2 6 T A AL P R AN G e RETT . )
FLOTZM RAE"R ™A% #8G 0% 43 M2 (Rigorous Coupled-wave Analysis, RCWA) LA = fififbfifi (As,Se,)
MARE A IR, T O AR i R 25 4 SR AR Y it 5 o 220 ok O vk S A Rt A 0 B2 R 1550 nmy, A6 & BR
WK P AT AN B R R A B R IR S T 7.7 % . CHIA A %R H # F 38 % %1 3 (E-Beam Lithography,
EBL) Fl # B A & 45 B F & (Inductively Coupled Plasma, ICP) | Jz v B F & Z| 1t (Reactive Ion Etching, RIE)
PLCL AN, Ry Z ol SR TE B AL B8 (GaAs) 3R T £ E AT T 09 94 K 254, 782 400~1 000 nm I B 1 41 ) &
TSR/ NF 100 [ P B 7R ok R0 0 B IS I % S0 00 K 4 K 5 26 kR 5 4, o i S v Re A S, FL4R
T IGEE AR R AP . CHAN L &8 % 2046 B In 25 25 7 7k 20 i B AR DL CF L/ Ar iR A AU Sy 20 il < 1k
FE B AR B FIVAI Ak 3 2 101 % K AR 254, 2 30 4 pom 8 B B O 38 S SR e R B2 T T 2300 A1 26 00, R L AR T
BB T A B GTRFE o K AR TR A R N AR 2 R AR =% SO F W % Z (Laser Interference

EEWA : 81K A AREIES (No. 62001364) , B P48 27 )7 8 A B0 FE 3] (No. 207S059), B 9445 B 42T (No. 2023-YBGY-369)
F—1E& . £/, qianyexule@gmail.com
BIEE . E M, medichen@163.com
We#E B #1:2022-09-14; % I A #8:2023-03-23
http: // www. photon.ac.cn

0623002-1


https://dx.doi.org/10.3788/gzxb20235206.0623002
mailto:E-mail:qianyexule@gmail.com
mailto:E-mail:medichen@163.com

P

Lithography, LIL) £ 4t 5 45 & 7 1A 2 il 12 AR AR G5 & 8907 3 15 B 7 T 21 A% 56 s > 4% 0 285 4 w8 B2 23031 Ay
0.15 pm . 0.43 pm . 2 pm (9 4R [ 51 25 44, 00 45 76 0T 21 0 i B S 3 30 100, H# S B2 filf |2t 1507, B A
B KM o 2022 V4 22 A8 38 R 2E ik g s AR R CRb OB il A Tt A T B K T . YONG TAEN Ml
OG220 Pl ] 25 S L/ K P03 SR A A R A b B A K

WA B TAE PR ZOROG A AR W L R G LR AT T, A i B & RAFIY BTSSR RE o A SCHfF 9T
DA A 3R T AN 25 1, 5 70 B8 T A B 20413 59 25, 4 e LI T3 161, X8 2y B8 b4 RE 26 10 i W 9 3 R
FAELEAE N BTG T R O O B, AR AR BB B A A 2 A RS R R . Rk Z ik
T 45 20 ik T v T o 7R R 3 T DT T I Al 45 4, T2 B R, A R 2 LA G . T A SR AR
F R U (Radical Plasma Source, RPS) Zl i 1K B8 2 F X (Low Energy Ion Beam Etching, LE-IBE) ZI|filt 7 A&
AT DAAN 7 bR T ok e i 0 RIS ] 8 Ao 7 B %) T2 R A T A T ) A R A A5 A

1 TFR R RN K 44 B F AR L

1.1 WKEHRHERTE

H AR 1k, AT 7ERE W 5 A RN AL B 55 0 2 T RE A RE T BT RN 25 4, Rk L A s R TR
S0 ARG T A R T T R COMSOL Multiphysics £ B 5854 8 7 6 2 858 (an 1] 1), B3 ik
LLAM P B (8~12 pm)JW Bl PN, XA kB 55K DA B BLAT 5 RETE BB I A T TR 25 44 e A ek 2 T X > 8 17
TR, e B L 3 128 B R . BE B BOKRSEH B A R T R TE I a 5 7 f=a/ T T 58 1 b, R
FHFE R AR B 5 — W B BORESWES B0 T=1 pm  h=1.3 um .f=0.5 DL KB I TS 96 B 100 nm; 78 5 5k —
I Z AT 43 BT 1ol 45 A T 5 K T % T U S sk SR 1 9 9

il
N
L a

v T
(c) Tapered (d) Nude film

M1l MAEWMEATE
Fig.1 Schematic diagram of the micron structure model

AR P 2 25 28 fROR 45 4 n] LAWY S48 T T Y 35 0 3 0 AR LR ROR S5 48 v, D7 A B X6 L 28 55 30 B ok 3
BRI | M TV 235 K B S TV 235 K () A, ) A ek 3 THT 199335 S 238 5K 3] 80 %6 2 Ay, 5 B s R 1 s S SR R0 o T
FEE 25 b 3 17 325 5 A0 10 il 28 S/, 78 D K AN 8~12 pom 388 et B oy, H: 36 1 33 B 8 K {H AE 10~12 pm 3
G KOG 3T 22 o BRI FNHEIE 25 4 325 S 23 B 5 D5 K 00 385 0 T A A1, 300 W 0H I 322 45 A0 108 el S S MR R B o 40
Bl k0, 5 BETE S5 4 1t TR bR 58 B — S50l HA RO S A A E | 1006 T R T 4 A B T o 2 i o 9 B 1Y
AR AL BAT W AR R o BB TR R T e A TR 2 A Y ST AT S R R I HE TR 25 R 1 T AT S < (] B
B ot G 568 e T R, X T e 7 A ) A S A A G () o BN I S TR R S S A R e 58 S S S S
PEREE A ) o

0623002-2



DR A PR 2 T BE TN R 45 4 1 i B T RE B

100 T T T T T
X AAAa, ,
95k v v‘v\"'\v A-p “~a . Aay, i
ey Aa ey
o *v~v\ Z Y
S 90 +—=—Nude film Vevey o
2 —e— Square column PRE o S
= 5 L —*— Trapezoid P i
2 —v—Tapcred ¥ ad
é o’.
§ 80 - ./. _& -
= g
75F :
&
70F w-m-m-s-w-s-u-w-a s b
8 9 10 11 12
Wavelength/um

A2

/=0.5

XA AEL T A 4 SR AT 2 A EL AR IBUS 90 T 2 R S, BT RHOR A5 B BN T=6 pm,a=0.5, h=

T=1pm,h=1.3 pm,f=0.5 i, 7[5 J) 9 W ok %5 4 & W % 5 %018

Fig.2 Transmittance spectra of microstructures with different morphologies on the silicon surface when T=1 pm, ~=1.3 pm,

1.3~2 pm. BRI BEIE (HETE BIOK S5 M £ A [7] g BT 3 10 5 g A2 AL LA

9 B, o6 T2 BROK 285 K X6 DI 4 114 81 1) B 1 5 0k T 45 A AL G0, 3K 2l A6 T 45 A T 5 R A /N S 3805 1 3
FE AR T 9.6 pm HL P K AL 78 T=06 pm , /=0.5 I35 5 56 5 51 5 i 52 B A G . TERK B Ln o i Bor
HETE BROK 45 4 5 B2 38 K AT 48 T 52 BB L R B B 0O 5 (R 20 AN BE i B S R IR TR A o 28 BTk,
3 o R K 35 ) ) e JRE S 1 R 8 9 A e AT A DR P E 2 v B ORI AT S B LT AN . T=6 pm , h=
2 pm, f=0.5 I, 4618 FHETE BOK 45 49 B AT SO0 8 % pad S S e L EL s JEE A2 A S B0 i Y R AR B 3 — B, B

KB H2Y 0 84% .

90 T T T

T T 0.85 T T T T ‘£
ST S
e f*”“* 49
— osof wriiig
80 - *’*L\,ﬁrr%&s;‘\" ~ ) ‘/ft’ff £ 2 ¢ ‘; P &= = R
2 '473{&73 E0 8800 n ®075+- ‘/‘/‘ iii ¥r
2 4 2 PeEs
E 70 7 20 e ) E 0.70 + g«&:‘i:i,f,.,. BN e e EEEEEEEEEE
é o/ % o I}:Iulde} ﬁlm\= o g —m— Nude film =95 um
g { Sl ime | e h=13um 7 P
Z2 60 A—il4pm &, 1 20651 4 iidpm 2 e
g g Z ool LS um e
= =1.6 pm Z : r h=1.6 pm ETS
50 L < Z:}; HM £ 76 | < h=1.7pm é 7l _//
LS pm - L h=1.8 um »
S 229 B 2131415 16 17 181920 21 0351 o 1o pm 2131415 16 1718 1920 21
pm Height/jum *— h=2 pm Height/um
40 8 9 10 11 12 0.50 8 9 10 11 12
Wavelength/um Wavelength/um

(a) Variation curve of transmittance
structure with height

90 T T T T !
80 + ¥ 7
s 558 IEE
© 68583
2 arbtiied
‘é’ 70 r's —=ii7- e &
k% —m— Nude film
g ® /=13 pum &
260 & p=14pm £ T
s v— h=1.5 um Z
= h=1.6 pm g
[ —<— /=17 pm g B
50 h=1.8 pm -
® /=19 um 8203 14 15 16 17 18 19 20 21
40 7*’7 h=2 pm ) ) Hxleighl/pm
8 9 10 11 12
Wavelength/um

of square micron

(b) Variation curve of the transmittance of trapezoidal

micron structure with height

(¢) Variation curve of transmittance of conical micron
structure with height

W3 BEBARMKENGTESRAENX AL
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1.3 MHESEHMHIXFHE

R 8 B5OK 235 H F0 8 A 85 g 016 2 AR 4 {5 043 BT RN 4 T 20 R BER, L T=6 pm, h=2 pm ,/=0.5 I K
SEAE R I 5 A 5 A ISR A5 H o 43 B ST RETE — B R TR T — s R B SN A2 5 5 M B AR 15 5 TR 4
K45 Hy T=100 nm,~=30 nm, {1 [ 6.,

R A5 12 7 ek 2 T o 20 45 40 325 St R AR Akl 2, V9 I 1o 4 B 5 R v B T — AR 5 A D R P T O AR T -
JUIRGEA B B R e R 83 %0 0 ANHER B, AE 8~12 pom I B Tk 36 1M1 85 5 R AR b 32 B A2 B Ok 45 4 A 52 0, 40

(a) Square columnar dotted composite structure

(b) Trapezoidal point-like composite structure

H6 MAmLestMIlLARETE

Fig.6 Schematic of the geometric model of the micro-nano composite structure

06230024



DR A PR 2 T BE TN R 45 4 1 i B T RE B

85 T I
2, guwwTY i
$of J aha S 1
T ¢ i T
75k ~3e ]

b g
4

-~ F
gEseddtosdganuansadasan -

(=
T

A s
<

Transmissiviy/%
D N ~
i

0k —m— Nude film E
N e Trapezoid
55+ 4 Square column i
& v Trapezoidal point-like composite
50k o @ Square columnar dotted composite |
& —<— Point-like nanostructure
L 1 1 L 1
B 8 9 10 11 12
Wavelength/um

W7 BERE MRS R A &
Fig.7 Transmittance curve of silicon surface micro—nano structure
K G5 F AN R AT 0I5 LR S A 1 R
1.4 RiEMERB AT
P T AL (] 1A 3% T A2 AR 5K T, W T AR [ A SR AT Y R A LA 52 Al R T IG5 ] R SR T Y S
10, B R ASAE Sl Ff L - (o) SRR (o) T =R (o) FETET IR J7 AN D 8. 6 T ) 2 7 4 I B, 4 [G )7
By

o4+ oy, cos 0=, (1)

Three-phase contact line

B8 AEHEMATE

Fig.8 Intrinsic contact angle

A E o 2 25 B 7 220 o e 3 T 2 TOK S5 4, T 22 ok e AR P ) % 0 [ R RN i AR R BROK 25 4
EBRIE B FE B A 9.

2.0
1.5
1.0
0.5
0
-0.5

hm 5 10 15 20 25 pm

B9 RPSZ| ik 5 0yt 2 A 25 BB
Fig.9 RPS etched microstructure outline
AN 10, 7 A0 TR IOK G5 A8 3% T 42 A1 . G 45 44 2 B0 IV i ) B, DV O 08 B2 &, TO0 i 9 B ¢, T iy 1]
Bl e, i BE o, R0 A AR AR tana. W MY IREB AR R, [ -1~ (S,,) 2 fioh 2k 371 2 30 38T IV o v o0 1R 4
LR s TR TR B BRSO o, 0, B R TR B T A OO M AR o R YRR M LAY R SR Y
[ =9 (S,) ST 98 BE A ¢, -3 (S,) AT 98 BE R e
1 5 VAR JEG R IR P 25 R BB R S N, AT R
Rl ( 2L )2 L’
(ZL)2 etc (eJrc)z
F 2 (2) i) -9 B T (S, SRR (S, R - ST (S, B2 AR A= (3) L (4) L (5), Horp

(2)

0623002-5



H10 WMk RFEEEEEFE

Fig.10  Schematic of the wetting model of trapezoidal micrometer droplet
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Table 1 Microstructure RPS etching parameter table

Parameters Parameter value

Microwave power

2000 W
Etching time 150 s
Gas flow ratio (CF,:0,: Ar) 400:200:20
Operating pressure 125 Pa
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(a) Radical plasma source etching (graphical
transfer, microstructure preparation)

(b) Removal of photoresist (micron structure) (c) Low energy ion beam etching

(nanostructure preparation, synthetic
micro- and nanocomposite structures)
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Fig.13  Schematic of the formation of micro-nano composite structure
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Table 2 Nanostructure process parameter table

Nanostructure type Angle of incidence/(*) Incident energy/eV Ion-beam flow/mA Etching time/min
Point-like 60° 400 eV 50 mA 60 min
Stripey 60° 600 eV 50 mA 60 min
Cone shaped 75° 400 eV 50 mA 60 min
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22 WMAESEMEREST
221 WMREHMRTAM TN EEDHESEMA G YA

X (R 235 ) 36 90 A B A AT 5 TR 25 4 2 BO0] ek 3 T R T P B B 1 52 i R, R BRAE BRIOK S5 4 o

0623002-8



FR A I 2 D RE TR AN K S R ) 3 e Ak RE O3 T

25 H f=0.5 1, Jo 300 T A 39 R 2 5 B0 T 7K P 058 5 I R 0 R ST 394 DA s 3 T e A 2 Mk o /0 TG e 2
PR M R 2 {4 ok A 104 O o 2 TR OR R 1 A I, o 22 B X 4 Mk A 8 S A R RORH G o S RPS Z2 ik i )
Xt Gl 45 g J S R0 B AT oA O T T o S B SR O o R A e R R o 2 T W R A T
T 5K 7 BB BIOR S A e B2 R 23 LA sl 258 Al o HEA, T 6 i 8 A TR PO A 2 R P S A U
o SO S5 6 ] A R 2 R R A I B s A R R R T R PILI V 3 L K I 0 S G A T S S A KA
By R A AR = U, LU fil A B 7 S BV A R R R T B K PR RE , LA T 5 i A A5 PF T, A
A ESTIE R AR

)RR 45 ey e J3E %o 4 THT 42 figh £ 4 52 W)

TE S5 B — B 2000 TF DA A [ FRK 45 4 g 38 o 7 14 e 285 3 ik A 8080 fn 4 3.

K3 TRMAREHNETETHZMA

Table 3 Contact angles corresponding to different microstructure heights on silicon surface
Micron structure height/nm 614 651 1043 1098 1055
Corresponding angle of contact/ (") 70.7 80.1 94.32 108.7 102.4
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Table 4 Contact angles corresponding to different microstructure periods on silicon surfaces

Micron structure cycle/pm Micron structure height/nm Angle of contact/(")
614.33 93.45
6 1395.5 102.24
2013.67 108.13
600.805 84.99
8 1394.624 93.84
2017.069 103.43
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Table 5 Different duty cycles of silicon surface correspond to contact angles
Duty cycle 0.7 0.67 0.5 0.47 0.25
Angle of contact/ (") 83.41 84.84 88.47 96.61 101.62
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Fig.15 Surface contact angles of monocrystalline silicon and it’s three typical nanostructures
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Fig.16 PSD curves of different nanostructure morphologies on silicon surface
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Fig.17 Contact angle corresponding to different micro—nano composite structures on silicon surface
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Fig.18 Transmittance of micro-nano composite structure on silicon surface
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Fabrication and Performance Analysis of Subwavelength
Multifunctional Micro—nanostructures

WANG Shaogiang, CHEN Zhili, BI Qian, XI Yingxue, LIU Weiguo
(School of Optoelectronic Engineering, Xi'an Technological University, Xi'an 710021, China)

Abstract: Micro—nano structured functional surface is a hot topic in surface engineering research, and
sub—wavelength structures have better anti-reflective properties. Geometric parameters of micro—nano
structure on silicon surface are calculated by using equivalent medium theory. Then the above optical model
structure is established based on finite element simulation and the optical properties are simulated using
COMSOL Multiphysics commercial software to study the effect of reflection reduction in the long-wave
infrared (8~12 pm) range, and the effects of surface morphology and structural feature size on the
transmittance are analyzed separately. According to the simulation results, it is concluded that the period of
the micro—structure dominates its surface transmittance change. Under the condition that other structural
parameters are consistent, changing the height can increase the transmittance in a small range. The
transmittance of trapezoidal micron structure is higher than that of conical and square cylindrical ; there is no
obvious effect of reflection reduction of nanostructure in infrared band. The effects of period, microstructure
height and duty cycle on the surface tension of zone—melted silicon are studied by analyzing the theoretical
model of wettability, and it is found that the change trend of static contact angle of microstructure surface is
positively correlated with height, and negatively correlated with cycle and duty cycle. The micron structures
with a period of 6 um are formed by the Radical Plasma Source (RPS) etching technique at an etching gas
flow rate of CF,: O,: Ar = 400: 200: 20, a microwave power of 2 000 W, an operating air pressure of
125 Pa, and an etching time of 150 s. On this basis, the dot, stripe and cone nanostructures are fabricated
by low—energy ion beam etching (LE-IBE) with ion beam incidence angles of 60°, 60° and 75°, incidence
energies of 400 eV, 600 eV and 400 eV, ion beam currents of 50 mA and etching times of 60 min,
respectively; finally, the antireflective and self-cleaning nanocomposite structures are fabricated on the
zoned silicon surface. The final micro— and nanocomposite structures with anti—reflection and self-cleaning
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functions are prepared on the fused silicon surface. The surface morphology of the fabricated micro— and
nanocomposite structures with different morphologies of period 6 pm is examined using an Atomic Force
Microscope (AFM). The optical and hydrophobic properties of the fabricated silicon surface micro— and
nanocomposite structures are characterized using a Thermo Scientific Nicolet 1S20 Fourier infrared
spectrometer and a JC2000D2A contact angle meter, respectively, with a transmittance of 78% and a
static contact angle of 125.77°. In addition, further analysis of the resulting structure shows that the
transmittance of the micro—nano composite structure in the long-wave band is slightly larger than that of the
micro-structure, and the nanostructure with lower height has no significant effect in the infrared band to
reduce the reflection, while the micron structure achieves the dominant role in the infrared band to reduce
the reflection; The contact angle of micro—nano composite structure is larger than that of single micro
structure or nano structure, consistent with the theoretical simulation results, which shows that the
presence of micro—nanostructures can effectively improve the hydrophobicity of the silicon surface. Through
theoretical simulation, experimental preparation and characterization, the anti-reflection and hydrophobic
properties of sub-wavelength micro—nano composite structures are analyzed, providing new processing
techniques and ideas for surface modification of micro—nano structures, and expanding the application of
zone—melted silicon in the field of long—wave infrared.

Key words: Zone-melted silicon; hydrophobic property; Micro/nano structure; Subwavelength; Free
radical plasma source; LLow energy ion beam
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