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Fig. 1. The experiment setup of femtosecond laser fabricating microstructure on silicon.
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Fig. 2. Cross sectional SEM image of the laser-treated

Si sample by 240 pJ laser energy with scanning speed

of 0.8 mm/s and line interval of 40 pm, respectively.
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Fig. 3. Dependence of the height of microstructure on

scanning speed under the different laser energies.
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Fig. 4. Schematic illustration of evolution of the local profile under laser irradiation (vertical microcolumns).

A(0;) AR HOE MRS, 0; HEE 4514 (1
JEA, R(6;) 75 S b BT 2 REOot 14T
fdRot, LS R(6;) M

BE, XA RS K SRt H 5 k. X bk
B 3 A S B 5 AN 1] 5 ORI GG R AT DL ) A
LR SRR AT G 1R YT

R(0;) = R, (6,), 0.7
Ry, (0;) 27K 5 Tl ) J S 2 0171 0-61 — LA8) 4
~ (n® +Kk?)cos®0; — 2ncosh; + 1 051
L (n? + k2) cos?0; + 2ncosb; + 1’ = 04
n Mk 73 0 2 MR AT 5 3R AR HOM BB i R R = o)
.o bl B AR DA 2 0.2t
4n cos? 0; 01k
2 A7 i) = . '
Gi(4,:) (n? + Kk2)cos?6; + 2ncosb; + 1 . L
AT MATLAB 8 I = I0G(A, 6;) 3E47 0 10 20 30 4(;1/(:;.0 60 70 80 90

Ha A, N 4 TEUE H 6; FIBUETER DY 0—90°,
BERR — B AR, SRAT IR S B MR LA AL
FUABA R B, BEE AR 60, KN, 1A, 6;) A
W /N, I o) T ARG R 1; B RN ELR
SRR T 250 RO AR A 1 R, s 1 RT3
KR 1M, i R Il 45 4 A
5 T2 A 45t AR SO IR R A, SR
W B O ik o T, RS 16 B T 445 40 140 S A
0; BN, IO KA A RE & I 1RK, B
I i 2 ) RS ) 6 A T 2 e BRSO K
AR RGN, RIS M RS ZRETG K, HE 4G
PRI 0; BEEZ IR, AR I;(A, 0;) TR/,
2N BURE R T ) ik b Bk — € i, R A A
PO ik st IR AT 1 1A 28R B AN A2 A B (1 )5 et

K5 TS M U BOBOG R 1; (A, 6;) Bl A 2
0; MR
Fig. 5. Evolution of effective laser intensity versus the

angles.

&b =
Be EE

3.2 XFESE R Rk
HISZIR

T ESARRI T — A 8IS (W
K3), fEHOERER 360 wI f1480 wJ i, ¥ 4% i
2 A Ak, 3 U B ALK e e R N B — e (S,
RMEH R K AR H AL R, N T i —
AT HOG AR B R AU R TSR s, FRAT] [
FRE Rk (] R ), e BN ik
(5, BF FE O ik B 6 R TR 3 S .

xf 1 45 A 2 5%

067902-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) I % R Acta Phys. Sin.

Vol. 66, No. 6 (2017) 067902

K6 AT, B 6 2% Ml 28 43 5l 75 AN 8] 41 4 el
JEE R SRAT 12 A v P O e 8 A 1) SR
BAR. WTUHEESUT AN AR
f £/ B2, T 0N 3.2 /s IR 4% HE A R 2 T 44
SR IT re FE B RN T AR R i LA T R S
il 2% H IS M B S AR ZE R AR, X5 Z it
{1041 0 B Ko Rl R s e () S 5 SR AR, O
REE A EE, TEREE N 120300 pJ X F A, 7k
S ) v FE IR S I T 24 BB 300—480 pJ B,
TR I B2 AR 2 1%, LR AR, X T XA
PR IRATTIAR AT LA R T T £ 25 2 A TR SR A

16 +
14 +
12 +
£ 10l
N
= —=— 0.8 mm/s
8 r —o— 1.2 mm/s
—A— 1.6 mm/s
6 F —v— 2.0 mm/s
—4— 2.4 mm/s
4 —— 3.2 mm/s

? 1I00 1I50 2IOO 2I50 BIOO 3I50 4I00 4I50 5I00
E/nJ

6 (FITIR () AR 26 A F it A v B R B0 RE LAY

AL

Fig. 6. (color online) Dependence the height of mi-

crostructure on laser energy under the different scan-

ning speeds.

3.0

250 e

2.0 &

I;(1y)

1.5}

1.0

0.5 -

0

7 (MTIRE) RRBOCRESMT, BT R
A RO 1; WA 0; (IR
Fig. 7. (color online) Evolution of effective laser inten-

sity versus the angles under different laser energies.

K 7 N0 BN BIRER N, ASFEOGRE
BARMET, B O AT RO 9 T B HE T B
SER IR A 0, AL £, Forh 4 1o 43 S X 1,01,

1.51y, 21y, 2.5y, 3Io 1 4Iy. FATRTLLE 2 I, B 6,
RSBk, FF BB 0, 1B 8T 90°, AN Rl
JERE SR N IRAF (A B0 WA R T T, A R
I, M0, 8B —EER, NS REOLRENAR
AN R R TH P AR R E T, B L KRR A
ANTRER BRI EL, MG LT, keI N 1, (34
ot RER), XHEs g RT B hnfE AR, Bk
PIRLZE 5 ] 6 B SEIR g RARFT A

3.3 ¥MEAHEFERENMEHNRE
REEZRRAN

i LA E S s 25 BN EAR 2 T T LS )
R RAP PO R T REAT e A il 6 i, AE e
FE P9 S O ik i B0 RE B AT SR R T
T Al RS G K Ty LAk i R AL A RO g
O Sk B8 B AT K ] 2 F Rl S R e
LR E, B B RE I RSHE R — e, 4k
S IO Re B KR R, X R ) AR B
EHIERL A AR EOL S e R R R UTTRFE
FER TN, POt & Be B KA R 2 o 7 20 (B Rk o e
S BKEUR AL E) SR B R ) RS P A R
M. A P b e (e P ) A Rk O fE
BB A — MR G T3, AR
PR BATTRE NS 18 F A7 BR B 0L RE & 1 45 ) SR B4R
(R R T g A T T B AT T3 I S 38 R AT B8 IE.
DRAF NS 1R 2 1 BT T AR RO 2 B BEANAL (R
SRIRTE LT N 3.75 J/m?), B HOE REE 7 B 75 3K
RIS, MR I s M AT i 4% B8 RAEA
IR SR8 26 A T BT R4S AR R T 45 A 1) SEM IEIR,
A UL T 0 E 2, Sl i RS R A= A 7 W
122 4E.

Bl 0 16 5 K R T 4 4 e FE AR AT 10
BGE, SRWME 9. BAR 6 PR G R TR
IO B RE R e A ), (BT A s K R A
—EG BRP R R B (FEdh 1) ARk E B A K
(B i 6) FIRE S R T B BOA T RS i K K
SR 3 A, TR it 4 A1 5 2 T el at A0 1) s JEE T ] R
BB K. R b, BAVER R BOCR iR 2 AT
Tt R ] 2 I, AN B 2 FR o e T
(G n ik b e B BBk R R A ), 3025 B O RE
010 R 2 (A AR R BBk e BOR Bk b O fiE
REHETTN).

067902-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

) 3 2 ]  Acta Phys. Sin. Vol. 66, No. 6 (2017) 067902

B8  fEANGTRBOGHER —E AT, SCRHOE kel e 5 ko B & 7 2onk TR T A MRS 5
M (a) 120 uJ, 0.8 mm/s; (b) 180 uJ, 1.2 mm/s; (c) 240 pJ, 1.6 mm/s; (d) 300 uJ, 2.0 mm/s; (e) 360 uJ,
2.4 mm/s; (f) 480 pJ, 3.2 mm/s

Fig. 8. Combination effect of single pulse energy and pulse number on black silicon surface topography
with fixed total incident laser energy: (a) 120 uJ, 0.8 mm/s; (b) 180 pJ, 1.2 mm/s; (c) 240 pJ, 1.6 mm/s;
(d) 300 pJ, 2.0 mm/s; (e) 360 pJ, 2.4 mm/s; (f) 480 pJ, 3.2 mm/s.
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Femtosecond laser pulse energy accumulation
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Abstract

Arrays of sharp conical spike microstructures are created by repeatedly irradiating silicon surfaces with focused
femtosecond laser pulses in SFg. The absorbance of light is increased to approximately 90% in a wavelength range from
the near ultraviolet (0.25 pm) to the near infrared (2.5 pm) by the microstructured silicon surface. The microstructured
surface presents pitch-black because of enhanced absorption with a broad wavelength range, which is called black silicon.
The unique microstructure morphology of black silicon surface formed by femtosecond laser can also bring a lot of other
surface functions, for example, self-cleaning and field emission. These functions make black silicon highly desirable in
solar energy, detectors and other fields. Therefore, the forming mechanism and conditions of fabrication optimization
for black silicon microstructure have always been the focus of research. In our work, the sample is moved by motor-
controlled stage while the laser beam is fixed. In the case of laser beam scanning, arrays of sharp conical spikes on
the silicon are manufactured in 70 kPa SFg. The aim of the experiment is to find how to optimize the distribution of
the laser energy in a number of laser accumulation pulses (the combination of single pulse energy and pulse number)
to control the surface morphology of the black silicon. Experimental results show that there appears a bottleneck
effect of morphology size growth with the increase of laser irradiation (improving the single pulse energy or increasing
pulse accumulation number). Excessive energy accumulation brings no extra effect on optimizing and controlling of
microstructure morphology on the surface. Based on theoretical results obtained from a physical model we proposed,
we find that the reason for this phenomenon is that the microstructure morphology induced by former sequence pulse
modulates the laser energy absorption of current laser pulse, and changes the laser ablation efficiency of the current pulse.
According to this physical mechanism, we propose a new way of optimizing surface morphology, with fixing the total laser
irradiation energy. And the size and distribution of surface morphology can be achieved by optimizing the distribution
of the laser energy in a number of laser accumulation pulses. This approach can not only improve the efficiency of silicon
surface preparation of microstructures but also reduce the surface defects and damage. Furthermore, the proposed
method can reduce the energy consumption in the process of femtosecond machining. It is of great significance for the

engineering application of black silicon.
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