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Abstract: The near-infrared optical absorption and photoresponse of silicon-based optoelectronic devices are
intrinsically limited by the bandgap of silicon. Picosecond laser-induced Se doping combined with surface
micro/nanostructuring provides an effective approach to enhancing the near-infrared performance of silicon.
Among the relevant processing parameters, laser energy density plays a critical role in governing microstruc-
ture evolution and dopant redistribution, thereby strongly influencing device performance. In this study,

single-crystal silicon substrates coated with a Se film were irradiated using a picosecond laser at energy dens-
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ities of 0.85, 1.40, and 1.71 kJ/m*. Se-doped N*—N silicon photodiodes were subsequently fabricated to sys-
tematically investigate the effects of laser energy density on surface micro/nanostructure, optical absorptance,
and photoelectric performance. The results show that the overall crystalline structure of the samples remains
well preserved under all processing conditions, whereas their surface microstructures differ markedly. These
structural variations further affect the optical absorption and device photoresponse. At an energy density of
1.40 kJ/m?, the sample exhibits the most uniform surface micro/nanostructure. Optical and electrical measure-
ments show that its near-infrared absorptance exceeds 60%, while the corresponding photodiode achieves a
responsivity of 2.28 A/W at a reverse bias of —6 V under 1064 nm illumination. These findings demonstrate
that picosecond laser energy density plays a significant role in regulating the surface microstructure, near-in-

frared absorption, and photoresponse of Se-doped silicon. This study provides experimental guidance for op-

timizing the fabrication and performance of Se-doped black-silicon near-infrared photodetectors.

Key words: Se-doped silicon; picosecond laser; silicon photodiode; photoelectric response
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Fig. 1 SEM images of Se-doped black silicon at different energy densities: (a) laser scanning energy of 0.85 kJ/m?; (b) laser

scanning energy of 1.40 kJ/m?; (c) laser scanning energy of 1.71 kJ/m?

Sy ik — 25 X% SEM W% B 11 2% 11 A Ak 25
HEAT R B RAE, X = AURE S HEAT T = 4R R
B2, I X 344k 256 um x 257 pm, 455
KW, A WOCTE RS B R 085 k/m? 2 M &
1.71 kJ/m?, #EA SRS RIS E Sa H1 0.055 pm
IR % 1.228 pm, F K5 2% Sz 0.993 pum 1
K% 14.437 pm, BEHTBOGRE R A R e G R
T = P A a B K. M2 T, 1.40 ki/m?
FEAAY Sa 2k 0.362 um, Sz N 3.666 um, 71 H:%
T L N — S TR ) = e IR, (7 v B 25473
Ab AR IE A R A 2 SR 2 R,
0.85 kJ/m? B i A sl B /), e im e AR Ak
BEONF-2%5 1.40 kI/m? A5 H AR B Sl E A XA )
(R 7 L AR, U HE Y4 R i A T fE i e 1 — 4
EAR S5 M (T B T 1.71 KI/m? B 5 1 I8 e 25 13
T, R RY K, R ERE R AL
TR R AR, A S R A S
BOAT T, 1.40 kI/m? 5 (9 A BE Ssk #2300, 1
Y O 3% THT DA 4 43 A1 AE X 349 4875 T 1.71 kJ/m?® A 4
%) Sa Fl Sz fib ZE 3G K, 2 W Jay i ey B 2 I W O K,
FME AR B R B RGN, HURE A A
MARE A B T — DR B, O RE I R 23 i ek
A% Se PBZ Tk F I = 4k 430

SRy MEAS [ SEOG RE B %% B 4 Se JU 28 T MM
GYAT RS, XA RS R A E T T EDS

oA, HEE RN 3 FR, NRIEOCRER S E T
R 2 TS AT S0 % Se JC K 25 (8] 43 A 77 7E B
B 25 500 F B R PO BB B AN (SR i 2 1T
FLIRTE S, 2t s Se JC R AEAE S 2 11 1940 A o
7 0.85 kI/m? 44,  FHOGRE &% UK, B
B FLIRA 1, FR S AR AN, PR e gt 4 g
(4 LA DX 3 P9 AT AT 5 31— 22 B Se JTTER 41
fii o X ULEACAE % B TR RE 7 S S0t
HFER S EHEL R, $5) Se i 8 TR EZ2
s LI PRI . A EEZ T, R 2(b) FTE] 2(c)
B OGRS TR, R R LI i —
IR, LSRRI K, Se T HE R B /34 F 1L
ARG e, i AE FLIR X 3k P, Se JCE A1 A
Xt g, UL ER i BE R AR RE T Se SR AT
50 NHOGIESER LIRS, RO
HRAH 1M Se 5 Si 2 KBS RL, Se TTHR
FEURBERR L | i sh B SR A L RVE R R
Il Rl AR TP, IR DR B [ i R R B
FHAZ N A2 B RARET, 6 mil R B A 22 i
45 PR, Se 55 Si IR A AN TE 47 b 45 e it i AR
i, i HE YK, A HF Se ERIZEMER 5
Oy Ai o B RER SR it E I, BRI R M B . M
R Tk B PR E [ AT BRI Se 1) R & AL sk
Y1515 A o BRI, Se JE 2T M 43 A BTG RE =
5 Ak DA TR BB DG R, T R 2R 2 M il



3 x ¥

S

FRIEAR, &6 R RDIWOG R % BEXT Se B 4RIt HURFIERE M BT 7 5

A JR Bl AR 2 B A PR B (] 1o A L [ B
BEKE, 1.40 KIm? Z50F T Se JLRTEMAT IR

S 0.072 pm
(a) S| sori | (b)
Sv 0.500um |
Sa 0.055um
Ssk —0.103
Sp 0.493um
0.993 um

TET A8 A AR X 272, S0 S A ) I8 AR X A
B2 245

Sq__ [0.446 ym Sq__ [1.560 um

Sku 2.662 (c) Sku 3519

Sv_ [2.124ym| Sv_ [8.118um|

Sa__ [0.362 um Sa__|1.228 ym

Ssk —0.013 Ssk 0.401

Sp 1.542 ym Sp 6.319 um
3.666 um

Sz 14.437 um
,:, —
4{?1‘5\
«'i\;";' 7 27.666
:‘;-..'."'.Aq‘ - >7

14

— 1.40 kJ/m? — 1.71 kJ/m?

12 1

10 -

192
—0.85 kJ/m?
30+ 501
MWMMM\/\ sl
40t
26
35¢
24+t
1 1 L 1 3-0 1L L
100 110 120 130 140 150 100 110 120

130 140 150 100 110 120 130 140 150

K2 AFBOCRERBE T Se BA4EE ) = HERETEA SOMUBEEENIALE R (a) 0.85 k)/m?; (b) 1.40 kJ/m?; (¢) 1.71 kJ/m?
Fig.2 Three-dimensional surface morphology and roughness measurement results of Se-doped silicon samples under differ-
ent laser energy densities: (a) 0.85 kJ/m?; (b) 1.40 kJ/m?; (¢) 1.71 kJ/m?.

Se Lal,2 Se Lal,2 Se Lal,2

B3 ORI fE i %5 B FE i Se FITE Y EDS RETE A (a) 3%
ot BE B 25 L 0.85 kI/m?; (b) K Ak & % B O

1.4 kJ/m? (c) WOLRER BN 1.71 kI/m?
Fig. 3 EDS spectra of Se and Si in samples with different
energy densities: (a) laser scanning energy of
0.85 kJ/m?* (b) laser scanning energy of 1.4 kJ/m?

(c) laser scanning energy of 1.71 kJ/m?

& 4 S AR O e i % B 45T Se B 4%
RS AR 2003, mIEA L, AR EY
520 cm™! B3T3 B0 B S A BT S R AR B, G X
7T AR AR 9 R T AH R AR I, 2 R AE REAL R RE

PSSR EE AR R, X 520 em™! BHTERAE 4 E
1T Gaussian {4 . 0.85. 1.40 Al 1.71 kJ/m* £ fi
(L S 491k 518.54, 518.91 1 517.43 ecm™,
Ve TE 0l 8.97., 8.54 F11 8.70 cm™' . =LKL,
WAL, HP s e 22 580, AN g i
9 J A B R AR AT PR A 1) R S RESS A
o, 1.40 kJ/m? B 52 =5 TN, i A A
XU, SILIEAT, 7E 480 em™! [T A WL 2] B
A SR RERRAE FE 0, R H B 3 A0 &2 R RE A
oK FE VB A0, TR TEAR S O S BGE R,
Fe BRI E A S 80k i 2 2 & A KA i
P T AR T . AR RO R T A R
TE R T V8 BOIR 301 P S 5 4, I o e 3 s
filt, T K Se TUE T, BEA AR SRS F 4T LA
il AF SRy 2 5 H 3O o T e R AR G AR R
JRBR TR Z RIS, IE 1(c) AT LA Y, Behs
it TR B RAR TR, B[R] BT
A S AN K S P R R A B AR T AR AR, AN
FE i P BB A7 AR K BB DL B 2 40 s, SR A 3
5L 520 em ' BFIE A AR A Rk 04 R S, 3K T M
RO 7E 5 RE 25 T, R SR AR o e A ™
A ZE AR, LI R B O B 45 32 2L



6 HrE D (0

FExE

JR R T R Z SR AR DI, AR 5 A AR 4 A A
it

—0.85 kJ/m?
------ 1.40 kJ/m?
—--1.71 kJ/m?
;‘
= |
s h
2|3 I
37 < ol
5| 2 i
E| z 1
g H
I "
- - /7%
L. _ . Ramanshift/em . _ . —" ]
1 1
300 400 500 600

Raman shift/cm™
Kl 4 ANEREREE Se BAFEMIHLE L1
Fig. 4 Raman spectra of Se-doped samples at different en-

ergy densities

3.2 JeEfERE

BT AL A=I-R-T, 200 T A 6 306 fiE
B 50 T il 4% Se 1824 BB RERE S 7E 400~
2200 nm P BN IR IOGIE . Al 5 s, m TR
FRTET LA IX, F 5 Ak R I 2 AR
WCREPE, OIS (IR T 10%, RIEAE AT Lok
A 70%, 1MiiEsd Se 5824 BAEAE
£ 400~1 100 nm B N A IO GTE, SEI il
it 80%, ARG RE 2 A E T 22 AR, T
TEITLT AN BE(1100~2200 nm) N, =4HFE M43
IR i 0 ROCRE T, AR SOK S A7 A — 2 22
5o Horb, 0.85 ki/m?® Fl 1.40 kI/m? 25440 F FE 5L )
WSCR AR ERTE 60% LA |, 1.71 kI/m? 540 A7 4
FFTE 50% LA L, ik FE AT WA F i —
ST RO T AR RE R TS S B N &=
Gahh, WA Y R R S 2 E RS, A
AR 2 T T 2R ST, S SERO Ea BHEARN 5 T e
£TAMNBE(1100-2200 nm) , W ACHE 38 ANV 37 1 4l 235
FSE, 38 525 37 Se 845 ARy E RE LMK,
Se BARAERESS A 5| AR BB, MR FREASTE
7 BRI LLAMG T RE S B I, AT 5 2 1S 5 A
BEI AT BROGIIL, FEASL IS ZHOE N,
i T LTINS BB I RO BB 5 %% B 1G4+
SEHOR, ROMAER S Re i % B A Pl —E T
Feka . X AR S Rkt B SR A5 AN
SIPEREINA ¢, ULRHIOGRE 2% BEXT Se B4 BAE

AT LTS BE A2 0 - SR 5k, A7 e —
TERIPCAGIKTE] o PH I, & BRIAEHOE RE 2% R 2
BAFEAIT LTI NR AT ERERY T 21T

100
— Unprocessed Si
— Se 0.85 kJ/m?
80 Se 1.40 kJ/m?
-~ — Se 1.71 kJ/m?
S —
3 60F oo |
Q
g
e
S 40
8
<
20
0

500 1000 1 500 2000
Wavelength/nm

K5  RERER S Se B IRIBOLIE
Fig. 5 Absorption spectra of Se-doped samples at differ-

ent energy densities

K 6 JE/R T =AM E 500 °C 1B K5 il %%
B NN OGH A 7E N R BB i 2 B T 1 G HL
AR ML, WEHAT LA H =2k R
R G ) R B I )l R T R A R
R, 1M B2 1 s P T HEL AR X H /N o 7E S 1] g
-6V I, =4 4 A I LR 4 A 375.1 pA
210.8 pA 1 899.3 pA, Hh, WtEEEEE N
1.40 kJ/m? B #5400 G HL i fe /)N, 1T DA, G H
L O RE B % 0 AR A0 2 B SEial N e K
AR . —BIA Ry, G TR A A I E R R B
RT3 45 DX U F 3 LA % B 4ty B
R 2 . FEAH IR IREE T, &40 (s f o
255t EE S WOCRR R B 45 X 2E R A g
A K. WOtRE %ML 4R Se i+
IR A BB A= Z 5 e, dE i el AR 25 X 30
FURBE AR S m T IR F G AT . 24
WOLRE B B R GBI, AR4S X e T i
O, 1) Y HL DA A R R, Rl Ik B R T AR
T 2S5 B 2 %5 88 i 53X — 38 “ELY R B, 2 R4h
X s RIS R, SR I . BT, A
B &, B350 Se BAEA FI T E5 45 X 5
S H A v ek T L T 5 2 B R R
R R e Tk | 75 ol T R ] S R TR AS Y 5 M T g
O T A R S v A DX, AT 1 58 2 1) s R %
FaBIFRE B s 2Ead fE . Pl o] WLOGRE B 2 X 4
PFE L B 5, A —E AR



55 x FRAEME, 2% ADBOCRE RS BERT Se 1524 HUS M BB 5% ;
=T i R
0.01 —e—1.71 kl/m? .
0.001 Horr, Liigns SRR R A B IR, L NAS
< ipa PRSI, Py, W ASEDIR
%1575 MIE T(a)(c)(e) TT LATE H 75 15 5E i f 2 e, T
1B-6 S, SLRER B BB ) CHUA R, 24
. (B FL T A —6 V A E OV I, G 3 P 5L
s FS T B398 D R A, 33K ) g D 4 %

s 6 4 2 0 2 4 6 8
Voltage/V
K6 B JOREEH 500 °C HTEBL T AN [ Al B %5 B 4% 1
N=NOGH TSR EREE T X8 1-v i<k
Fig. 6 Semi-logarithmic -V curves of N*—N photodiodes
prepared at different energy densities with anneal-

ing temperature of 500 °C in dark condition

T 1064 nm PFARBFOCHRIATKTRFE. 55
WP T IR, C RO IE AL A=
T 3 24 U Y 0 T AR B, B DAAS YR S 6 e
1064 nm B BOEAE I ASHEIR . A £k
BAEERE, AR E A N =, S5 RICEEY
EHHT 3T & 6 A RIOGRE R 8 2 T
FHCH TSR R -R R R 2R (Z0) AN
AN [e (i F T B L S AR DA SE R LR
PELE 2R (Fr) o S ITZRAYRER K Al RoR
welFAEmR RN, A 0

50

(a) —&— (0 mW
—&—5mW
-4— 10 mW
—F— 15 mW
+—20 mW
—4—25mW
é‘ #30 mW
£ —+—35mW
1=}
o
=
=
&
-50 !
-6 -4 -2 0
Voltage/V
100
=
2 0
g
=
@]
—100

Voltage/V

BV IV 5 4 PN L 7080 55, R0 T Il RS fig
TR, e R I RCR AR, I R EohH
TN 2 L Ry [ R (AL, B R
iR, -V &g Wi & . -6 VIRERET,
Kl 6(a)(c)(e) —LHMERTEASHEIIERA 35 mW B3
52 30 mA. 82 mA Fl 18 mA, FHIAFHOGRER:
A NS AR R N B AR 25
X RN S i RS, 25 R G R,
AR 5 B S s RE 3R, AT o 248
TR ROEE, SEOCHR TR kA ASHED)
B 5 = R VA1 51 [P VA o 1y o0d = e S = B )
ML T . I 6(b)(d)(f) AT I, 7EANH
PR, e S ASHED AT R
B IAFIILNEICER, ULAZREXT 1064 nm A5
SCEATE RN TR . PG EHERER L T 33
RN R T, AR, FH B ASHETR X
JF RO B8O FRL TR, #8418 S o7 P B e

(b) 4-6V,K=0.797

¥ -5V, K=0.551

L +-4V,K=0335

40 4-3V,K=0.178

»-2V, K=0.074

®—1V,K=0.030

§ 0V, K=0.001
o o vy ¢
A v

A & v T + ? 4
e 4 - G
ol %3

0 5 10 15 20 25 30 35 40 45 50 55
Optical power/mW

(d) & —6V,K=0516
-5V, K=0.322
* -4V, K=0214
100 + 4 =3V, K=0.174
¥ =2V, K=0.138
® —1V,K=0.072
é " * 0V, K=0.001
= A
5 i e
E 50 " .
O ry v >
- h & .
A hy *
Os—s—»—0 4§ 32
0 S5 10 15 20 25 30 35 40 45 50 55
Optical power/mW



8 HrE D (0

FExE

25

(e) —=—(0mW
—&—5mW

—4—10 mW
—¥— 15 mW
~#-20 mW
——25mW
30 mW
—#—35mW

Current/mA

-25
6

Voltage/V

® & -6V, K=0.797
¥ -5V, K=0.551
& -4V, K=0.335
< -3V, K=0.178
b -2V, K=0.074

20 4 ®-1V,K=0.030
S %0V, K=0.001

s
v

Current/mA

v *
+* ]
# 4

R

+ oped B
* Svig € b

[ o
" ¢

0 5 10 15 20 25 30 35 40 45 50 55
Optical power/mW

7 AN[ERE % B BT il £ i AR b F R - F R R 4R (Z8) AR T OB IS A ST KR (F)(a)(b) #OLRE
RN 0.85 kI/m?; (c)(d) BOGRER RN 1.40 kI/m?; (e)(f) WOGRER %% Hy 1.71 k)/m?

Fig. 7 Photocurrent-voltage curves of photodiodes fabricated at different energy densities (left) and relationship between pho-

tocurrent and incident light power under different bias voltages (right): (a)(b) laser scanning energy of 0.85 kJ/m?;

(c)(d) laser scanning energy of 1.40 kJ/m?; (e)(f) laser scanning energy of 1.71 kJ/m?

FETFA LR, K18 T = HFE A F 7]
i R Y 60 1 3 2k, 25 SR 8 fias . Al Ll
i, A5 LA S 04 D 1 R X S ) s ) AR AT
[T N o oo o SR WA MY S N N
FEIS X T8 B WA . P L 0 B D55 , 2 1T R IR
TSR I B HUERCE, R4 FE0LH
TN A (2) THEITAR, FEROCREE R ]
9 0.85 kI/m?, 1.40 kJ/m?>, 1.71 kI/m?> i, MO
Ab PR AR S AR 2R EAE—6V i T i g BE 53
HIKF] 0.797 A/W, 2.28 A/W 5 0.516 A/W, =Fi
NI ot 28 T T T S 88 A v o7 1
R T 02 5, FEROLRER % 1.40 kI/m?
F TR AR S A TE 1064 nm Ab IR H e
(RGN o 48 Se Ak 3L FL RIS 0 ) 1o 3 il 35
S RE R B AR AL T 2 BT R A
FIT AR T 3R A% i W 07 B B 2T A BRI 28, RS
HEPE PO RE B R, SCEOG R R M RB A1

3t —=—(.85 kJ/m?
——1.40 kJ/m?
——1.71 kJ/m?
<
E
S L
0 L
-8 -6 —4 -2 0
Voltage/V

K8 AFIRERE L Se A%k f YL L A 1
Fig. 8 Photoresponsivity of Se-doped silicon devices at

different energy densities

4 % %

KRICRGMFE T AR K FP 3O B 1 2% X
Se B2 T IAS RN S5 L YL U
KOGrEREIE . 455K, AR LR SHGE
FEL A, S (RO B o 2 Ak 38/ R i R A A 25
PR RERAT, (HHRTEIE S A Se JCRE KM /7
FRIEAF A W 25 59 . W OB RE = % AR Ak,
o i 2% 1T 45 48 A AR, HE T s ) O 4 3K A
1L K 5 A4 1 2 SO0 R e B REPE L G
W R BIR, =4 Se BAAE I HE 400~1100 nm
U BN 3 5 A v W IR e, 25 S AE R DN 5 T
TE 1100~2200 nm 3T £ 40 % Bt 14, 0.85 kJ/m? Fil
1.40 kJ/m? 514 F HE B R EFE 60% DL b iy ik
M0 1.71 KI/m? S50 SRRSO TE 50% LA
b, BOGRE R R X I 2T AN IS A TR DR L B
PIBIEOC R . ARG SRk — 2P R W, R IR
6 HEF R B A A NN G HL A B TR I R I RN
S R BE T TRIAFAE i 2 25 5 . Hirr, 1.40 kI/m? 4%
47T i 2% B RE O 2 T IR 25 A A3 A e ¥ 5, oF g
AR AR A 2R R A6 V R IR E T
5 HL N 210.8 pA, 7E 1064 nm OGRS T %
N BEIRF) 2.28 A/W, AT 0.85 kI/m? Fil 1.71 kI/m?
MR MO RE R % X Se B
P Y RO ETESY O L NS IR AR\ SN & I L
F, e 0 EL A S S R AR A, S Ol AT B A £k
PREIEGE, MR AT RS T 208 1. fEAR S 454
T, 1.40 kI/m? FEAROCRE R % B S5k %t



_— TRIEHK, 285: J% DO RE R B R Se 15 44RE R B 51 0

FARAIN Se BARBAEITLAOLRBMARN T LI SHIHERRR TS %

S 3k

[1] LV I, ZHANG T, ZHANG P, et al.. Review application of nanostructured black silicon[J]. Nanoscale Research Letters,
2018, 13(1): 110.

[2] TONG ZH Y, BU M X, ZHANG Y Q, et al.. Hyperdoped silicon: processing, properties, and devices([J]. Journal of
Semiconductors, 2022, 43(9): 093101.

[3] LIDD,KONG L H, FENG L P, ef al.. Large-area, high-resolution, flexible x-ray scintillator film based on a novel 0d
hybrid cuprous halide [J]. Light: Advanced Manufacturing, 2025, 6(4): 44.

(4] GAO D, CHEN B J, SHA X ZH, et al. . Near infrared emissions from both high efficient quantum cutting (173%) and
nearly-pure-color upconversion in NaY(WOy,),: Er*'/Yb* with thermal management capability for silicon-based solar
cells[J]. Light: Science & Applications, 2024, 13(1): 17.

[5] LONG JB, WANG ZH K, PENG HF, et al.. A chip-based optoelectronic-oscillator frequency comb[J]. eLight, 2025,
5(1): 14.

(6] WANG H, CHEN L, WU Y, et al. . Advancing inorganic electro-optical materials for 5 G communications: from
fundamental mechanisms to future perspectives [J]. Light: Science & Applications, 2025, 14(1): 190.

[7]  GREEN M A. Silicon Solar Cells: Advanced Principles & Practice[M]. Kensington: Centre for Photovoltaic Devices
and Systems, University of New South Wales, 1995.

[8] SZESM,LIY M, NG K K. Physics of Semiconductor Devices[M]. 4th ed. Hoboken: John Wiley & Sons, 2021.

[9] LIU X G, COXON P R, PETERS M, et al.. Black silicon: fabrication methods, properties and solar energy
applications [J]. Energy & Environmental Science, 2014, 7(10): 3223-3263.

[10] FAN ZH, CUI D F, ZHANG Z X, et al.. Recent progress of black silicon: from fabrications to applications[J].
Nanomaterials, 2021, 11(1): 41.

[11] SUGIOKA K, CHENG Y. Ultrafast lasers-reliable tools for advanced materials processing[J]. Light: Science &
Applications, 2014, 3(4): e149.

[12] PHILLIPS K C, GANDHI H H, MAZUR E, et al.. Ultrafast laser processing of materials: a review[J]. Advances in
Optics and Photonics, 2015, 7(4): 684-712.

[13] ZHAO ZH CH, KRAVTSOV V, WANG Z R, et al.. Applications of ultrafast nano-spectroscopy and nano-imaging with
tip-based microscopy [J]. eLight, 2025, 5(1): 1.

[14] ZHAO J H, LI X B, CHEN Q D, et al.. Ultrafast laser-induced black silicon, from micro-nanostructuring, infrared
absorption mechanism, to high performance detecting devices [J1. Materials Today Nano, 2020, 11: 100078.

[15] LI CH, ZHAO J H, CHEN ZH G. Infrared absorption and sub-bandgap photo-response of hyperdoped silicon by ion
implantation and ultrafast laser melting [J]. Journal of Alloys and Compounds, 2021, 883: 160765.

[16] FUJ W, YANG D R, YU X G. Hyperdoped crystalline silicon for infrared photodetectors by pulsed laser melting: a
review [J]. Physica Status Solidi (a), 2022,219(14): 2100772.

[17] HUANG S, JIN X R, WU Q, et al.. Ultrafast laser hyperdoped black silicon and its application in photodetectors: a
review [J]. Physica Status Solidi (a), 2024, 221(24): 2400127.

[18] UMEZU I, WARRENDER ] M, CHARNVANICHBORIKARN 8, ef al.. Emergence of very broad infrared absorption
band by hyperdoping of silicon with chalcogens [J]. Journal of Applied Physics, 2013, 113(21): 213501.

[19] HER T H, FINLAY R J, WU C, et al.. Microstructuring of silicon with femtosecond laser pulses[J]. Applied Physics
Letters, 1998, 73(12): 1673-1675

[20] SHEEHY M A, TULL B R, FRIEND C M, et al.. Chalcogen doping of silicon via intense femtosecond-laser
irradiation [J1. Materials Science and Engineering: B, 2007, 137(1-3): 289-294.

[21] HU SH X, HAN P D, WANG SH, et al.. Improved photoresponse characteristics in Se-doped Si photodiodes fabricated
using picosecond pulsed laser mixing [J]. Semiconductor Science and Technology, 2012, 27(10): 102002.

[22] DULY, YINJ, ZENG W, et al.. Fabrication of micro-nano structure Se-doped silicon via picosecond laser irradiation
assisted by dopant film [J]. Materials Letters, 2023, 331: 133463.

[23] GUO H, XIE ] W, HE G ZH, et al.. A review of ultrafast laser micro/nano fabrication: material processing,


https://doi.org/10.1186/s11671-018-2523-4
https://doi.org/10.1088/1674-4926/43/9/093101
https://doi.org/10.1088/1674-4926/43/9/093101
https://doi.org/10.37188/lam.2025.044
https://doi.org/10.1186/s43593-025-00094-w
https://doi.org/10.1039/C4EE01152J
https://doi.org/10.3390/nano11010041
https://doi.org/10.1364/AOP.7.000684
https://doi.org/10.1364/AOP.7.000684
https://doi.org/10.1186/s43593-024-00079-1
https://doi.org/10.1016/j.mtnano.2020.100078
https://doi.org/10.1016/j.jallcom.2021.160765
https://doi.org/10.1002/pssa.202100772
https://doi.org/10.1002/pssa.202400127
https://doi.org/10.1063/1.4804935
https://doi.org/10.1063/1.122241
https://doi.org/10.1063/1.122241
https://doi.org/10.1016/j.mseb.2006.10.002
https://doi.org/10.1088/0268-1242/27/10/102002
https://doi.org/10.1016/j.matlet.2022.133463

RED2E (RgEs) %x %

10
surface/interface controlling, and devices fabrication[J]. Nano Research, 2024, 17(7): 6212-6230.

[24] GROSS J M, SHAVANDI S R, ZAGORAC T, et al.. Picosecond versus femtosecond-laser ablation of silicon in
atmosphere[J]. Journal of Laser Applications, 2023, 35(4): 042053.

[25] HAMAD A H. Effects of different laser pulse regimes (nanosecond, picosecond and femtosecond) on the ablation of
materials for production of nanoparticles in liquid solution[M]//VISKUP R. High Energy and Short Pulse Lasers.
Rijeka: InTech, 2016.

[26] ZHOU SH Q, LIU F, PRUCNAL S, et al.. Hyperdoping silicon with selenium: solid vs. liquid phase epitaxy [J].
Scientific Reports, 2015, 5(1): 8329.

[27] WANG M, DEBERNARDI A, ZHANG W X, et al.. Critical behavior of the insulator-to-metal transition in Te-
hyperdoped SilJ]. Physical Review B, 2020, 102(8): 085204.

[28] DULY,LIU SH P, CHEN F S, et al.. Effects of dopant film thickness on near-infrared photodiode response based on
Se-doped silicon fabricated by picosecond laser[J]. Infrared Physics & Technology, 2025, 150: 105933.

[29] ATTEIA F, LE ROUZO J, DENAIX L, et al.. Morphologies and optical properties of black silicon by room temperature
reactive ion etching [J]. Materials Research Bulletin, 2020, 131: 110973.

[30] ZHANG X M, LI W N, JIN CH, et al.. Effects of black silicon surface morphology induced by a femtosecond laser on
absorptance and photoelectric response efficiency [J]. Photonics, 2024, 11(10): 947.

[31] KOMAROV F, PARKHOMENKO I, ALZHANOVA A, et al.. Broad infrared absorption band through ion beam
hyperdoping of silicon with selenium[J]. Applied Surface Science, 2023, 639: 158168.

[32] LEDINSKY M, FEKETE L, STUCHLIK I, et al.. Characterization of mixed phase silicon by Raman spectroscopy[J].
Journal of Non-Crystalline Solids, 2006, 352(9-20): 1209-1212.

[33] FANG Y J, ARMIN A, MEREDITH P, et al.. Accurate characterization of next-generation thin-film photodetectors [J].
Nature Photonics, 2019, 13(1): 1-4.

fEE @AY

FEHEAK (2001—), 55, WU I AR N, B
SEAE, EENFM R R A% 1 7 T At
8. 2024 4F 6 7, D014k TR %58
{5 TR Bl 3R % 1% i . E-mail:
324085404229@stu.suse.edu.cn

M (19XX—), &, W1, 8l 2%,
Wi+ A Sl . 2005 4E 6 H, HIAL TG
K2 2 Rl Bl 3R 2 2 A
2007 4F 6 A, S B KA ) L
TR % b Bk 3R A A 25 7 ; 2018 4E
6 J1, M FRHE R 22 E TR &L B
ARG A2 . 32 A2 SR A R
5 QKRB | L0 AMBUR R RS 21 Ah
B AS A 55y T R S R TR

E-mail: dulingyan@suse.edu.cn



https://doi.org/10.1007/s12274-024-6644-z
https://doi.org/10.2351/7.0001206
https://doi.org/10.1038/srep08329
https://doi.org/10.1103/PhysRevB.102.085204
https://doi.org/10.1016/j.infrared.2025.105933
https://doi.org/10.1016/j.materresbull.2020.110973
https://doi.org/10.3390/photonics11100947
https://doi.org/10.1016/j.apsusc.2023.158168
https://doi.org/10.1016/j.jnoncrysol.2005.10.072
https://doi.org/10.1016/j.jnoncrysol.2005.10.072
https://doi.org/10.1016/j.jnoncrysol.2005.10.072
https://doi.org/10.1038/s41566-018-0288-z
mailto:324085404229@stu.suse.edu.cn
mailto:dulingyan@suse.edu.cn

	1 引　言
	2 实验方法与过程
	3 结果与讨论
	3.1 样品形貌与晶体结构
	3.2 光电性能

	4 结　论
	参考文献

