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Abstract: Due to the high absorption efficiency in both visible and infrared wave bands, micro/
nano-structure silicon prepared by femtosecond laser has many important applications in the
silicon-based optoelectronics, photoelectric detectors and super hydrophobic devices.
However, the mechanism of the absorption characteristics with wide spectrum and high
efficiency has never been quantified accurately, which limits further development and

application of this kind of material. Therefore, we experimentally quantified the different
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absorption factors of the micro/nano-structure silicon prepared by femtosecond laser, including
the dopant impurities in the silicon substrate, doping impurities induced during the laser
fabrication process, absorption enhancement from the surface amorphous light-trapping
structure. By these analyses, we determine that as compared to the doping sulfur impurities
induced during the fabrication process, dopant impurities in the silicon substrate can contribute
much more to the infrared absorption. Furthermore, the material is annealing-insensitive.
These results have important influence on the design and manufacture of high efficiency
optoelectronic devices.
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un-annealing samples prepared in SF; and vacuum



555 1 2l A5 OB BRI AR I BT R OB B AL T AT T « 405 -

2 RRLERSIR

AP 2 T L SIS A » SF rivil 4 MR 5 WS Dl I8 T 20 o 4 T RE S o
BRT 1100 nm BHE /MBI UL T BT Bt . B AR RES A LRy SEM JE R 3 BT o LA 217
FIREE TF Hhl 6 O RS P AR T S ) 0 . PR 1 R TR K 8 P T T T b 2 2
TG A T o VAR« DT M L SN U 0 ek T L5 4t 2 O X B 8 e % 1 P-4
WRHE g 3 10% em 0510 17 v gl T A BUIG 2 HOWL UBOR TLT R 2

#1100 nm 3 BEWHE P RIFRBE R Bl iokER T R 7 ,

W AC SR R ARG B8 b 0] LATA R J2: B e A v ik
NEEAZE ARG R, B R B 1.1 eV, B
IR B KAR T 1100 nm A A5 6T RE B A R ik
DABIEE A BB . 4 RE A 2R 1R R B g 25 48 B, A
WAL TR AAE F T BB Es M358 T 20 AMR i, b, iR
TEBL T — 2T MR S A ARUER T, JCIT MR HE
FEANK & » GOKFL LA B 2% 5 35k 6 ] D3 6 1) 22 ¥R
S5 s TR E 5 O F R i IRl . 76 S iR KRS T
CETE A A £ F 4% i+ (E 2 B ol 3k Bt S i 5 4 T
BRA BT BR LA IR . 8 T i — 2 E X —
SFRATH X SR AT S (XRD) I T 38 KR IS RE S
(AR ALRERE &l 4 B . B AE 69707 B A AT i m]
DAF H s PR BR324 T 40 465 4 ke A 3R K5 A S

A A

(b) 3B K 5 SF P 4
Teh g5 HISEMKE

. ;’

Y

(d) SRR LU T

WA PR 9 B8 2 A8 2 30T T B A Y 06 (ELJE it 2 LU PR b AN EiHISEME AN iHISEMA]
(AR FE— 26, PRI, AT DA 8 I X3 AE 1 100 nm fff 3 EahsEHIH) SEM E

5& {BZEQ E"J IJ& q& Tf lg J( E é:\ IZ% 1[5% ’ {B Z: é:\ F% 1[5% E2) Jﬁ !Zﬁ ?TJ‘ Fig. 3 SEM pictures of micro/nano-structures
JEEAE RSP o

1x10° : 1x10°

1x 107" | 1x 107 |
M -2 M -2

1% 10 1% 107 | H
2 SFlAJR A 3 kg e
Lixi0v Vo Sreskir | ; T x10°) FLA B KHT
= A S

1x10™] i 1X 10 Il o

1x107° 1x107° L . . ! .

30 40 50 60 70 80 30 40 50 60 70 80
AR BE26 /(7)) ST BE26 / (°)
(a) SFeFAEE (b) HLAHEE

4 BRIETE S MEZRIERE B S FHRNEHEEEIR ARIF 1 000C R X5 HY & H E B
Fig. 4 The interplanar crystal spacing of single crystal silicon and microstructured silicon fabricated

in the ambient of SF; and vacuum before and after 1 000C annealing
X EAS T » JOF PR AN [R5 BOSHEI Y S mk al DU 38 KRR RS2 i 5 ke . iy
SFs 1M1 75 » 18 K 5 RN 1 B A PIRR I 2% MG e R kL. 25 i R0 A BHI i 7EB AR A
R A LT ELIC A MR 55 SR R T L DRI SF Hh B TG 7 A 800 I AT BT ik ) AR 4 9 Ao
PRIE i 45 O 2 R R0 g B8 LU R R o I o RS R DAy R0 1) e 80T WA 19 BT RS T A5 1
kT
454 LA BRI SRRV A K PR ke 14 A 38 K00 e e B D A g i P IR ATt T LB T H o .



. 406 - X ¥ B o537 %

BEDR Y S B CEE R A B NSO ) B AT DR BB A . PRI SR A A I A o
AR 0 . BRI L LMES B SOSCRAE IR K5 B2 AR R Y . R T 36X — o5, FR AT 38 o i A e BEL Ak
(20 000~28 000 Q = cm) K E R 5, AN LS R WA 5 Fron. 100

VLT L A MO H 7 28 PR ) LEMS BORER TR SF, il |
FORR — BB B IRIORCR L AN ESR A PRI BL R Rl
HCRMAILT LT A, S 2 A HB R ATAT DA A s B By % sk
FEAEHIXS F O3 S TERD I B B A A B | 5 a0 ST Rmseirm
. = TR KHi
/\%?H"JT%%}\%‘EIU%% 20 b= HAEKE
L5 TR Bk LEMS BRI A ISR PR 2% 19 2 8 T s
0 500 1000 1500 2000 2500
YIS ] WA /nm
A= Aps +As JFAdm +ApLT (D

. X N , 5 EFEREERI &/ LFMS #41A
'A Elzlé\ il X ;Q;A1>57A5’Am’Ap, / ! Bk ‘ : Zﬁ: s
Aot A BRI e A SRR OB e 20 000

Jo B2 TR TG AR B G285 A H A 3 2% IR I AL ) BT R 28 000 2 - cn)
Ap T LLAH P R 2P AR 20 L rh A BTN R TETZ ] i 5 The absorption curve of LEMS
1 Z U R R AR = 1T IR A i 2 B A I . A IT DA L 25 B35 prepared by high resistance silicon
A RORE R AT S BRI Z RS ], AT LB S A Am S (resistivity: 20 000~28 000 Q « cm)
SFs PREE T il 45 0 AF dh R KR IS AW Ik 22 0 45 51 . Aper AT LAGE 1
A HIR KR 2250458, LA 2 000 nm P R i), B3 BREE DL K SEs A i 14 4 A AE X IS0 o7 ik 1R
FZWFE 1R,

e SFs 0L B 2 K Aun Al ¢ =1
Aurt A, =0.25 5,75 : 25 65 i {E L2 Y10

KA At A A P AR =110:27 2650 8 umee S pmRE Y fom % GRERIE

iR T B B = H R &

Tab. 1 The absorption efficiency of different factors

T 29 UL s FE AN A7 TE B 2% T A% B0 T 5 ey M sf % A 96 0.12 93 0. 04
WAR AT LLGE o Bt 4540 5 i R ik B 22 IRBH BT hE Al 0.25 0. 02 1 0. 04
RRMA A RL I, WA, F— A shlle A 5.75 0. 14 0 0

DUBRIR R s B RV R KA 6 TR FRlanss A 65 0.01 65 0.01
Fa A Y G H A 1 B 2% At 25 0.13 27 0.0

e R B R KR R 1000 °C B EUE
3 # it

ARSCAEIEETE ] 200~2 500 nm LA M T CEMEOG T A 19 Tl 25 4 FP (9 52 W 3R AN ]
PR AL E S IR T B 2% B 2R 5 (D) & i 5 i AR R A 48 215 » PR R A AL IR A 5 AN SR I G P PR AR IR . 28
T SR M AT E S AR BB B L AR A R X S T AR A X S A R X e B R R R
o AR A1 S

S 3k :

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

[2] PENG Y,ZHANG DS ,CHEN H Y,et al. Differences in the evolution of surface-microstructured silicon fabricated by femtosecond
laser pulses with different wavelength[J]. Applied Optics,2012,51(5) ;635-639.

[ 3] PRIOLO F, GREGORKIEWICZ T, GALLI M. et al. Silicon nanostructures for photonics and photovoltaics [ J |. Nature
Nanotechnology,2014,9(1) :19-32.

[4] MAILOA J P,AKEY A J,SIMMONS C B.et al. Room-temperature sub-band gap optoelectronic response of hyperdoped silicon[ ] ].

Nature Communications, 2014,5.:3011.

(TEEE 425 TT)



e

%5 4 HIA . 45 AL I B R AR I B C G H it 52704 < 425 -

S k-

[1] KOGLINJ E,CHEN C M,CHONKO J C,et al. Hard X-ray optics:from HEFT to NuSTAR[J]. SPIE,2004,5488:856-866.

[2] WEISSKOPF M C,O'DELL S L.ELSNER R F,et al. Advanced X-ray astrophysics facility (AXAF);an overview[]]. SPIE, 1995,
2515:312-329.

[ 3] KUNIEDA H,ISHIDA M,ENDO T,HIROHIKO Y,et al. X-ray telescope onboard Astro-E:optical design and fabrication of thin foil
mirrors[J]. Applied Optics,2001,40(4) :553-564.

[4] KOGLINJ E,CHRISTENSEN F E,CRAIG W W, et al. NuSTAR hard X-ray optics[J],SPIE, 2005,5900:2-7.

[ 5] DEBOO B,SASIAN ]J. Precise focal-length measurement technique with a reflective Fresnel-zone hologram[]J]. Applied Optics, 2003,
42(19):3903-3909.

(6] # Ak L ADG R —62 %5k s B —— i S RUE R ). D62+ . 2008,30(1) : 90-94.

7] adRa, X, 22 kU, A a2 B TR BRI RN [T 1. D62 Ki% TR, 2004,12(6) : 555-559.

(81 VFoesl, JaF, k. = WRAARERE P B IR 22 R AE CGH sPRTI R 4385 L) 1. Ot K5 % TR, 2008,16(11) :2104-2109.

L9 @, s KA 55, THA2 BRI BRI BT SEa 7E L) 1. 06445 . 2009, 30(1) : 44-46.

(100 AL b R L M. bt b mTfi 2 A R K27 Hh i . 2005,

[11] BURGE J H. Applications of computer generated holograms for interferometric measurement of large aspheric optics[ ] . SPIE, 1995,
2576.:258-269.

(G4 - XD

(L35 406 TT)

[5] KIMT G,WARRENDER ] M, AZIZ M. Photoluminescence properties peculiar to the Mn-related transition in a lightly alloyed
ZnMnO thin film grown by pulsed laser deposition[ J]. Applied Physics Letters,2006,88(24) ;241902.

[6] WU C,CROUCH C H,ZHAO L,et al. Near-unity below-band-gap absorption by microstructured silicon[ ] ]. Applied Physics Letters,
2001,78(13):1850-1852.

[ 77 PENG Y,CHEN X Q,ZHOU Y Y.et al. Annealing-insensitive “black silicon” with high infrared absorption[ ] ]. Journal of Applied
Physics,2014,116(7):073102.

[ 8] CROUCH C H,CAREY J E,SHEN M, et al. Infrared absorption by sulfur-doped silicon formed byfemtosecond laser irradiation[ ] ].
Applied Physics A.2004,79(7):1635-1641.

[ 9] SIMMONS C B,AKEY A J ,KRICH ] J,et al. Deactivation of metastable single-crystal silicon hyperdoped with sulfur[ J]. Journal of
Applied Physics,2013,114(24):243514.

[10] SARNET T,HALBWAX M, TORRE R S. Femtosecond laser for black silicon and photovoltaic cells[ ] ]. SPIE,2008,6881:688119.

[11] CROUCH C H,CAREY ] E,WARRENDER ] M, et al. Comparison of structure and properties of femtosecond and nanosecond laser-
structured silicon[ J]. Applied Physics Letters,2004,84(11);1850-1852.

[12] PENG Y,WEN Y,ZHANG D S, et al. The optimal relation between laser power and pulse number for the fabrication of surface-
microstructured silicon[ ] . Applied Optics,2011,50(24) ;4765-4768.

[13] PENG Y,CHEN H Y, ZHU C G, et al. The effect of laser wavelength on the formation of surface-microstructured silicon[ ] ].
Materials Letters,2012,83:127-129.

[14] SHER M J,Mazur E. Intermediate band conduction in femtosecond-laser hyperdoped silicon[ ] ]. Applied Physics Letters, 2014, 105
(3):032103.

(G - X R



