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Abstract: Based on the current application requirements for wideband response photodetectors, we designed a novel
silicon avalanche photodetector (Si APD) with high response in a broad spectral range of 250 -1 100 nm and it could
achieve efficient detection of ultraviolet, visible and near-infrared light without splicing. The enhancement of silicon
on ultraviolet and infrared bands was separately analyzed. This was followed by simulation on the device structure de-
signs using different methods such as back incidence, to improve short wavelength absorption while maintaining a
high infrared absorption. The Si APD shows a peak wavelength at around 940 nm and a high photoresponse at 250 nm
and 1 100 nm which exceeds 15% of the peak responsivity. This type of device is suitable for multispectral applications
and future high-precision detection.

Key words: silicon avalanche photodetector, wideband response, ultraviolet enhancement, near-infrared enhancement

YrFe B #A:2023-10-23, & B H #B : 2023-12-11 Received date:2023-10-23, Revised date:2023-12-11

EE WA [FHZE A1 (2018 YFE0200900)

Foundation items: gupported by the State Key Development Program for Basic Research of China (2018 YFE0200900)

{EE N (Biography ) : B4LF5 (1972 —) , &, WIHLLL %2 N, it 2B 58 400N 21 SR G B PRI 25 L R PHEE . O 4% . E-mail : hlpeng@semi.
ac. cn

1@ i4EZH (Corresponding author) : E-mail: whzheng@semi. ac. cn



i LTS G S B BT

A RAR I R T 465

51

Tl

X R T A [ 40, S 28 A AN TR 2, H
I 55 A1 2130 21 A0 ik B i 00 25 L AR )12, 4%
EBHA 22 B BRI 25 A e Rk T A . SR AME I 48
I FHAE KR TV | B 2 A8 A il | 5% A1 3E T ) 5 A
O3 3 KT A AT 5 A B 9 AAE B A0, 6 O LA A
5558 AN B R H I 18 A 5 v P e R SR T Ak D
B— R F 02 S AR 5 B BE R GaAs  GaN/AL-
GaN . SiC 55 , {H X SEFRI 85 AR 0 I8 A B A% 1 A
(PMT) A 35 A G HL 25 (Si APD) B K i AR A vy
1425t HAE 300~400 nm 3t A AGER I AT I
JEHE I A8 AL HG Si 3ot i A AE OB ELR R L ceD/
CMOS EUGAL IR A5, N 6285 . Tl ) i 55
U G ) LLAME ISR A GIE AR 28 BRI | 22412
W W 53 53 A B AE D A )iz A, (G £EAMR
2515 InGaAs HEM 25 L Ge/Si . HegCdTe AEAAE Si
PRI Sh AR 2S AR ERIM 48 5, ansf
RENs 2 AN )l B BUPE —Jts b, R TR s R
SR HLA B B R BB i 4 U B
MBES2i 6 2R By S5 B A EIE B
G, X H AR S B AR S A, U ) o
P R S R M e, 7 A% S I A R
FAMMAES™ . B an 35 B 76 Jb K24 S BT M A i 21 41
(SWIR) K P21 M (LWIR ) Ay = 45 8 b 't B 45810
#ir (PD)™! W H IG5 v [ B2 e T B R 38
5T T 52 B0 128x128 Ik 52 4 HgCdTe XL {2 2T 41 £ -
THT B2 20 R0 25 5 52 1 T 9 S0 BT 2 e R 000 25
G 4E B B CMOS H % | GaN (UV 55 /M BL )
MCT(MWIR H i 2141 ) F1 Si—-CMOS H, 5 5 Ji 4 i
S22 BOGTERIIES B o BRI &8 B T
T2 SE R CMOS T 4IRS, 45 5L
TR B 270 RN A 5 DL, ek DY R N 4 5 D8 B )
BAVBIF N (A5 e SRR 25 I P 7 B 22 40

I SE AL S AR 25 A58 17 i 78 AT A PR
AW FE W, A8 540 W 61 L0 AN B g ) 3
S BT T T2 WO ST, X T G i 1
BB R 8 0 R AT TS . R SE i RERR
& R A B S R R G sl A SR
HERERE G LR S5 A ) B 45 A 5 RE A RS A T
DAARAS I B F0 e 11 5 e B A 25 . 40 2015 4, 77
P SCREE R LPCVD H AR HIE T Si F A7 B0
I G R R B #1550 nm ', 2023
4E T AREFFH ZnO 1 Ga,0, W R SRk LS Si

IR W 22 2 2548 Si 3ol i 48 I 25 7 i 7 3%
P9 BNTRER AN W] ) R ' i 7 55 45 AT -
ZLAME ) T T ' R BRI 2 e N 30 B TR
254~980 nm"' o it bR LR A 2 RO [ A4 R
FIHIE R A R, 5 CMOS FRE A — i X
B, HATLL AN AR B E] 1 100 nm. R £+ R
FIER I #8 7] DL CMOS T2 48 WG, FRA5 AT 5% 47 1)
TR ALE Bt LS R, 7 A R A5 202 1
55 [ 7 (2020 AR RS0 AR AR Yy B 22 1 R 2
% ) P R SR R S 2 A R AR A 3L A R AR Y
OCBRR2E Pk, T b I B peE R 8% T LA S X
S R ARIR B AT 55 e s A e e N R B . 20224F,
Jet Propulsion 3255 %5 >k F — 4k (2D) 4% Si CCD 3£
PLELAb—0] W—E LT AR BRI , 75 150~700 nm i B i
FRCRAFBIRASLTE . M T 6E PD A1 CCD £
DIE% , Si APD FEAARFRT /NG B T 7] 345 245 5 1Y
REE 1548 THEA B &R X T MR R
e Bt vT LG b 15T e B DA T AR A 98 Y 1
(RE APD R & o F VR R ) A 5% BT 38 2o D4
1977 RS2 T 300~1 100 nm T I B ) APD F4 %71
TR o A T ARAF R MR A5 Ah-nT W3 2T
Ah (1100 nm ) i BeABA ¢ e e o7 B2 A B8 Si AR DU
iy AR SCH X RE APD 958 S B T 2T A 5 1Y
S3AT, X Si APD 2544 S A DR S E AT T, TE6E
Wi b AT SEELEA F 250~1 100 nm 58 I B0 )i APD,
AL AR B A B 2 iR I S FLEs Ao
1 EMRREREFE

FERT R B 25 G N 1. 12 eV, gk i Kb
1 100 nm, 7£ 700~900 nm 2 [A] Wi 7 J3 fe i o Bl & %
KB, ek Y WO R B ]S, S BOFE 1100 nm
Aab w7 AV 5 T AR 0 B T ), T R AR AR
SRR AL B 1 4 A Bl Ak )2 SR R A A R A
E R PR IR A, P L RE R 48 7E 600 nm LT i 17 J3E 4,
BAK . E N IS B SE LA R F 2 R T2 A BRAR
WS O THT 5 G e 4 AR M) S o 485 55 O
I, FEARE S B A BT 21 40 T G e N, H 2%
R MR AT S M B — 2P R T R R R R A i —
g7t =y TN

Tl (8 W SO P ] 1 TR e 400 nm DATR 3
KA EM ISR B AR LR T R S R s . REAE
400 nm DA I B MR IR B b (R4 B AU
k) AER MR SAMVER TG E R E RS i
] Si/Si0, ST M 8% 1738 52 G, AT R R BEARAE G



466 g hh 5 2 oKk U e 43 &

1E+07 0.8

1E+06

HH._H
I - R - T
& & & &
[ w - wn

Absorption coefficient/cm™
Surface reflectance

1E+01 4

1E+00

0.3

T T T T
400 600 800 1000
Wavelength/nm

BT M 3R ORI i S S R Bl e I A2 A il 2
Fig. 1 Curve of silicon absorption coefficient and surface re-

flectance with wavelength

T 2% XoF It U B3 G B i 7 BB A R R R R 4 A
22 NI S Ik B A i 17, BIF ST N B3 X 4 A b
B 1] PIN W USCHT 32 43 15 45 46 . MOS 5 M2 il Y 3 el
T 25 BE B ) SUFE PIN 454 8 AGTE5 0 R ITMIR 2
B AFIAME A K R S B A4 H ARt
T TR WiAE T L0 AN B, ik 0 W e R %0
TR REARS , 5 50 A 20T 21 A1 B v 137t 22 /)N
BT 2T AN U B ARAT 5 K I i 7 B, 0t
Xof AR5 R A T35 R A Bt , 0 7 ST 2T A 5
Iy AT EAR AT o

2 Si APDHRHFZITRIEMER

Sk, FGATT A3 T X B e B B Si APD HEA T
WF5T, M ARAGEE R M, 225 0 Bl 48 T AR
R A EL
2.1 REEEELIMEIESI APD S

L5 R ) S AR PRI L, T RESL A e —
WA HA S B o o RS T2 S TS
F % 4R B L B2 B S K B ) RIAEG i A o & 14 P
P, T MBI RN S L AN B R A
SRS AN RE R, PR IG5 2 00 55 AN B i) 17 184 52
) Si APD 4549 Z Bl AT R4k . A B T8 FLI Si
APD 544, 2R FH WO X 58 T A S D' T, 2 1T R A 422
fid )2 A 7 2K, SE S 5R 250~600 nm I BEE B, X RE
BRI/ T AR 2 f J22 T I8 ' 1 WA A R, W A X
SOS ST A ST, HE 0 A, A B 21
A LT S Z S A . R M E 2 )
SEIN A% 2 I8 4 SR EE RS B 45 ), APD S5 2
N 1 iR , 76 N AR B AEAME—J2 0.5 wm J5
B P AMERE 2 2 5 0. 1-0. 2 pm Y3952, 76 H:

FAME 1. 3~2 pum BYAE)Z , 2 Jei i 8 5 A IR
HHGR S BLHRY PRYHAR R i)

®1 HBEIMERESI APDEESH
Table 1 Thin layer UV enhanced Si APD layer pa-

rameters
SHZE JEJE /wm BIRUE fem™
B A fid 2 0.05~0. 2 1.0x10"(P)
W) 1.3 1.0x10"(P)
Yz 0.20 8. 0x10"°(P)
42 0.5 2x10"(P)
(SIS 20.0 1. 0x10"(N)

B2 5 B R 150 wm B8, 20l Bl 45 1T 45 44
WA 2 7R o 2R B 4 Sy W 2 ok 810 R A X 1 221
it 4 2 X 20 i A 2 5 o 2 R A IS OS]
It HLBEE 538 215 22 U BE i A 3 in . 181 3 JoR
(1) 2 P 220 ok 81055 0 22 2 T P e A 25 2 L f 3 APD £
B 4500 B R S ALV I S X i
KT 3x10° Viem, UL X HL 1724 80 000 V/em,

Metal layer

ﬁ A/vaoating —

m-region

S0,
P~charge laver f

P- multiplier layer

N7 substrate

_—~ Metal layer

Fl2 %4143 Si APD SR 125
Fig. 2 UV enhanced Si APD device structure

S B S AN, BT LLAE Si APD #3125 5%
USRS, LIS ek E SR AN B e N o AR 5 AP
BERHT B R ARRAR K, UnfE] 4 B % S — ik B
38375 2 (o FL A I B s 3 R RREAIR

PN A5 B 5 AL A X D 5 BB 1 F 5 8 2R AR AR
L g L N 7 SO = K G B B e 3 Bl T A )
VR BB TR, LA M e 4% 0 B O 1 W RO R EE
W FH ) 48 A 38 57 bR T B4 45 MgF, . MgO | HIO, .
ALO, FISi0, 55, R H SiN A A ek S, A4 45
WS Fr7s %6 3 7a B 3% a8 5 1 100 nm M )i 45
1%, BN BIAE R 58 I Bema B 225K o T REXTC I



4 WAL A v Il B R ' B B R 5 467

SE+05 1E20
Electric field intensity|
— Doping
§ 4E+05 [ ks
e
B {1E18
‘% 3E+05 - o
£ 8
E 41E17 %
= 2E+05 g
.9 A
(<) 4 1E16
=
£ 1E+05 -
9 4 1E15
5]
OE+00 S —— IE14
0 1 2 3 4 5 6 7 8 9
Thickness/um
(a)
1E-5 1000
1E-64 — Darkcurrent
Photocurrent
1E-7 4 P 1100
1E-8 -—
<
2 1E-9+
5) 410 =
E 1E-104 [
|©]
1E-11 4
1E-12 4 7!
1E-13 4
1E-14 T T T 0:1
0 10 20 30
V. IV

3 Ze5MHYSE Si APD, (a) 13743 i FIB 2% 4345 5 (b) 1V i
2R B A R £
Fig. 3 Ultraviolet enhanced Si APD, (a) electric field distribu-

tion; (b) /V curve and multiplication curve

Refractive index
i
1

T T T T
200 400 600 800 1000
Wavelength/nm

K4 RERIITI RS BRI R R L
Fig. 4 Curve of the refractive index dependence on wave-

length of silicon

Bem e 22 BRI, 5 86 0 BOAH FE R MEAT 4~5 B
iy 2250, PR AS BB R e i B a8 IR R Ok 3k
o T W BLUE I A E APD R PR ARE APD BT 215
SR J7 TLIEAT S0 BT , [v) o SHEJB5T 55 47D 52 6 38k BB i 7

2.5E-08 1
——200 nm enhancement
———250 nm enhancement
2.0E-08 ——300 nm enhancement
400 nm enhancement
< —— 500 nm enhancement
g 1.5E-08
g
Q
<}
2 1.0E-08 4
=
~
5.0E-09
0.0E+00 : . r . , .
0.2 0.4 0.6 0.8 1.0 12
Wavelength/um

€5 Si APD 7EAN[R] S5 PF RSB T B9 G
Fig. 5 Photocurrent spectra of Si APD under different condi-

tions in shortwave antireflection films

2.2 iRLTHMESEFILE SMGIEM Si APD 1% 1T
B

Bk 5650 21 A/ F 500 28 A 38 1 S ot B ik 4
SSAT 2 T Ok T 1 O T B R RE AR AZ B AR A
il ) e A S b S IS RN N DIV S IR
S RN VAR AT NS L A LT
U L O RE P OB = Y v S BT LY £
AAL R 1] FH R A 3 T ] S0 Tt ) 1 08 I S 4
Ht i A, B8 T R AR R B 2 2 v K Y A 2
Jo R A7 4% o R 5t B E ek 2 A ] AR Y BB
G, T2 BOLBEXT e BOG R ™ . H AT R
7 ) 3 3 A R T P ot Si 2 T AT A BRAS
BE”, L Si APD X £1 1 B (0 56135 e 17 B it
SR AR T SRR AR RO 2 ] R
BER T2AFEAN R I e AR v, R R T 1Y
YR ZER R BRI, AN K25 2 i

ARy M AEARAE X P9 5 -1 A il 1 v A 368407
TG A5 | RS 1) it 4 S5 5 AR Ak 3 s T 5 174 i i
TFX S e REAR AT v i i e B B 2, 39 0 Rk Fr) 4% T
WL, 40 kw4 . 2007 48, R8T 2
B IR 4 B D S R PIN G FLER I 2%, 7 1 550 nm
Wi E R 0. 8 A/W . 2014 4F , RS Fb iF K27 18 1
AR B 77 A AR KSR Rk S 7 PIN K
FEL AN 2 P o 1 38 B B 31 2. 2~2. 3 um, 20144F,
JINEE K Thomson S5 5L T 2~2. 5 m I Bt T Y %



468 g hh 5 2 oKk U e 43 &

Tl [ A BERR I 25 5 2015 4, Ackert 25 3L F ik
SERHEAT T4, A 1T, S 3RIA B 20 Gbit/s,
B Bl 2 e 2 SR BT 6 ek R B AU 2T 1 R i 3
SRIUEAT T RS, RGN B -1 A8 25 A 24 iR Ak
9 AR RE B FE AR BRBA TR REPOR S AL TR
RE G 1 S HL G 46 s 0 A = VR B TR BE B 2% 1Y)
AR )T B4 RN P AR RE AT £ A0 S AR 2% | k4R
T80 37 9% K 2 F] 1550 nm, 2020 4F, 75 44 HL 1
PHEE R 1) I RGH 2 2548, S0 T 3 24 Bl
BRI EE T, 7E 870 nm P K E IR R, B F
T T BRI CRIA R T 18. 6 %

BRIt 2 A it FH 3 214 MEURR A A R R TR 1 IX
W, SiVE MR X, a] SRAF L0 ARG e N . i 4
A 1 InGaAs/Si APD AN Ge/Si APD %5 0] £ C )%
BORAS B R w1 TGS RS T SRR
SERERE ) RS AN DG BE 25 5 S5O0 14 1) W R 3 A0 R 7
A, PR X G Bl A AIE 1 B R A . R
T8 APD, RIFE 2 76 R0 45 B — 2 & T AR
VE R EHE 45 2 86 16 2, (A5 5 7 s RE R
TCIEAT A8 5l e [0, DA T S B A s A R X i
BE AR 5 B 0 K A B R 2R A B A | 4T A1 B
el SRR A BEOCEROR  dnT LS
I UT LA IS SR . 2023 4, NG JE T K2
Y738 (UC Davis ) 3 1o 76 £ oA G TR IOK
AR GFLAR (57538 5 3 B A S 89 6 LT 90° 4t
SR, TS ' T TR 1) A R DT T 21 A i B
NS AR E S T ST s S 3 N NS 1)
PR AL FLEREIA 2 T 5L (GaAs) 45 II-V Ji%
e PR 2 () KT

H A7 3 6 2T A8 58 1) J5 vk X Si iE AT SR I
AhEE A R R R A AT, BRI R T AT
AN, AL 508 58 /NI A D, ] Fsf 3 55 % 3 i £
LK, R T e —HakS R B S B B T 24
AT B W, Fe AT TAE B APD 454 b EAT %, (il
HE 7 i B A 75 250~1 100 nm.  #SF4EHE R TS
NS WX S ST A G TR FR R A i 2 A, A
S 10t B M R AT A [l s L) R AT
LLANEBE AT RO X B A R S B4, 2k A%
LN OB URAAN ) VAN SRS U e s il 100 A N a2
fifi 19 i APD 7E 250~1 100 nm 3 B A % & 19 0
I

LSRN 1A 6 BT FE i BELAE AT IS b 43 3 41
JE PRV N R A )2 s 2D R O F B PR A

P Metal layer

;u[ !! con!acl laver H f

\ P- multiplier layer
SiO\:
m-region
 P* contact layer
AR {0ating

\
Metal layer

Kl  FilkBt Si APD #F4h&l
Fig. 6 Broadband Si APD device structure

TE RN BGRB8 7 ATE SRR 28, SR I DA
JBE , Z0 PO T 11 4 AT B P e AR 22 M 2 5 Al Sz st
FTELAR , 6T TS, ARNE XS |, e 3
T A, SCILE A1 . Si APD B 2%k i
FER I AN 7 7 s BRI 1 1V T 2 A 184
8 Ui/, 7 905 nm G A S T, APD £ 8 1d 100, X
TR K A OE A S, APD B W i 5 175 38 A ] A
P25 R R 5 F %F T 250~1 100 nm (9 A SHE , 76
F Y TGRS T R SRR . O T AR AL
2T 4 B AT 85 1 I N R 2 G U R B AR TR
APD SRR SEA T T IF5E

W9 fr s, 6 1 JC i R RS 1 B iR 454 APD,
AL 25 14 45 Z 50007 LLAR 13 7F 250 nm A1 1 100 nm,
W AT 0 3 B (R 1 10% L) B, 4 9 T £k i
o R T S D Bewi N 1Y APD g8 F . g TR e A
250~1 100 nm Y% B (M N BT T 353 i, (1545
PR3 TE W B, R o] UL DRI 21 40 i B3 R Y
B A A e e oy B, T 9 FRER TR

XoF T4 v B BRI 8T 5, A £ A
23 bb FUSRET AP 3G 58 1) W R (IR — 28 | 502 R Ry #2844 45
¥ 25 8T T B, SEBRI Y, QSRR
G R X R — e B, AT L T A A R ) 15
The FANEREXT APD 53 BB, APD FERR 1Y
25 B AL TR TARIRES , LA Si APD K 7EE AN B8
e B FELELAT B R B . e 10 firs , FEAR
] i S A5 B G LA L 180 VX L I A 4G 5 K
Wil 4 FEL R PG, A5 2 /S s A R R R, 8 4h
FUE LT AR i 5% B & . e BRI %0, Si APD 7E 250~
1 100 nm A3 % = AR B, 78 940 nm 0 [ Fe 58, o



4 WAL A v Il B R ' B B R 5 469

3.5E+05
3.0E+05 ~
2.5E+05 —
2.0E+05 ~

1.5E+05 4

Electric field/V ocm'1

1.0E+05

5.0E+04 -

0.0E+00 T T T T T T T 1
0 ] 10 15 20 25 30 35 40

1E+19 4

1E+18 A

-3

1E+17 4

Doping/cm

1E+16 5

1E+15 4 —\

1E+14 — T T T T L T
0 3 10 15 20 25 30 35 40

V. /V

bias’

(b)

K7 FEiB Si APD, (a) H13753 1 ; (b) #5444 1
Fig. 7 Broadband Si APD, (a) electric field; (b) impurity con-

centration profile

250 nm F1 1 100 nm M L 347 68 43 06 i 36 < M 7 1)
15% , 3kA% T 858 W BER G JE Bl . J SR 3R AR X
Si APD 7£ 55 I 2L AN 4 R At — 2B R 5%, -0 76 5
55 P TR

3 &ig

i XF Si APD %8 148 5 1T 21 A1 3 5 0 £ 455
U5 EL, Ak Si APD 2549 S50, 3RA5 T8 Ik B [z Si
APD. SR A S 7 A 5 20 /0 45 Ja il W i, 3 3k
i 348 )2 B W 2 55 45 )2 S B 18 R AT AT A0 T
W, ISR RS2 A X6 B 0k B APD 147 IR 37 38 56 15
T, TR S A5 HE R Si APD 78 28 4h -] UL -3 £ 41k Bt
FRAFASH5 5 B 0 1B, e 250 nm A1 100 nm Ak i i

1E-05 1000
——APD I,

4 PIN PD Ig,

= — PINPDIL
ph 4100

Current/A
=]
3
1

T T 0.1
0 50 100 150 200

V. IV

bias

Fl8  IRESHELLNY Si APD 7£ 905 nm YEHR R (1 1V KA SE
FRAE I 1 25
Fig. 8 IV and multiplication curves of Si APD simulated by

the above structure under 905 nm illumination

AR
4.0E-08- G AT

2.0E-08 ~

Photocurrent/A

0.0E+00+

1 T
0.0 0.2 0.4 0.6 0.8 1.0 12 1.4
Wavelength/pm

19 SiAPDGIE, (a) LU S 5 (b) A s S i
Fig. 9 The Spectrum of Si APD, (a) without antireflection

coating; (b) with antireflection coating

4.0E-06

— 180V
— 181V
— 11N
3.0E-06 4
N
|
2
2 2.0E-06
9
2
=]
=
ay
1.0E-06 4
0.0E+00 - v T v T v T r T
200 400 600 800 1000
Wavelength/nm

B 10 AU 9 Be Si APD YEHL LS
Fig. 10 Broadband Si APD photocurrent spectrum under dif-

ferent voltages



470 L1 BN 5 K U IR B%

9iR J3E 49 e A AR (R Y 15% , 30 58 Bt Si APD AN
SO TR S BB R 8 b -l DL -3 21 AM I B
DGR T AR, 5 TR R 22 06 B i g R R A
o7 P 45U

References

[1] ZHANG Meng—jiao, CAI Yi, JIANG Feng, et al. Silicon—
based ultraviolet photodetection: progress and prospects
[J]. Chinese Optics, 2019,12(1): 19-37. (FRAH 18, 25%%
VLU, A5 58 A1 3% 8 Ak AR PRI AR DE e ()], B E S
), 2019, 12(1): 19-37.

[2] Richard A. Myers, Richard Farrell, Suzannah L. Riccardi,
et al. UV—enhanced silicon avalanche photodiodes: Optical
Components and Materials X 2013 [C]. Proc. SPIE 8621,
2013: 86211H (11 March 2013).

[3] WANG Xu—Dong. Optimization of the enhancement of the
Si—based APD for near—ultraviolet detection through struc-
tural design [D]. Harbin: Harbin Institute of Technology,
2015.(EJOAR . fEEE APD 3T 58 HMRIN G 58 A9 4548 (AL BIF
FELD ] WR/REE : WR/RIE Tl K#72), 2015.

[4] CHEN Wei-shuai, WANG Hao-bing, TAO Jin, et al. A
study on the epitaxial structure and characteristics of high—
efficiency blue silicon photodetectors [J]. Chinese Optics,
2022, 15(3): 568-591. (MR, Tobuk, Pz, 45 . sk
ARWEOCRE DGR &5 F1 4E 5544 SRR vEAT ST )], R E
#), 2022, 15(3): 568-591.

[5] Manijeh Razeghi, Arash Dehzangi, Jiakai Li. Multi-band
SWIR-MWIR-LWIR Type-II superlattice based infrared
photodetector [J], Resulis in Optics, 2021, 2(2021) :
100054.

[6] Liu Pei—xuan. Design of digital control circuit for multispec-
tral pixel level fusion detector [D]. Chengdu: University of
Electronic Science and Technology of China, 2020. ( X1 jifi
B 2001 R R GRS IR A A BT R R s [D .
JIHR - BB L T RHE R ), 2020.

[7] Vallone M, Goano M, Tibaldi A, et al. Challenges in multi-
physics modeling of dual-band HgCdTe infrared detectors
[J]. Appl. Opt., 2020, 59(19) :5656-5663.

[8] Hu Wei—da, Ye Zhen—hua, Liao Lei, et al. 128x128 long—
wavelength/mid-wavelength two—color HgCdTe infrared fo-
cal plane array detector with ultralow spectral cross talk
[J]. Opt. Leit., 2014, 39(17) :5184-5187.

[9] K. Lee, S. Seo, S. Huang, et al. Design of a smart pixel
multispectral imaging array using 3D stacked thin film de-
tectors on Si CMOS circuits [ C ]. 2000 Digest of the LEOS
Summer Topical Meetings. Electronic—Enhanced Optics.
Optical Sensing in Semiconductor Manufacturing. Electro—
Optics in Space. Broadband Optical Networks (Cat. No.
00TH8497), Aventura, FL, USA, 2000, pp. I57-158.

[10] R. Lecomte, C. Pepin, D. Rouleau, et al. Radiation detec-
tion measurements with a new “Buried Junction” silicon
avalanche photodiode [J]. Nuclear Instruments and Meth-
ods in Physics Research A, 1999, 423: 92-102.

[11] HUO L-ZH, TAN H-SH, HE R, et al. Research of blue—
violet enhanced silicon photomultiplier [J]. Laser & Opto-
electronics Progress, 2015, 52(11): 110401. (M, 8
fofR%, TR, 55 L R SEOGHE AR L AR R E o L) ).

Bt SR FFEHRE),2015,52(11):110401.

[12] LU H-H. Simulation study on silicon—based blue-light en-
hanced APD detector for visible light communication [D ].
Guangzhou: Jinan University, 2019. (-XR¥% . AJ ULt
{EREFE I3 APD I 8505 B BF5T (D] 7N . &
M%), 2019.

[13] CHEN F. The enhancement of the APD for Blue—Ray de-
tection in VLC [D]. Changchun: Changchun University of
Scienceand Technology, 2018.( BRgg . n] UL SGE (S APD
TR 28 WO ARBR[D]. K& : KEHMILK
%, 2018.

[14] WANG H-B. Research on enhancement in blue-light
properties of silicon based avalanche photodiode [ D]. Bei-
jing: University of Chinese Academy of Sciences (Changc-
hun Institute of Optics, Precision Machinery and Physics,
Chinese Academy of Sciences) , 2020.( E & vk . i3
AL AR WOCH R (D ). st hERERE R
(P ERE R FE RS E IS YR T ),
2020.

[15] Ghazi A, Zimmermann H, Seegebrecht P. CMOS photodi-
ode with enhanced responsivity for the UV/blue spectral
range [J]. Electron Devices IEEE Transactions on, 2002,
49(7):1124-1128.

[16] Chen Chang—ping, Wang Han, Jiang Zhen—yu, et al. De-
sign, fabrication, and measurement of two silicon—based
ultraviolet and blue—extended photodiodes [T]. Photonic
Sensors, 2014, 4(4) . 373.

[17] WANG Yi-Tong. Research on Silicon UV Avalanche Pho-
todetectors [D]. Beijing: Beijing University Of Posts and
Telecommunications ,2021. ( £ 207 . /Mt G LR
MRS D] bt AL aTHRF K2 ) ,2021.

[18] Excelitas Technologies. Short—wavelength enhanced Si—
APD C30739ECERH, https://www. excelitas. com/prod-
uct/ ¢30739ecerh—si—apd—ceramic—carrier.

[19] M. A. Green. Self-consistent optical parameters of intrin-
sic silicon at 300 K including temperature coefficients
[J]. Solar Energy Materials and Solar Cells, 2008, 92:
1305-1310.

[20] HAMDEN E T, GREEN F,HOENK M E, et al. Ultravio-
let antireflection coatings for use in silicon detector design
[J]. Applied Optics, 2011, 50(21): 4180-4188.

[21] Bablu Kumar Ghosh, Kenneth Teo Tze Kin, Saiful Sapri
Mohd Zainal. Different materials coating effect on respon-
sivity of Si UV photo detector, 2013 [C]. 2013 IEEE Con-
ference on Clean Energy and Technology (CEAT), 2013:
446-449.

[22] HAMDEN E T, JEWELL A D, SHAPIROCA, et al.
Charge—coupled devices detectors with high quantum effi-
ciency at UV wavelengths [J]. Journal of Astronomical
Telescopes Instruments & Systems, 2016, 2(3): 036003 .

[23] ZHU Xiao—xiu, GE Y, LI J-J, et al. Research progress of
quantum dot enhanced silicon-based photodetectors [1].
Chinese Optics, 2020, 13(1): 62-74.(RIEF , Bk, 2
AR AR S R A BRI AR AR A A R
[J]. RERE), 2020, 13(1):62-74.

[24] Wang Zan, Gu Yun-jiao, Li Xiao—man, et al. Recent
Progress of Quantum Dot Infrared Photodetectors [J]. Adw.
Optical Mater., 2023, 11: 2300970.

[25] Wang Jun—fan, Chen Jun. Photoresponsivity—Enhanced



4 WAL A v Il B R ' B B R 5 471

PbS Quantum Dots/Graphene/Silicon Near—Infrared Photo-
detectors [J]. IEEE Transactions on Nanotechnology,
2023, 22:525-530.

[26] Li Wei, WangYu, WuTeng—fei. Progress in Black Silicon
Infrared Detectors [J]. Laser & Optoelectronics Progress,
2016, 53:070004. (=4t , £ 57, R €. BAELLAMEN
weWtFE ke[ ] R EEE) , 2016, 53:070004.

[27] K. Yamamoto, A. Sakamoto, T. Nagano, K. Fukumitsu.
NIR sensitivity enhancement by laser treatment for Si de-
tectors [J]. Original Research Article Nuclear Instruments
and Methods in Physics Research Section A: Accelerators,
Spectrometers , Detectors and Associated Equipment, 2010,
624(2):520-523.

[28 ] Hu Shao—xu, Han Pei—de, Wang Shu-ai, et al. Improved
photoresponse characteristics in Se—doped Si photodiodes
fabricated using picosecond pulsed laser mixing [J]. Semi-
conductor Science and Technology, 2012, 27 (10) -
102002.

[29] MAILOA J P, AKEY A J, SIMMONS C B, et al. Room—
temperature sub—band gap optoelectronic response of hy-
perdoped silicon [J]. Nature communications, 2014, §:
3011.

[30] GARCIA-HEMME E, GARCIA-HERNANSANZ R,
OLEA ], et al. Room—temperature operation of a titanium
supersaturated silicon—based infrared photodetector [1l.
Applied Physics Letters, 2014, 104(21): 211105.

[31] Wang Jian—bo. Study of preparation and related device of
black silicon [D]. Chengdu: University of Electronic Sci-
ence and Technology of China, 2015.( Ef#)% . B A1k}
14 Tl £ B 4 AR 58 (D ] 0T « iR o R K2 ) |
2015.

[32] Ma Shi—jun, Liu Shuang, Xu Qin-wei, et al. A theoreti-
cal study on the optical properties of black silicon [J].
AIP Advances, 2018, 8(3): 035010.

[33] Zhao Ji-Hong, Li Xian—Bin, Chen Qi-Dai, et al. Ulira-
fast laser—induced black Si, from micro—nanostructuring,
infrared absorption mechanism, to high performance de-
tecting devices [J]. Materials Today Nano, 2020, 11:
100078.

[34] Zhao Xiao—na, Zhao Bing, Lin Kun, et al. Direct fabrica-
tion of black Si with enhanced infrared transmittance using
femtosecond laser irradiation [J]. Optics and Laser Tech-
nology, 2024, 168: 109881.

[35] Geis M W, Spector S J, Grein M E, et al. CMOS—compat-
ible all-Si high—-speed waveguide photodiodes with high
responsivity in near—infrared communication band (7.
Photonics Technology Letters, 1EEE, 2007, 19 (3) :
152-154.

[36] Duan N, Liow T Y, Lim A E, et al. High speed wave-
guide—integrated Ge/Si avalanche photodetector[ C ], Opti-
cal Fiber Communication Conference. Optical Society of
America, 2013: OM3K. 3. 132-133.

[37] Souhan B, Grote R R, Chen C P, et al. Si*—implanted Si—
wire waveguide photodetectors for the mid—infrared [J].
Optics express, 2014, 22(22): 27415-27424.

[38] D. J. Thomson, L. Shen, J. J. Ackert, et al. Optical detec-
tion and modulation at 2~2.5um in silicon [J]. Opt Ex-

press, 2014, 22: 10825-10830.

[39] Jason J. Ackert, David J. Thomson, Li Shen, et al. High
speed detection at two micrometers with monolithic silicon
photodiodes[ J . Nat Photonics, 2015, 9:393-397.

[40] Zhou Hong—yi. The study of the silicon photodetector [D].
Beijing: Beijing University of Technology, 2015. ( J& 54
B REEDGHARIN AR YA SED ] bt A Tl %),
2015.

[41] Mao Xue. Silicon Waveguide Photodetector with Respon-
sivity in Near—Infrared Band Based on Deep Level Absorp-
tion [D]. Beijing: Institute of Semiconductors, Chinese
Academy of Sciences, 2012.(EZ . JE T REIRAERITLL
SPGB AR AR AT ST (D ). AL st b AR B
FRBETERT) 2012,

[42] D. F. Logan, P. E. Jessop, A. P. Knights. Modeling Defect
Enhanced Detection at 1 550 nm in Integrated Silicon
Waveguide Photodetectors [1]. Journal of Lightwave Tech-
nology, 2009, 27(7): 930-937.

[43] Xing Hai—long. Research on Infrared Enhanced Silicon—
based Single Photon Avalanche Diode [D]. Xi’ An: XiDi-
an University, 2020. (JHS i Ji . 21 513 5 250 i 56 B0 7
T AR E R PESE (D] VU Vi TR R ),
2020.

[44] Qarony W , Mayet A S , Devine E P, et al. Achieving
higher photoabsorption than group I1I-V semiconductors
in ultrafast thin silicon photodetectors with integrated pho-
ton—trapping surface structures [J]. Advanced Photonics
Nexus, 2023, 2(5): 056001.

[45] A. Nemecek, K. Oberhauser, G. Zach, et al. Fast and effi-
cient integrated silicon PIN—finger photodetector from ul-
traviolet up to near infrared, 2005 [C]. IEEE International
Conference on Group IV Photonics, 2005. 2nd, Antwerp,
Belgium, 2005, pp. 108-110.

[46] Chen Ze—feng, Cheng Zhen—zhou, Wang Jia—qi, et al.
High Responsivity, Broadband, and Fast Graphene/Sili-
con Photodetector in Photoconductor Mode [J]. Advanced
Optical Materials, 2015, 3(9):1207-1214.

[47] Guan Yu—feng. Research on Silicon Based Wide Spectrum
Photodetectors [D]. JiLin: Jilin University, 2023. (R=F
BRSO R AR AT SR (D] bR FHARKR
%%),2023.

[48] D. Grubisi¢, Shah A. New silicon reach—through ava-
lanche photodiodes with enhanced sensitivity in the DUV/
UV wavelength range [C]. Information & Communication
Technology Electronics & Microelectronics (MIPRO)
2013. 36th International Convention on Publication Year:
2013, Page(s): 48-54.

[49] Michael E. Hoenk, April D. Jewell, Gillian Kyne, et al.
2D-doped silicon detectors for UV/optical/NIR and x-ray
astronomy, 2022 [C]. Proc. SPIE 12191, X-Ray, Opti-
cal, and Infrared Detectors for Astronomy X: 1219113.

[50] Shouleh Nikzad, April D. Jewell, Michael E. Hoenk, et
al. High—efficiency UV/optical/NIR detectors for large ap-
erture telescopes and UV explorer missions: development
of and field observations with delta~doped arrays (1. J.
Astron. Telesc. Instrum. Syst., 2017, 3(3): 036002.



