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Design and characterization of InGaAs/InP single-photon avalanche
diodes for photon counting

Ji Yingjun, Shi Zhu, Qin Wenzhi, Dai Qian, Feng Wanpeng, Hu Junjie
(South-West Institute of Technical Physics, Chengdu 610041, China)

Abstract: The tunneling breakdown electric field, avalanche breakdown electric field, multiplication region
width depend on exceed breakdown voltage of InGaAs/InP SPAD was researched as a key point. The
calculated method of exceed breakdown voltage was presented. The basic performance of single photon
avalanche diode (SPAD) depends on their excess bias, multiplication region width, working temperature,
electric-field distribution and quantum efficiency has been analyzed. According to these analysis, a designed
solution of InGaAs/InP SPAD has been presented, and then the device was manufactured later. Under the
conditions of -40 °C and exceed breakdown voltage over 2 V, the InGaAs/InP SPAD of ¢$200 pm diameter
exhibits dark count rates (DCR) below 20 kHz and photon detection efficiency (PDE) of 20%(1 500 nm).
Under the conditions of -40 “C and exceed breakdown voltage over 2.5 V, the InGaAs/InP SPAD of ¢p50 um
diameter exhibits dark count rates (DCR)below 2 kHz and photon detection efficiency (PDE) of 23%(1550 nm).
Finally, the experimental results were analyzed.

Key words: InGaAs/InP single photon avalanche diodes;  multiplication region width;

working temperature;  electric-field distribution

I #s B #.2014-07-10; f&iT H#3.2014-08-15
TEE B 20 F45(1989-), 1, it , FEMNF = TR T4E, Email: jiyingjun0608@gmail.com
S UH & A . A4E(1960-), B, B TARIA A1, 2RI L AN G 2% B T A%, Email: hx333666@163.com

PDF #fi % ffi *'| "pdfFactory Pro" = 454 I www.pdffactory.com



mailto:Email:jiyingjun0608@gmail.com
mailto:Email:hx333666@163.com
http://www.pdffactory.com

% 3M

w R EE . AT kF it #49 InGaAs/InP SPAD % it 935

0 5]

BASE T BRI A A S o R AR AR PR
R AL B C R BRI ES R R DL
e & (APDs) HAT B Y [ B A & AR AL 5, an /N RGE AR
T AR IO FE | 542 1 AN m] S IR A 2RO T 5
DR FH i APDs $2 4L T S i e gy 61 7 3 A
2T SE BT R A9 55 A O F AR R B
% HR % 4% (Single -Photon Avalanche Diode , SPAD) .,
InGaAs/InP SPAD 7E 1 310 nm #1 1 550 nm # />3 {5
PeBe BRI, TR AR, 2 AR 6 v B Ay
TAE, J2: H RS G HE00 4000 3 A Y B g, B T
12 WA

H iR 2 52565 F I # H InGaAs/InP APD 47
PSRRI | 235 S0 B TR0 B i e FRL R 24 o
PR AT A R 2 TRDBR /S R0 3503 5 i T B0R B
b P A v PRIHE | S0 5 22 SR 8 A O = B S R
BEFH T80 FHRIE APD 2R A BR Y . 5 R 7E
TFiFH InGaAs/InP APD &2k M TAERL BT, X%F
AR e o 2 RS AT R IR 44 T Ok

IX s SCHE T 5 G TE 2 MR SPAD FEARR M 1 4H ¢
2, 417 T InGaAs /InP SPAD Fy JE 4 i 5 Hoast
s L AR TRLEE i 0% | L 2 A AR OC &
e PRGSO A ¢ &, #2115 T —F InGaAs/InP SPAD
AT, I BB A& T BRROR [ R
IR IR 20 T He g AR Y B TR R

1 InGaAs APD IEZEETEERK

APD T AETE—Ff i 408 = T H 5 o o R
MR, FROh a6 AR 7R XA J B Y R Y APD
AT B HAERRIRAS , FEVR S S SO T PR AR RO
(05 3 25, L3 T A 307 o8 & 105~107 4~ HL
T, AR R I G R P R S5 R O S K
WK [ APD N H K S ARG (I k) KR
AT REMEAR /N o AR —AS6F 238 APD B firh & 7%
SR T ARSI A BRI, SR B TR

MR R T BT — AT, LA0K APD 9 TAE
i JE A2 S5 i s 2 R LR, R IEBRFTA 19 A i
WK T, 5 IR APD 1 T4 i TR 3 55 9 i 2 Wy
FE A TR LR B A 30 T AR 7E 35 $6 30 F 9 APD,
TS oy S, ATHB0 28 58 B0 6 7 I

Xof /b i ) ok o TG TR X R AR S A R I AR T
fi 2 68y, BT A b 25 AT 22 U i IR DOk a2
HEAT I ) AH DG SE 1 19 7 20K — & X 43, Kk SPAD
() FE AR 32 28 P I RT3 3k RAE
APD o i FL R K, L B FL B RO
Ef: I R ey o = Sy 8 g I [ o O o o
LRGN Sl e N ) e O e o @ S B 7S
FRADZFU 3 PR o i R R TR A
1.1 %M SPAD EAHMHNWEERZ S
1.1.1 3% R FE Feid fp b AT T3 69 m
S SPAD H I 2 ik A& T A 7 A 9 ik
It AR T SPAD YIRS K- | I 2R Uk B
52 I T BOR A HOE BRI RCR ) EZ R R K
2 T O e o VA B S T - L 7 B 1 e |
PR T L, G H R R BB E R, A 1R,

e

1E+10

8 | |1
d-'"-.. !

&E) Total | |t
5 1E+9 '____,_,..--‘"
< 1E+8 P Thermal generation from
| { absorption layer
=]
)
2 1E+7 ! ! !
6 TAT from multiplication region
A T=213 K

1E+6 n

0 2 3 4 5 6 7

Excess bias/V
P 1 TR 5 0 i 9 5 &R
Fig.1 Overbias dependence of DCR

H i InGaAs/InP SPAD 3= % 3% FH 43 5 W i X il
fE 1A X 25 F (SAGM) , W& 2 s, &5 i L g 4 vh
TESEREBR Y InP B4} 1 (E,=1.35 eV) , [R] i 7E 7 fiE B
A InessGay 7AS (E; =0.73 eV, LT FR InGaAs) I Ui [X.
IR AF 2R T RS IR 3 B TS B e B

Et

E|
node contactSiN, passivation II
P*-Inl diffused regioyr Enac

I-InP cap
Multiplication region
= 1ange
- — S|
1-InGaAs or | -InGaAsP gradrng
absorption
N-+InP buffer
N+InP substrate
Anti —rei]lecltion goatinqCathode contact

Optical input

| :
=) e, —

€l 2 InGaAs/InP SAGCM HiLith B 45 44 5 3743 4ii
Fig.2 Structure of InGaAs/InP SAGCM-SPAD and electric-field

distribution

PDF #fi % ffi *'| "pdfFactory Pro" = 454 I www.pdffactory.com


http://www.pdffactory.com

936 oGk 1A

% 44 %

A BE B InGaAs W I X 1 HL 37 76 AR T 1.5%x10° V/em
i, H % GE RN LT Z W AN 5 3 2 i
P A R R AT LA R S R, InP
FEHE X A BE R TE , FELRME TAERT B M x4
KA LY, HLRE S RN AT LA Z B AN 1T (EAE 35 A o
T, HL 7 Bt e i R B R B — e R R R
L T 2 R A B AT B RE AT IO ELREE A, BN
— AN /N A B N 2 i RS AR S A
hn, il 3(b) R, FEXFE LT DCR € 4 A figi
1 BRI R AR, B bR BEOE A Y L S B R B
BEY

el ———
8— -'_r"-i-'
N o
s f
5 6
Q
Ear ¢
= |
Q -
g0/
= 2t
8 _"

15 a
:h (a)
o* L i i i i 1 1

0 5 10 15 20
Excess bias voltage/V
5x10°
» | T=200 K {
& i
3 4x10° X
5
= L
£ 310° f
=3
. /
£ 10 !
= L
1x10° //
l—-—r"_"'-l.-'—'-'-:-_ i i (b)l
1.5 3.0 4.5 6.0

Excess bias voltage/V

Pl 3 A0 A5 2 R - i i i Al 28 Ak OC &R
Fig.3 Overbias dependence of PDE and DCR

1.1.2 4R o B A iR SR & 6 # o

PRI R IR fih 2 55 A 0PI e 5 R0 2%
FRCER T, APD TE b i S5 18 T 2 A S5 A A 4
FRIRAS 70 A 78 v Bl 25 2o PR 4 o S5 FL A 3 R
TEFFE AT ECT , T (5 5Bl & Rl 2s 48
15 o (HIE B o e 3G R B — R 3 K342 0k
3G DR R T BT I, P R e s X 435 L 3 L
WA STHER, ST DCR i i e 38 hn Al 5 4, B R DU
X% PDE B SE Rl f 38 I i e 3G K SR 5 Bl G i
34 TR AN, A&l 3(a) s,

PR 1S 50 i Y I P AR ARG I 3R A A

RHARAR, BEE WL T, T RCRIE R B R
JE Ji5 k280 2% B I B e s/ DRI A S B I
o ROR IR TR R SR T — )
1%L InGaAs/InP SPAD 75 % T/ 7 -40~-50 C,

25 3R 43H7 , InGaAs/InP SPAD (¥ BE 52 bk | 5
ML o0 A . B RN O R L3 AT G InGaAs/InP
SPAD M it &3 TiX = AR T,

2 SPAD R KidiREIESDHT

T SE Ui InGaAs/InP SPAD 4 i 4> 56 4 v, 37 1Y
WS — S E F Y (Ew) , B8 TR EIL S
A i 28 (V=Ve) it APD W R i KLY, iX S HL 3G
R /N S5 1 B la e, RS A 0 R o
ik ; 2GR IX InP M B B B BT 2 L (B), X T
FRAR Y AR DR B i AR T B e BARACAE
InP #4 4} Ej=~T7x10°V/em® , fy T b1 B} 47 75 il fa e Bif
(IRR BRSOV (TAT), SEPRESE B 28 5K T 7x10°Viem,
F BT TR &5 B4R AKX T SEBR Y
SPAD AR Xl v fff I 1 H % T BT SE L g, AR AR AR R
DCR i it i FEL e 8 i H 0 Sk 1 K e 94 3k 3R g
FeZ WK, I LR O A SR T S E LY
(Eia)o SPAD #ftJ2& TAETE Enex 5 Ejg ZIH]

T KT 8 i HL FE AT S AL ok (B 2 TR .

AV o= (Ej=Erm) (1)
SPAD SE B e Rk i HL R AT I RLER 7R H
AVm:(Ejd_ Emax) Ia (2)

Krola SR TE
T S BRI AR 5 T BOR A S
SPAD Jij EL & /2 0% () i I 4%
21 EHREFHEBSEHEENER
T AT T M) 5 800 TR S A B A
X, RN .
on] [ -0

la X

1- Jo eXp[ Jo (ﬁ—a)dx’]dX
AL AT T  x MEIR FIEANME ;a8 533
A X (InP) H, - FlAS 7Y L B R 80,

EERTHFEET M=x,

M(x)= (3)

[ oo [ (p-aye | ax=1 @

e lF FLSC R L S BERE B B 0 A A 2 A R Y
R ) B2 R0 3 B ol 2 e R I BT R AR A

PDF #fi % ffi *'| "pdfFactory Pro" = 454 I www.pdffactory.com



http://www.pdffactory.com

% 3M

w R EE AT kT it 49 InGaAs/InP SPAD % it 937

LT IX (] 2) AR 2 T (5 I i L 7 X JBE R
ML 0.4 um), AR S5 AR DX 4 R 2 R,
I (4) TR
Ink/(k-1)=Bl, (5)
Hr k=a/B, INP(100) A A R ES L R ELZ L K=
0.43(F )P FEF I T InP(100) i B 1k R 500 L %
1, Evx 5 LB R WA 4 FR

R 1 BURYEBFRENXR
Tab.1l Relationship between coefficient and electric
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x10°

.

£

by

Z 6

5 %

2

2550

S 5

E

=

£45

o]

>
4 1 1 1
0.1 05 1.0 5 10

Length of multiplication region I,/ p.m
4 T 2 L) B BESS KL 1 YR LG R

Fig.4 E,. electric field of |, avalanche based on width of multiplication

22 mAAREIREE
1 22 30 (2) A1 (), 13 B fix K i fin FLJE AV Al
AV, TR R W 2,

R2RATREERENITEE

Tab.2 Calculation of maximum exceed breakdown

voltage

EmedV-cm™ l./pm Ei/Viem™  (Em—Eg)l/V  AVimdV
4.5%10° 0.99 7x10°  (4.5- Ey)x0.99 24.75
4.8x10° 0.74 7x10° (4.8-Ej)x0.74  16.28
5.3x10° 0.55 7x10°  (5.3- Eg)x0.55  9.35
5.5x10° 0.47 7x10° (5.5-Ej4)x0.47 7.05
5.7x10° 0.41 7x10° (5.7-Ejg)x0.41 5.33
6.3x10° 0.29 7x10° (6.3-Ej4)x0.29 2.03
6.9x10° 0.22 7x10° (6.9-Ej4)x0.22 0.22
7.0x10° 0.21 7x10° (7.0-Ejg)x0.21 0
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5 5 5
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cm) cm) cm)
71.8-
5.5 1.0-1.5 4.0-4.5 838 27-30 42-57 7.050.47

Doni
. Width oping Surface doping
Item Material amount amount Type
(x10%)
p+ region InP 3.0 =5x10%cm=3 p+
Multiplica- InP 0.47 <0.1 n-
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. In,Ga,_,As,P;_y
Grga(:g:]g x(0.85-0.89), 0.12  <0.1 n-
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A .
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