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Fig.1 (a) Schematic diagram of InP/InGaAs SPAD; (b) Electric field distribution inside SPAD at breakdown voltage
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Tab.l Summary of the InP/InGaAs SPADs with high detection efficiency reported in the past decade

Institution Year  Detection efficiency Temperature/K  Dark count rate/kHz  Time jitter/ps ~ Afterpulse probability
20129 >25% 225 100 <90 -
Politecnico di Milano 20141 28% 225 few 87 -
2021% 11%-30% 225 1.46-6.47 340-119 1%-5.9%
6]
University of Science 2020 40% 253 14.5 - 5.5%
and Technology of China 20221 30% 233 0.665 _ About 15%
Institute of Semiconductors
> m
Chinese Academy of Sciences 2022 25.12% 223 9.09 - -
2014 25% 225 6 - -
Princeton Lightwave N
2020 >10% 233 <10 - <10%

Chonggqing Institute of [10]
2017 9 - -
Optoelectronic Technology 20% 223 !
Yunnan University 20221 35.7% 233 33 - -
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Fig.3 (a) Relationship between detection efficiency and dark counts rate under different temperatures and different peak-to-peak values with 1.25 G

sinusoidal gating from University of Science and Technology of China!®; (b) Enhanced reflection structure consisting of metal layer and three-

cycle SiO,/TiO, Bragg mirror made by University of Science and Technology of China!"!
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Fig.4 Detection efficiency and dark counts rate comparison of improved
and previous SPADs at 225 K from Politecnico di Milano in

2014
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Fig.5 Relationship between excess bias voltage and dark counts rate of SPAD with a diameter of 25 pum (a), 10 pm (b) at different temperatures from
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Fig.7 Detection efficiency and dark counting rate versus overbias from
the Institute of Semiconductors, University of Chinese Academy

of Sciences!”
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Tab.2 Performance of SPAD operating at room temperature

Institution Year Temperature/K  Detection efficiency — Dark count rate/kHz ~ Afterpulse probability — Time jitter/ps
University of Shanghai for (2]
Science and Technology 2017 293 21% 551 1.4% -
Woorio Co Ltd 2021131 293 20.9% 5.1 0.8% -
Ecole Polytechnique (4
Fédérale de Lausanne 2022 300 43% 4000 109
National University of 1] -5
Defense Technology 2018 294 10.6% 2.5x10/gate 1.3% -
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Fig.8 Cross-sectional view of SPAD designed by Wooiro Corporation!"!
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10 MHz, [ 154 6.6 V BT AT, X5 T 1550 nm 1Y
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n-InP
Step grade
i-InGaAs
n'-InP buffer . Cathode metal
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Fig.9 Structure diagram of SPAD at Ecole Polytechnique Fédérale de Lausanne, SAG part is an undoped tapered InP layer!*

IR R IE 5411, SPAD 25 05 L 41 56 4
A FE KT B, 2 B AR 1] ) R SRR B LR AR
e R AV 0 O i AR 7 (o B MR R HR U S S .
2017 4, 1 i3 TR =20 SR FT P 1.05 GHz #% 1k 1)
G D8 W 2%, Horp —AN7E 15 GHz S R T 20l & T
40 dB, JH TUEBRIQUEMEFS 5 53 Ah—> F] T3 5 S At i
KRR E 5 T E MR . X Tzt d g, anti
I TR AR R A AR Ak, W) T R N b A U
T JC 5 SO T I BRI A e A5 i 2H 7 o SR 5 A 3B
i 5 3 23 7 1 3 19 SPAD(H 5 K PGA-300-1), Xf T
1550 nm A5, I8E R 293 K, IEFZ ] 1HHR N 1.5 GHz,
W W (B 14V, A 800158 R 145 ps, TR AR K 2
21%, BEHECEN 551 kHz (A—1k), JEIKmHER R 1.4%.

2018 4F, [ B B K2 Gl T & R T A

0P (M 900~1000 MHz) [ BURE L ST 5T TAE . SR
FRASRC e 250 B A 5 T4 9 APD % 5071k,
A SRR I b 5 1] 9 FE IS LR AR A R 30 PN M b
KB o SR A MR B 1 I 20 B A 7 1Y InP/InGaAs
SPAD, Xf T 1550 nm 90, Wi B 294 K B, 1E 5%
NN 1 GHz, TR AN IR R, BRINACR
29 10.6%, B TR THECR N 2.5%107, J5 bk b HE K
1.3%.

51T #% InP/InGaAs B3¢ FiR N 28
InP/InGaAs SPAD [n] & 1140 & R I 1Y — 5%
) RS B IR () A DRI A 7 R B4 S Tk P A SR 1 K

W RAHIEZT, AZESSHARHRTEH T GHz 1
= SPAD, M CHIPEREFE AR UNEE 3 AR

4

% 3 3K 10 SFREMFIHEE InP/InGaAs SPAD KITEEEC A
Tab.3 Summary of the InP/InGaAs SPADs with high count rate reported in the past decade

Institution Year Method Freglﬁrzlcy/ TempeKrature/ l)f;t:;t:;; Dark (]::;}]l;lt rate/ I)Ar(f)tsgrk))lilllis;
Nihon University 2020""  Sine-wave gating 1.27 289 55.9% 2350 4.8%
Toshiba Research Europe Ltd ~ 2015"" Self-differencing 1 293 55% 10.2%
Uﬁvefityl of Scliencf: d 20200 Sine-wave gating 1.25 300 60.1% 744 14.8%
echnology of China
ID Quantique 2019""  Dual anode SPAD 1 253 20.4% 54.25 3.5%
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4.1 EZINEIASEITHE

H 2% K 2% i) Naoto Namekata 28 A 7E 2006 4F & B
iz 38 K 800 MHz /& 4 1E 7% 1] 4% 4% AR [ H %] InP/
InGaAs SPAD H AR T4 KU, I I6 1 5 2
["J4% InP/InGaAs SPAD fz K it %0% 51 45 2 GHz 197K
S ) A I K ] s R R ) B L AR ST A
], DA K il it SPAD J i 45 5 Sl it 3% 1 o 3k =
KAFF 55, Naoto Namekata 55 A 7E 4 H 3 F1 A H 47 BH.JE
e 45 08 L 0E R TR A 5 RO m ks b, s 2
0.1 mV Y7 St MR rh 2 HUE THRIEZY 1 mV 19555
THET . W AWEIL R G, A7 2009 4F 4 iE
TOESZ T #EH R ST #2451 % 3K 3] 2 GHz 1) InP/
InGaAs SPADPY, 3F 2011 421 /% 7 # 14 100 km
(R T 4100 & . 7E 2020 4R RIE T 0 M R 1
12V 19 = 300 8%0% 19 1E 5% 1] #5 InP/InGaAs SPAD.
TE 127 GHz | JHEMR T, 55.9% R &% R, Jg ik oh
BEARAL N 4.8%, Wi E%y 2350 kHz (H—1k). #
MIESZI T AR, HN KT 2010 4EP2 50 T 12
A 1k 3 BE % PR Y InP/InGaAs SPAD, 2.23 GHz (1)
IR, B 438 8 InP/InGaAs SPAD fY HH 8 4fF 5
bR

2020 4, o [E BF 2= R K 2= AR B 300K
I, 1 1) W Wi g 20.4 V, B3 1.25 GHz 1F 3%
FIEE, FAG T MR K 60%, K550 K 744 kHz,
FE B P HER Jy 14.8% HY 45
42 BESEAIUS IR

2007 4F, 7R 2 BRI 58 A7 BRZA w0 fff At T 42
Y A 2250 F R SEE 1.25 GHz J7 I 1145 (O iR (B
4.6 V) T8 InP/InGaAs SPAD, [ 2243 HLE& & 10
JIR o R E AR IR 1 5e ¥ SPAD FHAR i Hh 19155
FHT 253 BE 25 73 50 o 4 i, FL v — B 1 A5 5 W A )
— A A, B2 A R X I A AT 22 48
THBR SPAD 75 e 1 Bz Fi, [ 2 A Fi 25 Fi Jmi) 17, 55
55 AR 2 MO B . AR AP a5 2 Tl LR
ZFIERTFBE . H 2243 R HLAT LIGE W AT & SPAD fii i
5 Y, (RS A EARHEIS 1 B S 800 20 HR
14 Fe R EAEH BRI TR —2F

BT 2007 AFHRE 9 A 22 4 LR R, 2015 4R AR
ZWRFE BRI BRA FI Ak T A 22 005K, 7R iz X
T M52 1 GHz, 17 58 R 360 ps B9 145815 %,

Circuit
APD 500

Bias | . l_

inout —

1npu Ground
Splitter
Delay
Differencer

B 10 ZRZ R IR R A 2250 AL ™Y
Fig.10 Self-differential circuit at the Toshiba Research Europe Ltd"*!

1550 nm {930, IR R 293 K, InP/InGaAs SPAD 5
A5 5 Bk E R O R AN E 11 iR . SERIRCR
H 50% IF, BEI ] R Z 0] I Bk v E 23 R 7%:; 24 InP/
InGaAs APD 4 8 I &4 % 8 55% B, SR 48 FE B[R] Ky
10 ns & 19 /5 B AR AR 10.2% 6

20%

B —#— 0 ns dead time
N 10° 1] 10 ns dead time
15% E [ ] Dark counts

z
=
[}
&

Q 10% | E

5% +
0

0 10%  20%  30%  40%  50%  60%

Single-photon detection efficiency
B 11 ZRZBETERRNAT BRA FITEREE N 20 °C BIBDLT, BUaTHEUs
N FHAANE 10 ns ST A9 /5 ik 34 ot
Fig.11 Comparison of afterpulse probability with and without 10 ns
dead time at temperature of 20 °C from the Toshiba Research

Europe Ltd!""

5 InP/InGaAs B} FiRNzFE T HBES

FEF- T RS BA Tz A AR IR 2 41
1550 nm ) InP/InGaAs SPAD [4 %1, 7] i F = 4 i
B WOETEIRAT . QR Z 10 HA L ) 2 1 24 1 %
FEFPERERY FE 2 M, 53 4b, fa-F- T RS 3 ) v
PRAUEFE P TARR HEE 2, FEA R R 1 28 ik
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% 52 %

ML, FE T AR L TR T, B 47 T A 2R 1 S0 BB
Sy o BRSNS VAL G o 27 AL R B 201k | I L i 2 )
P RO 530 | WSRO A4, T )

JLER M o L A SRR A L S TR A L 4R
IR AR I HEAT A, H AT FE SN IS AT A X £
PRSI PEREBEST T HGE, AHSCHERE UL 4.

R 4 1K 10 £ SPAD EEmEESERECE

Tab.4 Summary of SPAD focal plane array performance in the past ten years

Format/ Pixels pitch/ Temperature/ Breakdown voltage/ Dark current/ Average detection Average dark count

Institution Year

pixel pum K \" nA efficiency rate/kHz
32x32 100 248 30.5% 2.2
Princeton Lightwave 2014 ’
128x32 50 353 33.4% 6.8
Hamamatsu Photonics ~ 2018%% 32x32 100 242 60 - - 234
Chongqing Optoelectronics
gaime Lpioc 20155 gxg 150 235 68+0.2 0.273 19.5% 325
Research Institute
Institute of Semiconductors, 20227
Chinese Academy of Sciences 64x64 150 293 38515 < . .
Lincoln Laboratory 20187 256x64 50 - 63+0.5 45% -

5 [ W AR 6 I 28 7 2014 4R R T B AT R
6 RS R 3 AR T T RS, AR T T RS
£345 =ANER3: (1) InP/InGaAs & i M & 451 (PDA);
(2) & il i CMOS £ 4 B B (ROIC); (3) — 1~
GaP i 5 (MLA) FE51, DI A RO R W 7. F
InP/InGaAs PDA 5 i€ fil i ROIC #§ 4 )= , ¥ MLA %}
WEIFAE I E) PDA T HISCEL T 75% M4 ROE A T
e 38 o 5 P % A AR 0 A 52 IS ROIC LS
. HFE A0 HE 32x32, 128x32 i A AL KS , Herp
32x32 HLAS 1 £ F 18 BE 51 4R 1EE R 100 pm, T
128x32 FAK IR K A 50 um, FH 1.06 um (G IR
S PR RR AR 09 £ 10 B A, AN Bk MR R 0.0

1600
a0 | ? Avg DCR=68kHz
o(DCR)=3.0 kHz
1200 | AvgPDE=334% _
£ 1000 |
o
S
S 800 |
Q
=)
E 600 |
=
Z
400 |
200 |
0

2 3 4 5 6 7 8 9 10 1520 25 50More
Dark count rate/kHz

¥, 128x32 FUAS I WS T SRR IR 2 R ge it an
K12 fTR . TEMREE R 253 KR, FE 1) B SF 2400 2k
BN 33.4%, PG HECREN 6.8 kHz.

2 [E MIT M 15 5L 5 % (Massachusetts Institute of
Technology, Lincoln Laboratory) iz i T &k H A #ff 1
256x64 [ 1064 nm InP/InGaAsP SPAD £ [fi [4: %1 #7,
FEGI UG BE 50 pm, Z2EE S0 4RI AR 25%, B 1AL
R 10kHz, 56 ] T WOL T 5 =4 1%, LT 2 Xt
Maynard 17 500 mx500 m T8 FE 17 49 5 19 = 4k iR
K, anl&l 13 Bz, S a] 10 s, b iy 36 & A 1R
BfEE.

H AR W2 B4 6 F 2018 4 PO Bl T BLAS Ry 32x32,

1 400
(®) Avg PDE=33.4 %
1200 | s Sefnasilettt
Avg DCR=6.8 kH
= 1000 AL Z
[}
2
800 |
o
2 600
g
=
Z 400
200 |
0

o\° N 0\° olo Q\Q olo Q\Q g\n e\o g\o Q\o g\o Q\e
S 8

Photon detection efficiency

Pl 12 ARG R 12832 Fks A0 SPAD F& VI MRS AR HECR | IR A

Fig.12 Distribution of dark counts rate and detection efficiency of 128x32 Geiger mode SPAD focal plane arrays made by Princeton Lightwave!®
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% % 8] B 100 pm Y InP/InGaAs SPAD £ - [fi [4
G, 38 2 7E R A G R A 1B 5 R B A, DB 1k A 4B
18 Z Z R I, I BH U 2 1 U F U, R P 459 2
B BRSSO
5 % iy H AR 60 V BT, 75 242 K I, FE 51 s
T BRIRCR Ge i A& 14 B R, % B8 9 F- 35
iR N 234 kHz, 99% 1 B4 5% 2 5 T HECRAIL T
350 kHz, % 1550 nm 968 B S, PRSI R A9 IR
RN 10%~12%

40
@) T=242 K
351 Average=234 kHz
0=72 kHz
30 F
2 25|
a
k]
5 20 |
E
5 15+
Z
10 +
5 |
0 L L L II'\ i LT

0 50 100 150 200 250 300 350 400 450 500 x10°

Dark count rate/Hz

Photon detection probability
excluding after pulse probability

[# 13 58 MIT Mk 5256 %8 % Maynard 17 (4 500 mx500 m [H 5 1
TR = A i P =
Fig.13 Target-scan of a 500 mx500 m area of Maynard, MA. by MIT?”

(b)

16%
14%
12%
10%
8%
6%
4% 7
2% b~

Pixe; 30

14 HAEAMDET 32232 f PR THECR | RIS HE Y

Fig.14 Statistical distribution of dark counts rate and detection efficiency of 32x32 focal plane arrays from Hamamatsu photon'**!

B P9 POG HL E AR RIS A L v R 2 B e S A AT
FERT A T B A SOG AP TR DI AR . 2015 4F,
HPOGHFER BT HiilE TR Sy 8x8, Rt
#4150 um () InP/InGaAs 5 &5 2 A2 T 457 . 1%
W51 2k H] ICP Z 1o i e e 4, BELIT A <8 B o 2k it +
(AR5 3 B, PG OT R A B R . A/ InP )T I
K FH 2 BEAJE TE VR OB B, 52 BLGE B3 1451 1) H
R EEMERXIEER SR, ER n 3k
g, R4 BT p AU B X 28 R & 8 )2 TR 1 p FL AR,
AT In A PRSI & S5 A R S B L
InP/InGaAs SPAD [431] (1) if; 2 H1 e hy 68 V200 mV {5
BRI 2 IE S B A0, b ifE IR 25 0 80 mV; I HAL I 47
MFE 0.2~0.4 nA JuF P, FLIE R 0.273 nA, FEF135)
PEELAT

2022 4F, i ER A B SRS Bt T T
1550 nm i K (9 = 4k RO TR 15 R GE 1Y 64x64
InP/InGaAs SPAD [§ %1, B 51 v 1) — M 48 R H 19 72

SAGCM %5 1), HA7 I X 48 R 25 um, (R &K 811 H
150 pm. 55 28l . S LR e T an I 15 TR .
FESI N K ZH MG R N 2R L AE STV 60 V 2
], P3| i 28 B R 38 S M R FEAE 1.5 V BYE Y,
LR RS L AT 1 nAL

2023 4, HEBEBE AR E AL 5 TR
e LR R i 0 T A iR 0 e~ S R ES A =R )
1) InGaAs 35§83 55 AT HEL AR A BB 40 25 19/
RLHOCTE B RGN DL T 8B 5
FE R SR 2y, A A R FE LT
FAMBEHL: S OB  BES BRI SR e | & 4
FOEABE | R L R B Hoh g #s
B BT R I 28 4 64%64 InGaAs 35 4 APD [4%1, %t
F 1550 nm P K 196 2 T R0OR A 20%, IR 618 &
7T X B G820 kHz, 3% = 48R0 &
KRG RAR R AR AT, v SCI B 5 A R
AL
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. 3500
4000 F — ®)
3500 | 3000 |
3 3000 3 2500
‘B 2500 8=
g %L 2000 |
S 2000 °
2 8 1500 f
E 1500 £
Z o000 | Z 1000
500 500 F
0 — : 0 l . —
0 6 12 18 24 30 36 42 48 54 60 66 0 20 40 60 80 100 120 140 160 180 200 x107

V!V

I/A

15 P ERR e ST T 64x64 FF 45 i 2 UK | I FiL 2 A

Fig.15 Distribution of breakdown voltage and dark current of 64x64 focal plane arrays from the Institute of Semiconductors, Chinese Academy of

Sciences!”!
6 KERHERBEHR

T TR A ARG 2 B R A TR, SR M A R
BN B S8 H 5 W )Z InGaAs & A% UG BC Y
Ing 5pAlg 45As 1FE A5G )2 | SR HEUT G 400 MRS
J7 i VA — 20 B i i i 2T AP B R 28 1 M e
6.1 BULIRE

XF T SAGCM %54 14 5 1k £1 40 B+ R0 %, 2K
T B AAG I B, AEAE S X RN 1T 77 2 SRS )2, 31X
BRI T 1 g 17 B B . PRIk, 2006 4%, R E 8 U 4y
KPS T BHA RE R AR B2 00 5 B Wi 2 4
) SPAD, % SPAD 154 )2t T B Ing 5,Al 45As JZ (BE
HHRZE) M InP EHA. B TREERZ Ing 55Al) 415As
FIESfLRE LL InP (9 25 fLBE =, InGaAs JZ i JEAE 28 7T
HARERREZEERGMENTHRERR, &I
InAlAs JZ 19 58 JE B /N T 25 7XE X, 25 7CHE InAlAs 2
HH Rl PR S AR O, (B2S JCHE A InP 2, HifE
i AR InP Y LR (A RE L, PO, S XA
InP %534 DR 77 2225 780 XS BV HL B, 3 A BE AR IE
TSR AR, (R R T A 0 R A

2018 4F, 3¢ EIE 45 B s ol | 5L TRl L 2 1
F2 1 BB InAlAs/InGaAs 25 i G HL 04 [4: 51 B0, 1%
R 5 i JLART 4548 an 181 16 R, FEA AL 4G — A ot (R
REAPUARLOAMEIR R o RS EAR R 264 pm, Hl
JCHAN 112 pm, FHABIC R Z I A FE 5 29°4 10 pum.
3 5T T 208 85%, Xt 1550 nm i K 9 )6 .
it 80 GHz 3 £5 i AU A 1 28R it F AR 20
84%.

Light sensitive

Kl 16 &GS E InAlAs/InGaAs SPAD 51|45 4 [P0
Fig.16 Schematic diagram of the InAlAs/InGaAs SPAD arrays made by

US Naval Laboratory™”!

6.2 FEF{51% InGaAs/InAlAs SPAD

R3S 2 REREER T 23 /RS HS B InP B4RSE, W] LA
5 InGaAs fa A& VCBC . HLF 1534 19 Ing 5oAlg 43As TE N
3R AT InP, Ing 5,Aly 45As 47 B 58, 55 A
7 2 HL R R EE A AR KT InP BEASEEURR, R InAlLAS
FHEHE) SPAD TAE R HA RIGEME . 5 InP/InGaAs
SPAD # [, InGaAs/InAlAs SPAD H- A5 i 4 75 4 52
FR At e M A AR AR R R AU S

2016 4F, HEHEREERAECY B3t 7 T80 1550 nm
i InGaAs/InAlAs SPAD. 1% SPAD % H InP % JiK,
1700 nm InGaAs YEF UL Z, 1000 nm InAlAs {3
JZ o PRI AR HEAT T AN )il B2 T o 5 v e i
WE 17 Bz B RIA InAlAs SPAD 193 2 4L
2574 50 mV/K, /T InP AEHI IR R 4025 100 mV/K.
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BATFITEENTF, X 1550 nm 195%, I EE R 210K,
PRI R 26%, WEiH50% K 10° Hz,

69

68 | 7
e
67 + A

66 L ,4

Breakdown voltage/V
\

65 | ”

64

200 210 220 230 240 250 260 270 280 290 300
Temperature/K

Bl 17 HHE/R 1K InGaAs/InAlAs SPAD 18- 5 4L R G & 1Y
Fig.17 Relationship between temperature and breakdown voltage of

InGaAs/InAlAs SPAD at the University of Sheffield”"

2021 45, Frm s [ 3r R 2P Bl T R e A
il 2 T e H 3 A B 5 ) = 5 T InGaAs/InAlAs
SPAD, Z59N1& 18 i/~ . % InGaAs/InAlAs SPAD 7
150~270 K /3 6] P, 0 45 o7 28 e R 0 3 B R Rk
374 mV/K, TENERE, MEHE G MR R 15 kHz,
Jik S B R4 5E) A 20 s, 184 10 V(1 30 ik
, XF T 1550 nm 956, 78 240 K BRI R R 35%,
B0 N 3.3%107 Hzo

[ 4F, 7 Ik 6] 57 R~ B0 s g I U R Tl 4
A, B RIE—AILFE Y Si0, T4 L&D & 7%
B FHEA 28 LL N = AT InGaAs/InAlAs SPADs, &l 19
fiin o X 1550 nm B, 76114004 15 kHz, [']
Fi A 20 ns 1Y BT, IR EE S 220 K, ZRAFHIN
Y 22%, WTHEURE N 8.6x10° Hzo

2022 4F, AR E i TP InGaAs/InAlAs

=

——
Al _

p'-InGaAs
InP substrate

Pl 18 B B 3 K2 4RIE 1 InGaAs/InAlAs SPAD™
Fig.18 InGaAs/InAlAs SPAD made by National University of

Singapore!™!

Si CMOS
Quenching
circuits

S

This work
I Si grating Si
: coupler

. waveguide .w

’
I

SiO

The first heterogeneously integrated I1I-V SPADs on SOl substrate

Bl 19 S [ S Rl Y £ B2 A InAlAs SPADE
Fig.19 Integrated single-chip with InAlAs SPAD made by the National

University of Singapore!®!

SPAD , i {4 i P 4n 141 20 r 7, W USCZ 4 1000 nm
JE 11 A 8 7% InGaAs, £i5 1 2 4 200 nm JE 1) K 8 7%
InAlAs. XF 1550 nm (01, 76 144534 100 MHz Y
EZ TR, R 290 K, R IR N 10.4%,
w5 EC% R 3.1 MHz,

p contact p contact
oy 1 InAlGaAs grading

=} v
& i InGaAs absorption 1 000 nm 3
2 g
3 g
[ £

o

=3

[ i InAlGaAs gradin,
|

n"-InAlAs cladding
n*-InGaAs contact

[ Substrate ]
& 20 ArpRLE R 2EWHHI 1) InGaAs/InAlAs SPADP)

Fig.20 InGaAs/InAlAs SPAD made by Huazhong University of Science

‘max

[34]

and Technology'

6.3 AlInAlAsSh BIFEEFHABRE

GaSb S Al In,_ As,Sb,_, BUF 5 4 b kHE 2 1
% AlIn,_ As,Sby_, 1 AL, Sb L5 T JH B A RL B,
A B B PR RE I T R AR

2018 4F, I JEWA2AC il T/ Bl H
far |, f54% (SACM) 1Y Al 7Ing 3As03Sbg 7/Aly 4Ing ¢Asg 3
Sby.; T A G HL A, &5 R PR K P L 3 A P A
K21 iR o IR T &L T 95% i 280, I
W 2N 120 nA, 5 AllnAs/InGaAs APDs #1451
WOZ IR BE PR A 3 pm I AETOUIE b VR I R R 2,
XF T 1550 nm BOESEEE T KT 80% MY F450%

2020 4F, HERFA e RIS IR A
THrEmli, HiAE B AIEE (SAGCM) BUf) AllnAsSb
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p-GaSb 1x10", 30 nm

p*-AlIn,_,AlL,As, , x=0.7 to 0.4, 100 nm

n - Aly,In, ¢As,;Sb,;, 1 000 nm

p*-Alln_Al,As, , x=0.4 to 0.7, 100 nm

- p-type contact

= Blocking layer

= Composition grading

Absorption layer

= Composition grading

n*- GaSb, 1x10'8, buffer

n*- GaSb substrate

Multiplication layer

= N-type contact

Electric field

B 21 #535 e WARAIAE R InAlAsS 074 4T G S R g1
Fig.21 Material structure of InAlAsSb digital alloy avalanche photodiode from University of Virginial®!

BFE 4T H W, SERmE 22 fis. 7
TR, %A AR 2R AR AR AR E 1 4% i 100,
95% +fi % FEL R IS I L3285 B2 0.95 mA/em’

Sb %t InAlAsSb &4 A RHfI A 19 57 3 Ot B A
B 5 Si AR Y 0 A% i 6l 45 M IR, g A0 B 1 £

Ohmic contact

SUS coating

/

Al In, ,AsSb grading: x=0.4 to 0.7

Al In,  AsSb grading: x=0.7 to 0.4

[ 22 hERRE R SART T AT AIECT InAlAsSb 745 A
THE R RIS AEO

Fig.22 Layer structure of InAlAsSb digital alloy avalanche photodiode
from Institute of Semiconductors, Chinese Academy of

Sciences™®

R | B AR L A I R AR AR, R R
JR o 1 R L 90 £ A BRI 1 R I 4 9 — A 2R R
PrIFEE 38

7 GERIE

AT 10 47 [ P AMIF ST A 3 O T 28 1454 | i
% T AV G5 PRI 6 2 25 T InP/InGaAs
SPAD (P fE, @ 4R A% | (RS TH 0% . = I Inp/
InGaAs % I 21 /b B T S AR Tt & e . v
AR R =R L b w2 RS ke —
AN RS TS AT 8 3 /N AR | BRI
Ao BATH/INRE R AL B 9 H S5 InGaAs
A% VT IE 1Y InGaAs/Ing s,Aly 4sAs SPAD, HE I AE |
31503 H S W0 InP/InGaAs SPAD, 75 5 1k — 45 Bt
PR . B X =4 RUR I B R R TR, ok TR
S THT P9 2 RS N e O T A 4 T B AT AR TR
I ERBIF S 1 — A TAE. InAl-AsSb A4 bRl %
(5 e L R R TR T RO TR E 1
90 25, A HEN T e AR Dk 21 B T R
iR
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Advancement of shortwave infrared single-photon detectors (invited)
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2. Key Lab of Quantum Information, Yunnan University, Kunming 650000, China;
3. Yunnan Precious Metals Laboratory Co. Ltd, Kunming 650000, China)

Abstract:

Signifacance InP/InGaAs shortwave infrared single-photon avalanche diodes (SPADs) have proved to be the
most practical tool for the detection of near-infrared single-photon because of their small volume, near-room-
temperature operation, and ease of integration and fabrication of a focal plane array based on the conventional
semiconductor manufacturing process. They have achieved wide application including quantum secure
communication, spectrum analysis, weak signal detection, Light Detection and Ranging (LiDAR), as well as self-
driving vehicles considering the eye-safe laser requirement. etc. The further mass application depends on the
performance and price of the SPADs, so the issues about the avalanche diode design and processing, as well as the
solution are very important for accelerating the practical application. The review and analyses about the
advancement of the shortwave infrared SPDs is very essential for both the academic research and application.
Progress The separate absorption, grading, charge, and multiplication (SAGCM) structure has been used for
InP/InGaAs SPADs since it was designed. This ensures the low electrical field in InGaAs absorption layer and

high field in multiplication layer, then tunnelling current arising from high electrical field in absorption layer is

20220908-15


https://doi.org/10.1109/JSTQE.2017.2736440
https://doi.org/10.1109/JQE.2005.861627
https://doi.org/10.1109/JQE.2005.861627
https://doi.org/10.1109/LPT.2018.2882886
https://doi.org/10.1109/LPT.2018.2882886
https://doi.org/10.1098/rsos.150584
https://doi.org/10.1098/rsos.150584
https://doi.org/10.1364/OL.424606
https://doi.org/10.1364/OL.424606
https://doi.org/10.1109/JLT.2022.3174962
https://doi.org/10.1109/JSTQE.2017.2737880
https://doi.org/10.1109/JSTQE.2017.2737880
https://doi.org/10.11972/j.issn.1001-9014.2021.02.006
https://doi.org/10.11972/j.issn.1001-9014.2021.02.006

b Sk A2
%34 www.irla.cn % 52 %

remarkably suppressed, so the dark counts. Except for the essential material structure design, the electrical field
uniformity in the multiplication layer also influences the performance such as the dark counts of the SPADs. The
afterpulsing problem is another issue limiting the maximum count rate of the SPD in the current period. Focusing
these issues of InP/InGaAs SPADs, solutions for them are concluded from the long-term study of InP/InGaAs
SPAD:s.

The high detection efficiency SPADs, room-temperature SPADs, and high count rate SPADs reported in the past
decade by various institutions at home and abroad are summarized in detail. The typical performance parameter
detection efficiency is improved by increasing the quantum efficiency via integrated absorption enhancement
structure, the reported maximum value for 1 550 nm is 60%. The room temperature operation SPADs was carried
out by both decreasing dark counts and sine-wave gated-quenching technology. About 20% detection efficiency
and kHz dark counts at 293 K are acceptable for the practical application. Besides, the especial promising result
for the room temperature SPDs is the reduced afterpulsing owing to the shortened carrier lifetime under the high
temperature. The GHz SPDs benefit from the high and narrow sine-wave gate, as well as the simple harmonic
wave noise out of the sine-wave gated-quenching technology. The typical performance parameter of high
detection efficiency, room-temperature and high count rate InP/InGaAs SPDs are shown (Tab.1-Tab.3).
Moreover, the InP/InGaAs SPAD focal plane arrays (FPAs) and the performance are concluded (Tab.4). The
issues for the SPAD FPAs are mainly optical and electrical crosstalk between the adjacent pixels, solution such as
mesa separation, microlens and optical filter, etc. are applied for decreasing the crosstalk. The clear three-
dimensional image coded distance information was presented (Fig.13). The three-dimensional imaging with high
sensitivity and long-distance detection ability attracts the enormous application requirement in both military and
civil field. Finally, this paper introduces the novel SPDs technology including addition ionization engineering to
the SPADs multiplication layer or using InAlAsSb digital alloys materials to further improve the performance.
Ing 5, Al 45As with smaller noise factor, wider band gap and matching the InGaAs lattice of the absorbing layer is
used as the multiplication layer for electron ionization. Multiple layer ionization is applied to SPADs for
increasing the ionization rate and detection efficiency.

Conclusions and Prospects During the last decade the InP-based shortwave infrared single-photon detectors
(SPDs) has gained the dramatic progress, the typical detection efficiency of the InP/InGaAs SPADs has been
increased from 20% to 30%, and the dark count rate has been reduced to less than kHz. The high temperature
SPADs up to room temperature operation, high speed SPADs up to GHz has appeared owing to the improvement
of both avalanche diode and quench circuit. The single-photon focal plane arrays of 256x64 have also presented
the clear three-dimensional image.

The foreign countries including the United States, Switzerland, Italy, South Korea and Japan, etc. have performed
long-term research on InP/InGaAs SPADs, and developed commercial self-products. Domestic research groups
have successively prepared InP/InGaAs SPAD chips, and the performance is comparable to foreign reports.
Furthermore, single-photon detector arrays have made certain progress, but the device format and performance
need to be improved. Novel SPDs technology such as low noise factor material and ionization engineering are
expected to further improve the performance. The high performance and low cost shortwave SPDs will further

facilitate the quantity application including weak signal detection, LIDAR and digital imaging etc.
Key words: shortwave infrared;  single-photon detector;  InP/InGaAs;  high temperature;  high speed;
single-photon focal plane arrays
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