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Research progress of single-photon detectors

CHENG Beitong' , DAI Qian', XIE Xiumin', XU Qiang', ZHANG Shan',SONG Haizhi"*
(1. Southwest Institute of Technical Physics, Chengdu 610041, China; 2. Institute of Fundamental and Frontier Sciences, Uni-
versity of Electronic Science and Technology of China, Chengdu 610054, China)

Abstract . Single-photon detector can detect very weak light with high sensitivity, which has been widely used in the field of
civil and national defense. With the development of technology, in addition to the optimization and improvement of traditional
photodetectors, other new photodetectors have also been greatly developed and important technical achievements have been made.
In order to deeply understand the development status and trend of single-photon detectors, the key information in research status,
technical difficulties, and latest technological breakthroughs of representative single-photon detectors were summarized. The
advantages and disadvantages of traditional single-photon detectors such as photomultiplier tube and avalanche photodiode were
analyzed as well as the future technical development direction. At the same time, the superconducting nanowire single-photon
detectors and avalanche photodiode based on new 2-D materials with good photoperformance and great development potential were
introduced. And the future direction was prospected.
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TR, B KRERDE T HETE—
EIE LAY, TG Y RE B AR AR, BRI, 200 R F L
A G THRINBE 7 R ARSI 1A S B AR A D i)
PRI . BAG~HRI 5 R AT XA 38 0'6 B 4200 i
TR T2 MR 2, FEOG T e 1 Y Rl AT 3y 56
A (100nm ~400nm) 7] WL (400nm ~ 700nm ) %5 3 £1 4
(Tpm~2pm) P PELLIN(3um ~25pm ) 55, #2514
TAEEFEA] 43 M. (1) O H A% 38 45 ( photomultiplier
tube ,PMT) , #5474 PMT, fif if #i ( microchan-
nel plate, MCP) PMT %§; (2) FH AR G B 45 (ava-
lanche photodiode, APD) , A4 fif: 3 4= 25 j S L
% (Si Geiger mode avalanche photodiode, Si Gm-APD) |
SRR 55 o TG A (InGaAs Gm-APD) | fif: [
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145 8 90 K 2 HOG 7 3R 2% (superconducting
nanowire single-photon detector, SNSPD) i Il S
BRAT BOE TR 2% (transition edge sensor, TES) 55 ; (4)
wFae, A5 E T BF(quantum well, QW) BLE T8
M T4 (quantum dot, QD) HSE TS ; (5) AF
AR, 45 H & Z 8 T 4 (spontaneous para-
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M 424 20. 32em ~50. 8cm) , AFEZEHIHY PMT 4t
SEANIEI R 37 5675 0K, RN AURS PMT £ ZEH]F
WOGTEIE DETF 8 b 7 & B RS i K T AR
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EFTE M PMT A58 38 Al (MCP ) PMT, H v MCP-
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k.
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3.1 Si SPAD

1963 4, HAITZ %5 N1 KR T R HEFER 2
(30pum ~50um) Z5HI Y Si SPAD, BUAR G TR I AL %
£ 400nm 1 600nm b F 50% , (HL ][] B4 s K (2
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—. HH, C&A SCIRIGE A B Ge ABHC R
Si M EHE N SPAD g8 R i W Wi )2, ] 45t Ge-on-Si
SPAD #8417 7F 125K 4508 F, 3230 T 1330nm Abif
I F B M R R ( single-photon  detection efficiency ,
SPDE ) A% 38% ", #1171 Ge-on-Si SPAD #5F45H4
B 9 Bz, BRILZ AL, 3042 T 3T Si SPAD £
PRAILLA | e 45 5O R U % (infrared up-conversion
single-photon detector, USPD) , H:Z5#4 [ 4N & 10 i,
s R SEBL T 7E 1550nm AR R 2R 45% ,
W 7 S5 R T R (noise equivalent power, NEP) 7£ 200K
BFKH) 1.39 x107°W « Hz"?, 4T InGaAs SPAD
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InGaAs/InP BRI K FAEXT Si AR B, B1EHA T
SREGAIXS B 2, N LI 1T 40% (dark count rate, DCR)
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BYYEFHRIM R (photon detection e-fficiency , PDE ) J&
— AN BRI SHL, NI, InGaAs/InP SPAD H i 3
BERYHOAR K ST 0] el i A S AR B 4G
t4, 5 8L PDE il DCR AP,
UEAEET R —HORME ST T R i A, Horp
B HAHEDEEHE R TARA AT 3 1> (1)2014 4F,
L InAlAs EEHUCE InP BOBME 5 35 7 A5 1 X 35k
FORE, LESH AN 12 Bz, SO 1- SRR (1745
#30F ) 78 260K Fl 290K i EE T K 43 5 219% i
10% , {HH T InAlAs BBHE S XY S 58 fL 40K,
SHRE T HCRAGIRAR K AT LS 2o Pk fr 48 X R
FESIAE 90% 13k 2 LR T RS HECR /N 50nA
(2)2017 48 @S TEAE 12 P g | A 24> i1 BF (multi-
ple quantum well , MQW ) X3, H:Z5H) K A& 13 Pros,
AT SPAD TR T — B
TEME R FER R A TR 82, G T 8o b
BN 3 AN ECREGR, I ISR A A R T 5T
7 AP i — A B AR 5 (3) 2020 4F A 3
TN T4 S S R LA I &) 14 Pos il
AT 0 W AL FEAE 1550nm &b AH X4 R T 24
20% ,DCR £ 340000/s i PDE ik T 60% , 3 H £ 5
PRI T, 72 DCR 4 3000/s %% T, PDE B ik 5
40% , It HLJG Bk =A% 2= 5. 5%, bR 248 T B
BRI g, 2 B A7 i AR g i e Jr %€ .
[ TAEESRLE DCR M PDE SHUCRHE AL 40 DL A
R B BRI R A T SR AR E S T
P*:InGaAs contact
P*:InAlAs cladding
I:InAlGaAs grading
1:InGaAs,600nm
I:InAlGaAs grading
P*:InAlAs charge sheet
I:InAlAs,200nm
N*:InAlAs cladding

N*:InGaAs contact
InP semi-insulating substrate
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InGaAs absorption
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optical inputI T 1 T T
B 14 A A R-4 )8 R 2R InGaAs/InP SPAD 254 124
)R, AT SR A o T

B T LA TR Si SPAD Hil InGaAs/InP SPAD (1)
WFFEHERE , SPAD I A A [ PN o Ao 21 1 s K Jig | B
P 7 R e, VE R R Wy B 5 i A5 B A
HkFFJR T Si SPAD 1 InGaAs/InP SPAD A2 i 41 {447
ARBFFE, WFHl T 64x64 Si SPAD 1 32x32 InGaAs/InP
SPAD'™®! | R R MESIHLLY SPAD #44, IR 8 8
N YOG IR OGN RE |58 15 S AU, R UH$
GV T AR S RO A G LRI v BA 43
W] 1) 1O HH i
3.3 SiPM

Fk [ AT G 48 (SiPM) W Bk 2 00t i 5 s
( multi-pixel photon counter, MPPC) , & — 3T £ JC
PO I B B Rk [ S A G a8, e e BT
2 A Gm-APD JEICAL K SiPM 14 E Hoo, H
g — MR R FRICER AT AR Ry B G TR
SiPM A% 0o J& Gm-APD #ff:, A& — > P-N 45,
AT T 2 v R 0 i AR 2 Ol AR O AE A
i R AR G R B ik T O L I
SiPM & 5.5 SPAD A KW EI AT 2 WLIE 6,

SiPM HARBUN AR R & Bt T EE T
SRR AR AR SRR A, AR T &
FHWrZ 434 ( positron emission tomography , PET) £ K |
R REWI B2 (high energy physics, HEP ) 5256 45 AN []
FARER 0T PMT B MCP-PMT, 78 I3t
A B BEOR BOLTHE BRSO a5
FHRMFEA A5 33 7227

SiPM i 1Y) 32 2 AR M A2 ] P 88 vy 7 R A
FER I 2% 2%, 2013 4F, & K F| Fondazione Bruno
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Kessler( FBK) i 57 H 0GB T 2L 8¢ W5 -im 15 R %
(red/green/blue high density, RGB-HD) #& {4, H:#£ M
BRI H 43 5 7E 500nm RiEIT 4% I B A 400nm Fff
ITIT AN B 2016 4F FBK B ST 0 S T
BICEAEN 15pm ~40pm SRR SiPM, [F] £
T Si0, H TV A5 R 52 AT RO PR B 1Y SiPM HOR
HAM R R anE 15 R 145 #6132 I 8 32 7
420nm 4biAF] 60% ., 2018 4F-~2019 4, FBK 75 f0»
NAEMHEA 0 A PR E A 4
FAI R i & ) 30T 5% Ah- 1 %% B -IK B P (near ultraviolet
high density, NUV-HD-low-crosstalk ) %I | i1 %8 4}~/ %%
J#-[E 2% ( NUV-HD-croy ) % Fl H 75 -ifT 48 4h-15 % &
(vaccum near ultraviolet high density, vaccum-NUV-HD)
BU3 Bl SIPM 5220 SiPM 7E AR 45 4 A0 T A
JEEL | 5 PMT Hl MCP-PMT A5 A< it i) AS [l , oA RE AR
FETEROR 225, 3R 1 TP R4, T3 3 ZEH N 28 7E
TR B RS

quenching  top
resistor metal

anti-reflection coat, anti-reflection coa

: ‘depleted
region

P*-epi-layer'

o
.
'
T
'
1
'
A

P**-substrate 7=

(

7

, L) T
trench ‘e
<2pm

K15 #57E WREY RGB-HD 4544 1)
F 1 FTEM PMT SE05% MCP-PMT SiPM 3 Rl 2k it gt b 127!

g T PMT SiPM IR MCP-PMT
TAEHIE >1000V 30V ~80V >2000V
TR 20%~25%  25%~70% 20% ~25%

5 10° ~10° 10°~10° 10° ~10°
T ] 2 1ns 2 1ns 200ps ~800ps

THE U ] 3R <5ns <300ps <50ps
L U 1% = R
EIR 2y 55 5 KA
PRI 1 X WR(em?) /N (mm?) HE (m?)
4t BR B B
Ly &g 1% e

4 FRBLBESEFIERNER

WA HOE AR S LA BT e P 2548 10 8 A K
T LS B B AW T, SCRRA R i IE T 2

ToAN ) 258 200 (18 0 2R B R 25, LA R R DA% |
SYHER R N AR, L R 1 g SR
OGRS (SNSPD ) FEE T 2 bR H) APD HY
TR A & R A5 Rk
4.1 SNSPD

LT MM MR 45 1 SNSPD (1) JE A J B J2:
YRR 2 W WSO F I 23 Hh A BEL % Sy A T Al A
“hot-spot” , M\ TTij S U T 40 K26 4 o 7= £ FiL R ik o
DU S EOG RN, SNSPD #ig R
HHGE 100% 19 &R GL M RK (system detection effi-
ciency,SDE) , A5 B 5 W 4% 58 ' HL 48 00 25 1) 14 RE AR B
W K IEHETH B PR B P RE R A, W R R /T
VAP AR R A S EAEATY A
ok, SNSPD 7 #5445 14 1 1) £t Ak e ik 4 w78 JLAS O
i : (1)2006 4, & YO /N B SNSPD i 4 4 i 247
A R SR 43 SDE 435 #E 1550nm
F1 1064nm 4b3k F] 57% 1 67%"" , H L5 40 16 fr
7N5(2)2017 4F # i T — PP 22 4 NDN il B 5
YR HIET-HREINES | SR 42 S5 A 5 5% 100 ) 1 43 A
AR W% S 8% ( distribute Bragg reflection, DBR) 4544
PR AOR L IR, 5 F an 8] 17 i iZ 45 SDE
TE 1550nm ZbiE 3 90. 2% , I-Fifi 5 il ¥ 15 B FEAIG, 76
1.8K FrliA%] 92. 1% iz 4 F¥s A7 Bl F v 1k g
ST RN S 115 R TR L e i 4Bl
IR FH 5 (3)2019 4F i EBLABE M R S5 15 B
ARWFFEFT YOU 1B SR FH IG5 5 1 I — B YA 2544
il £ 1Y) SNSPD 44, T NbN SNSPD #5 4 i A fiE #8
0 157 T 27 MR AU S50 238 1 o DG 2R, ST T 3 1 [

mirror
light $
— o
o C
cavity
7
/
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substrate NbN  pad
K16 A 15 I R 1B SNSPDE!
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photons . h
NbN nanowire ? pitc
N S

thickness

un:i-t-c:ell
[€ 17 DBR %4 SNSPD
AP T, a5t R B K 18 iR, £ 0. 8K TAEIR
J£F SDE #£ 1590nm 4bik 5] 98% " | Hix IS 24 i
AT ZFM SR E Y, SDE KT 80% i}, 7= 3K ik
#] 73% ,SDE KT 90% 1}, 7= Rk | 36% , X} it & A4 =
Kl AR FHERA SEPR

a  incident photons 1.0 = -
NbN 0/ g
P

0.8 ]
%\06- p :r’abs,] -

5 0.4 f twin-layer X _nabs,z
£ 0. 1’\ ! 3 npn 4
© sing A Tlp'labs,1
0.2 single layer k - tlpﬂa?s.%
00 e
single _twin-layer 0 2 4 6 8 10 12 14 16

layer nanowire thickness/nm
P18 =A% SNSPD
a— PR ISR b— R RIZ PR L S Z WA INRE o—
AT MR R DG 2 56

EIAT, 25 SNSPD ™32 b Ay i R B s L 22
TERRARI 25 A T A, 5 BE 5 R B v 1 5 A RE 52 B
AU RE , R TE — o R BE b e AR IR IR B R
Btk s SNSPD HYARK A, WEAM  BF A e S 4 46 ik JEE
B8 v 1) v U R bR LA B SNSPD (1 #5428 B 51 kA, 2
R JETT 1],

4.2 2 %4118 APD(2-D APD)

2 AR 5L LR R R L, B A Rl
I SROCYI BTG AT I PR BEGORLI 15 1 S50
KRR, O B RHRR M AT B 2 RS 3 S [ TGS [
UTAFEARASF B TSN 5L 0w B A M R Y, H
o2 HEZRA SRR AR A B AR, Al DL S S
e BRI e e B A% LR AR B A A Ay 5
T PN 5 o Y G T 7 P ) B AR S AR (A
SR AT B AR P AN ) T S B e £ MR L A DTG PRI 4%
FEZ T, 2 4333 4 B ALY (transition metal sul-
fide, TMD) &l WSe, 1l MoS, J& HAT — & 7 B i 44 K,
REAS E ] DGR I 21 /M B N S B R4 0 e 4

AEDS R T AT BRI TMDs Ab, 2 4E B (black phos-
phoorous, BP ) % EL #2747 B M 0. 3eV ~ 2. 0eV (HR)ZIE
), o —Fh BB LM e e AR T

2 HERPRHECR B K SR O HE T APD HIL A A BT
BRI 2% A SR AR AL TR LB, AT I AR IS i
Tl 488 R, 5 7 A 5 A5 A S B e A R AL i
B 2 4ERFRDERLIRIN A% . BT 19~ 18 21 JE7R 1 AR
BT 2 AEMORHT S HLARI 2 R0 3R 2 s T 3
T2 AR A5 R 2 RO B R 2Rk BE AR AR Wl
VA BT 2 4k APD SN RO T 100%
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