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Zd ZFENKRE, BS KO THRI 3
(superconducting nanowire single photon detector,
SNSPD) £ J7 [ )P BE 15 br 1 43 s ik 3 1 3
BB T R 25 M PR 45 A ) 2R G R N
(>90%), MACHIIE THE (B8 SRS 0L T DCR
<1 cps), WFEIETEELS) (~150 ps) FIBLJE ) B
i 18] (~40 ns) 1O, {H&, SNSPD KA HE) B2
1) Fe K PBELRS 2 LA B TAR IR (<3 K). SiiZ |-
T e BRI 5 A 38 o R 2 Ol 2 it A v ) A
BRI K A5 U B 06 T e o T IO T, R
7 FH 1A Si- 35 A AR A R BRI D251 SR gk i
ERTR, XA R &5 7T LA SIS 48 I %0% (PDE),
mFEUER (>60%), JF B A & kb ryszm. H2
HmE AT BLE B ~ 10 cps 1208 X Fix — 4%
I 5 1) A5 B BE 9T s FL AT DAAE 9506 Rl 4 AF T
SEHL 20100 cps MG THAL, {EI2XS M PDE XN
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5%—25% 191 b, AT 44 0 B 15 A AR X6
BT T ' T i 7, AN T 3 B b R ) T X — R B
1) . FH 3 .
£ 300—900 nm ¥ B, E 67 FH i il
(Si-SPAD) P REAR 7. BT & 1 BRI e by ]
15 70%, BEHECR/NT 50 Hz, 5 lkih 28N, n] i
SR, ST Bk TR B A AR R E A
2 201 SR A E R IR S HL %, Si-SPAD 1] LLE
B WL T H o #EeE 71 1. Si-SPAD flt = (1 3
FEF BRIV B 2 ERVR T i 1) S RE. (H2 Si
VAR TR REROR, MR KR T 1 pm B, HET
MR GE PR S 1% PR, Rk s2hri A PO
InGaAs/InP SPAD 5L ML EE ARG
PEm TAER LT RAHIA X, R T REEE
L AR B BN BRI, SR, BT InP £
2 IR RE S R0 i @ T Si, ff InGaAs/InP
SPAD ] Ji5 ik 1 280 B3z 75 T Si SPAD. iX — § %
1% Si-SPAD 41 TAE T 114850, Comandar
28 [22) 43 3 1) 11 45 4 30 InGaAs-SPAD 5290 T 55%
IR 2, P8 APD 4R M A BR, 22 H 5
Jik 2 R B2 3 10%. 6 i FR A, TR R
InGaAs-SPAD Hi&H T/0#3 6, YA E LT
FIIA RS W R A, S TAETE B s AT R
T~ 231 8R1 H HiE 4T 1 InGaAs-SPAD FIR % WA
10%, iR [ Bkl S AT 230 2% 123241,
PLInGaAs NI ZE . SioN 548 2 2 —Flf 2
V2. SifE I E RGBS R . s
S 2 AR BRIARE D 47 1, 5 InGaAs/InP
FHEC G B /. InGaAs 5 Si fi i B 2% 8
K(7.5%), L@ sbaE R K H R ALK A
i T8 K H & B A R i % InGaAs/Si p-i-n R
I35 25:26) fl InGaAs/Si T B i & P segl 7
820 MHz 4% T 10 534 75+ 600 MHz 5% T 135
538 28 ) 381, 2= RCRIKT 40%, A MEREA FF
Metk, 5 HAS R AL M BE B T IR I 88 1 S bR
TESMLLAN B AR T, 2 SARLLA b
FRZENT Tz 00, RS F i ihai s
EH 2L AR 28 F1 R A PR R o R, Herprar b
TR RU LM, PR e B FiE B 2 R
TRE AR, KA E A R AT AL B AT
T, T SEHLE T A R, 24 N1k, A4
W] 7 3T (A BT OGRS 5 [ BRI 556 A

AL, T )T 2040 R LLAh I LA R R 28 55 A
[ BU - SR B H R A, JF HAE IR |- SeB)
TGN SR B g 5 R Tk iE
EP B PR LA R MR B — RIS
DU AT L TARAEAROR o, A p il 4 T B L &
FimAFEHOLN, I HA 5, M0 HAT BLSe LR
BEA . HE BN, P DR RS 1 L
M N BT R0 (>80%) B4 Dyl 41 41 B - R
SEOE T — Pl e AT

AR AR AT T A SRR AT O BOR
ZLAN G ER I AR, X H A B R PERE . T
LA BHATHRIER. BT AT A R8T
SR SR A S AR LD A b AR A T I
ATHATAE, $2H—Fh 1.3—1.55 pm GEF RSB
SR b B T RIS 2 0L e R T
AR 2L AN O 7RI 4% (USPD) FySE A JR B, 46
BOWHE 7SR Ai A I, 40 T USPD 4%
PRI YERETEAR; 45 tH T USPD $OG TR R
WRI R J AR 2% T2, I HA X — R R ok
TR &5 1R R e e 3 RN AR KA 7T T 1) BEAT A 4 AN
JRE.

2 FREERTHRNE

e FAAAE N 20 2 VUK KRB 2 —, 7RI 2510
VT A (R LA SR TS B AR BRE R
SRR R R . R FH AT B 5 B Bl L B 1T 5
ML GG B IBAE TE S BRI BRI kot —
P (LED)HoBIIEE PO %38 2 J7 . (RS 4FERKHT
PR TR RO IEAE AU, P SR TR
WEREERXEZEMEM. UiTME FITEME
TS TG F IR, WE R s T H R
A 7 AR T S P SR BRI RS . E AR
B2 BRI B BRI 2 B A O
TR, FEAESOLT S R (Si-SPAD).
BB 7 5 i i (InGaAs-SPAD) Al &
PR T AR 2% (QDOGFET). A% ik = Fhig
I35 LA S P REAR AR S FH Y [ = ANy T
ITTEEVRR, JF ot & B I Kk H .

2.1 SiBERXTER_ME
Cova % P71 #E 1983 FE 1 YR IE T EAELR 1 T
ER A (BE A ) T, FIH SIS B & (APD)
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SEELT B TR T AR TAE TR R
I, B X6 A H - RS AR 51 K T 4ERE Y S i
B, B RCE M. ST KBRS, B4
TR ST L — A T 0 8 P 2 O L Pk e, 38 25 K
106, T SEHLE G T IR, 5 oAb sk TR
MT7 FARE, BT B AR 88 (SPAD) E
2 T ERIMCR R THARAG . TSk s S e 0171,
R4 PRI 3 B (0 AN ), P T ) 4 5 0 AR IR
JZBIM B Si, Ge fllIng 53Gag.arAs (L RIS N
InGaAs) %, TE3 & MG LR %4 T, 52K H
Si, Ge fil InP Z.

Si-SPAD & TAE T Z A8 &5 i i k2 Bk
RPN A, 6Tl SR8 62 DA
SiM LA, SR 1 NSRRI SS A — X
T2 7O, PEAR R A B IR TR I I AE R
LA BRI 234538 X, 7E4RR 8 561, AR T
SR X 5 S A% R AR Rl B AT AR BT
AT, IERETIEE, Si-SPAD A LAFRM ik
TR S (AR, ST AT AR s T 4
AIIRRINEE 615 S, Si-SPAD 1) TAE kB L 2 40
BT R RS R (R A R) Bl g
T, A TR 77 A e AR BRI TR A3 X
RAE IR ZI R . B AR R RS Rk
JSEIS, PN R REE A TR 2R T, R AU N A 9%
k) FEL B B AR AT R, SEBR N PR )
P R 9L R0 gk sty e R 100 7 oy K 8% 1 O B R
BEAT E AL, 8 G A (] Ab 25 R A, AT 452 5%
A

it ZEK KRR, Si-SPAD £ 4 B4 M M
o B (a) BTN — R Gl A A i XU AN SE 45 1 F)
Si-SPAD. iX i £5 4 (A 3476 - 59420 1) 75 n B 4ef
J&E LAMEA K ~10 mm ) p B R ik, BT B
TEAT R AT 2R AR &, XT3t Re S A IR
Tt 2) FERZ IR AN E A K 1) p A IR
I p-n 45458 3) p++ buried layer A3 i LA
POt T —/MEPHIEIE; 4) FER XA p B 45
F XM T HRAE T — 7 L &S B RN R P
I, B) HEREJS 2 B A5 AL R IR FE SR T T 234 Rt 1) 43
HER (AR B0 <40 ps). (A2 i T F 2 M0 8
VT, X P 5 ) P e K SR U R AT T AR AR TR
MR (PDE < 40%).

N TR AR R O TR Ak R (PDE - >

70%), AT LURBUZFERZ 454 19 anf 1 (b) Fis.
X AR R S5 M F SPAD FEAE P 4544, DAt
SRR ZEMMSPAD il LEHF B AKER. &
2 FE R KRR, X — 451 1) Si-SPAD ©L 4 M 4 i
A B THENERZEM, 1% SPAD K TR
WG el 25 mT WL AN 204 By, He 540800 nm
6 TR 3 # 3 50%, HF HXF 1 wm (6 748
EERTE Al n VAR

10—50 pm

>

N

1 Si-SPAD #FRE B (a) MHERZXIMES: ) B9
(b) FEAER B4 H [41)

Fig. 1. Schematic cross-section of Si-SPAD: (a) Double
epitaxial SPAD device structure [391; (b) thick deple-
tion layer SPAD device structure for high PDE [41],

FERZA LK =L, (R38R TH 4
# (DCR) #IEA =, £F T 15 °CH TAER T,
HAE DCR A LMRHEE LB LE fya g 4. 13
i T SR = B, 1X — 254 1) SPAD 1 )5 ik i
RN AT DL A B R R AR 1% . R 241k
BEFE bR AR AR A, (E K — 45 4 A AN T )

HANE (~400 ps) 1491 {EHE AT LUIE S A e B 231
Hh O SO [X 3 o ) e I A R B 11 T SR AR
BB ERE VO AN, BT IX S5 RS RS
AhiEr (200500 V). T ik FE A TH R FEAE 2™
B (BFIRL N 510 W), H ek TAER A
R A 8 it A b AN AT Ay 7)) g HOARRR A 254
P 7 HAME T2, X S8 71X — 454
Si-SPAD IEMNANTE, BAS KIS
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2.2 InGaAs BHXFERE_RE

BETE S BR R H1] T Si-SPAD (R MIYE I, X FR
To] WEGEE I 2L AN B, XF 1100 nm BA_E 67 10
S FEACT] DLW AN T, 35 EEARI 1100 nm BL_EF)DE
T1E T, WUEM B B UM T 1.1 eV, AE 0
PG MR IR R GRS L E 1, £1X) 1330 nm
A 1550 nm P4 /S BE 1 5 1 BE 5O 7 2RI 45 X T
HEOGAEEME T REAREE ZXEEN
PERL. f % F B3 2040 50 7 480 2% v SAGCM
(separate absorption, grading, charge and multi-
plication) Z5#4 ] InGaAs-SPAD (411 2 (a) FiaR).
InGaAs-SPAD 1, InGaAs 1E A ZFIIRILZ,
RN Ing 53Gag a7 As 25 56 N By = 0.75 eV,
it LA 38 1k 9 K 29 1700 nm, 355 1330 nm Al
1550 nm. 5 InGaAs & k& FOH VT EC 1 InP AE N
G . e AR A A L o AT I 2 (b)
Fro, A8 = v s s 2 o T R — A AL
R B RO, TS — AN w5 g 2. TR
JZE L AR AR, X2 TR EOR . o
TR BRY R AT 22 D) e 5T D SR T 48 A 48 2 R Wi =
H ELI SR . #TAR ) InGaAsP 2 &N T 98/
InP-InGaAs &1 AL B B8 1 RAZ, 8 G B 118 ¢
T4 R R — 4 11 18],

(a) Top contact (b)
| Electrical field

Passivation —>

i-InP

n-InP k

e

i-InGaAs i

nt-InP \Z
Bottom contact

K2 (a) InGaAs/InP-SPAD {454 &; (b) 2441 P9 38
W o 11
Fig. 2. (a) The SAGCM structure of InGaAs/InP

SPAD; (b) corresponding electrical field in device [11],

InGaAs-SPAD [ #8 il Jii # 5 Si-SPAD X 1,
NS 73 i 56 4 B A InP 2k A\ B InGaAs W
WZE BRI A S O, e AE IR TR
FIE ] FIERSHEN InP (548 2 b, 5 fb ks il fo e 29
RAT RN, BET AR W AR R,
P v 4l v A InP AR A AR K1 4%, InGaAs-
SPAD [ % 1 HUFH Ji5 Jik v 2052 3 BE Si-SPAD = H

YRZ2 VO Oy T M ORI S Rk RS, TnGaAs-
SPAD — i TAELET 1 T, B AN 753
1A% I ) BLAd 75 SPAD f J 1) 4 JE 5 T 55
HE. il SarT 148 K InGaAs-SPAD
(6T BRI AT DL B 55%, 7S5 B 4 2121
2, n] DAt 80% B WS ¥t 1T LAAR B 2%
BRI B2 (B [ B G Bk R A 10% BA L, 15 T ER AT
JkHz LA b bR T 0 250K, B 0 T8 D' 1 0k PR I 4
R TE), DRI T T 43 5 30 1) InGaAs-SPAD Y[R T &
THEH D KRS (QKD). 4k 2 5 M 15 15
TEIEAF R BR BRI A8 RS B B 1)) PRIk 75 22 A
H iz 47 M 0 (free running mode) 23, {H 21X —
13 B InGaAs-SPAD I8 v AR B34, A A BRI 2 0
U E (B0 k) AT 343, Korzh %5 29 2 H
() B AL InGaAs-SPAD 7] LU I T i i) 2
1 Hz, (HR2XT N PDE AU RA 10%, Ja ki
fEik 2%, LA B SR R T EL.

2.3 FFPETLRBRTFIRMNE

T AR T S FOE IR S 2 T A
KB D4 ¥ B Ry 2 PO o B
[ 145 3 L AR (quantum dot optically gated
field-effect transistor, QDOGFET) N —Fh R I %%
RRIAE 2 AR IR 2%, LS54 7 =1 R AR I R
FEOLE 3. Z8S L GaAs R B P RAEK
200 nm (1) GaAs 22 2.5 um 1) Aly 2Gag s AsSi
SBAE. 70 nm ] Aly 2Gag sAs. 100 nm ] GaAs
WS % B A 400—500 um~2 ) InGaAs & £
200 nm i) Al 2Gag sAs. TG 410 nm I n BB
H(~ 6 x 1017 em™3) ) GaAs g Z. AR AN K
&8 ANI/Au/Ge, Wk 48 AP, ¥ EHLAHN
0.7 ym x 0.7 pm, Al,O3 — 5 THI A] DAK 2344 2% il
b, BEARME RS, 53 —J7 W] LUK AR 22 B 1 6
L8 Es.

PRI B TR R 0 B 3 o, N
805 nm 16T HE N3 4F, B S 1E GaAs X 34 T
W, 77 A R H S RO FE A S 1) F R AR T,
HL VRN i Arh, s OIE R B Al
BEAFAR, A73R A ) & mOR O3 YA AR Al 2 [A]
IVEITE FEL Las, NI SEELNS Y6 F-15 5 BRI

EARE RN, AR X E 3R, B
25| Ty M 72 AR AL, IX — MR I PR RE e e T
QDOGFET 54 (H k06 T30 Wi ae 71 PO 3 Fl
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BT PRI 2 A4 1) 5% AT LIS 2 60% (~820 nm) LA
., IR SRR RAE AR A B Y. (H 2 %% GaAs
HBRAT PR, LRI KA E 2 1 pm DL B, X
TSP B (1330 nm 11550 nm) BIEF)LF%
AN b, Z A AF 1R R PR T ANk

AT IR, R I S0 8 1 o) U A L UK

W TAEERAR BRI R (~4 K) P X R & 1
W7 JE

Gate
| <— Au frame

| ALOs * -
o)

S | AlGaAs )
2 2
8 =

<—— QDs
WS Y

Si 6-doping

AlGaAs
GaAs

K3 DA TR I RN A A A AR 1 T P % R i 4 A
[50,51]

Fig. 3. Schematic diagrams of the composition and
band structure of the QDOGFET 50,511,

3 bREHE LT RN

EEHR ST RIES (USPD) B g — e T
UL AMp 3k b R 1501 fy 3 7 i ' 1 R
i, e AT R X B AR B (1.33—1.55 um)
b e e SO TR S AR BRI R P InP

Optical
couphng layer

(a)

Up- converter

( l D
Photodetector
A £ ;
f

—a Iﬂ _——
A\
2 Read
_A ’“’g o ‘~~e-a_c:1t’,
[ ] ——)IO*O E
+h i

"\4

B4 RS TR R 130)
Fig. 4. Device model schematic diagram of USPD [3]:
diagram of the USPD; (c) band diagrams of USPD.

(a) BAFLMREEE; (b) BEFSE

B GaAs MR AT, I 48 T SRAME A K4
AREGE &8 AP TARTTARAE K 1.3—1.55 pm
FE AT IR AE U B p-in T AL AN R 2%, HORIIE A
InGaAs; #8538 it v 84 07 20K 2040 3800 2%
5 GaAs LED £ 1, i # ¢ SR L4 06 T B
. 1.3—1.55 um KT p-i-n I L AR
T ER B, T B H 2 RO FE S i 4k A A
FiEE GaAs R IREIRZ IR & KOG, &
W 1.3—1.55 pm PG T 17 0.87 pm KOG T 1Y
et BEJE, wid s RS R B LR RO o
IRLLANROL T B R AR H 5 ST SPAD BG4k, b
BT 0.87 pm KO T8 G i N Si SPAD Jf
NI, B SEE 1.3—1.55 um KRG
R

3.1 HEAKRIE

311 HAEA

USPD [ 45 #y 7 m B I 4 (a) Pros. A
FLOY TR A A B — /[\ﬂé‘%ﬁii%iﬁé%%#(up-
converter) fl—/> Si-SPAD ZH ik, b #as i —
A InGaAs Y6 IR 28 (PD) A1 —4> GaAs LED il
i i s 1 & AR, InGaAs-PD &4
p-i-n 454, AR R5 24560 5 Al k. GaAs-LED
EAlGaAs/GaAs/AIGaAsXXﬁiﬁ G, TAEEIR
i . AN B PRI B AR NS
1550 nm [T B Je 4 InGaAs-PD W™ 4 e 4
BT, R R T E R 1 IKE) FIEA S LED

(b) % I‘

M Si-SPAD

+V
t—Pi

PD

LED

Single electron injection and
recombination

(c)

Single photon

absorption \ A _,,g/_

Si-SPAD

R
R
.

1550 nm

Single photo hole
transport

n i P n

R HLER IR () ARfkRE A I

(a) Structure of the USPD device; (b) equivalent circuit
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WoE 2 R AR R AR R 6P A2 870 nm (AT
M. SRR AE I 4D A F B Si-SPAD 4R
D, HETT 2P TR, USPD F 2814 25 25 L 1%
BRI BE 7 7 75 B2l ] 4 (b) 1 4 (c) B,

ERFEERE, FRRERST B —4
S 2E R A i R AR 5 E N B Si-SPAD . B A kR
() IS B W O T IR R, R4 T ok
MEE TR PEAN DT, BRAT A5 AL e B T R A
FETF PRI FE I BOWATL R, 345 BT 75 AT A e
K H AN,

AR b, FATH LLE 1 USPD [A] i 45
4 7 InGaAs-PD % 1550 nm )t 7 1 e W g A0
Si-SPAD /=1 f 5l 7 2RI 6. 28 4 XA B 1 1
— KALF k2 1] DUEAL G InGaAs-SPAD 1)W1
JERNFE 38 25y 5, HRF InGaAs W URZ, # 1M Al
F Si-SPAD 4 /E 48 {1 i £ 19 2, X FF 3t vT LA KR
] B T EORT S Bk b N, AR R AR A
et B BB RO T, R R BT
Si-SPAD H 8 55 i K, 5T 5L L6 TR,
F R #H g E A Si-SPAD TARME A E, W65
AT DU B AN SRS B L R o A ] B bR
F, 1955 T SiA R & BT &, IR BT AT LK AE
Gt InGaAs-SPAD (¥ 5 ORI Fik b 2552 490 i) 1)
Si-SPAD K& 4. witk—k, USPD BEAT LA TAELE
H HEAT RN, SRR IE A A BRI 2.
3.1.2 B R

T A H L I USPD B 1 48 I HL o,
WIE S BR TRE TR FEE ERE,
USPD w340 23444 A1 Si-SPAD /& AL 21, 3%
Z AR AR AR — ik, IR A T 5 1& |
AR B T ISR TR L B R R
AR (TCAD) K FH I T8 1 3 e 28 1F 1) 8 77 45 14 A
S RErE. TR, AT E T AFRME AL
i, 5 ECE A  Shockley-Read-Hall (SRH) £ &
FEEs R A, DL 2 S0k i s ok B9
B5 (a) BT NEAES Vi E N I BEH 45 14 (QFL
RFEHETOKAES). RIHE, HE 1550 nm ()61t
AN gt wi el InGaAs 2Tl 7742 i
T - rOT AR FER X I ] N B T
PD A LED K S HIAL L3 #2275 7R IR
fRIE LED Hr, T LR iR # 2 A . 51k
B, T IRFFREAS b4 a4 rp 1 P 1l K
X S E H LT AR N LED 305 2 3t 5 2

KBS L. WE—FERT, Lo TR
AR, N T BRER AR AACE, LED
W R TR A p 52 4, U LED (0% <
BB 515 b FRRE A, JeSh, LED %
I B o 1 T4 2 A ARAE T USPD 7 BL3K /8 — M
U RO 5%

T
(a)---. Electron QFL :
====Hole QFL
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Fig. 5. Calculated results %] of (a) band diagram of
the up-converter under 5 V forward bias, (b) photocur-
rent of PIN and up-converter at different bias volt-
age, (¢) net photocurrent (subtract dark current from
the photocurrent) of PIN and up-converter at different

bias voltages.
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Fig. 6. Schematic diagram of the luminescence of the

LED in the up-converter and photon recycling (35]
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Fig. 7. (a) Response of InGaAs p-i-n detector with dif-
ferent structures, where S1, S2 adopt intrinsic absorp-
tion layer fabricate by SJTU, M79 use an n-doped ab-
sorption layer with 7 x 1016 cm—3 fabricated by SITP,
FGAZ21 is a commercial detector from Thorlabs. (b)
LED response at different doping concentrations in the

activation layer.
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Fig. 8. Band diagram of the up-converter: (a) With
p-InP cap layer; (b) without p-InP cap layer.
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Fig. 9. (a) Dependence of photon detection efficiency on

optical coupling efficiency (n°°"P'¢) and photon detection
efficiency of Si-SPAD (ng;); (b) photon detection efficiency

for three different ways of optical coupling.
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Fig. 10. The NEP and PDE achievements for differ-
ent kind of single photon detectors. Free-running In-
GaAs SPADs[23:63-65] were plotted as black squares.
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second one in the bracket is the time of report.
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SPECIAL TOPIC — Quantum states generation, manipulation and detection

Research progress of semiconductor up-conversion single
photon detection technology”
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Abstract

Quantum communication technology has achieved remarkable progress and development in recent years, and the
single photon detector, as the receiving terminal, plays a vital role in communication systems. In this paper, we focus on
the current mainstream semiconductor-based single photon detectors and review their device principle, operating mode,
advantages and disadvantages. Besides, the research progress of a novel semiconductor near-infrared single photon
detection technology (USPD) is introduced. The feasibility and superiority of the USPD device are demonstrated from
the basic principle, device structure and key performance indicators of USPD, and the latest spatial optical coupling
experiment results of the USPD are also given. The design principle of the USPD device is to utilize Si multiplication
layer of the Si SPAD as a multiplication layer instead of InP in conventional InGaAs-SPAD. The Si-SPAD has a much
lower dark count rate and afterpulsing effect because of high-quality material of Si. Such a characteristic design of
USPD can suppress the afterpulsing probability to the same level as that of the Si-SPAD and enables it to operate in
the free-running regime without sacrificing photon detection efficiency. For the same reason, the dark count rate (DCR)
of USPD is also very low. The operating mechanism of USPD is to convert the infrared photons into near-infrared or
visible photons and the emitted near-infrared photons can be detected by a Si SPAD, which provides us with a new idea

for single photon detection.

Keywords: single photons, up-conversion, nearinfrared
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