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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],
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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
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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

221401-4


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 67, No. 22 (2018) 221401

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,
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Fig. 4. Device model schematic diagram of USPD [3]:
diagram of the USPD; (c) band diagrams of USPD.
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(a) Structure of the USPD device; (b) equivalent circuit
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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
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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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TR Y. HEX T USPDIM 5,
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TR R PR T A de . K, R AL i
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“OEFIEH ISR (W E 6 FTn). InGaAs = UK
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EJ Photon recycling
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~ B A
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& [39]
Fig. 6. Schematic diagram of the luminescence of the

LED in the up-converter and photon recycling (35]
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Sk, AT H H 20 A [F] 454 (1) InGaAs PD 8%
P 53581 ok SLiE 2 AR WIS E 1B 24 DA e 26 T
WL Z#AT T VR R R FL. HAiEEA kb +
A1 I R IAURH I B R ARG R R, K p-InP
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e 828 (R . DY/ SR80 454, S1ORARAE
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HIREHE B 7 F InGaAs #8390 45, 7E 1550 nm [0 3
FN0.96 A/W, KR 74% BT R0 M79 AIH
% 5N —— LIEORY BT S AT (SITP) # 4% f
B 454 InGaAs p-i-n PD, 1828 N InP, Al L
AT 1.05 A/W [rome 28, KR 81% &7 R%.
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RAEM InGaAs PRINEE; (b) A FEIEZ B KR LED
i 87 155 152

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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JEAbFHRERZE, 375 FE AR 5 ARAR, R e iR i
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He 2 WK p-InP 1B JE 2Bk, G2 )5, LED
1) p-AlGaAs th AT PA7S 2 p-in £5 8 (1 p B4 IX. MR
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ey I (0 8 fira), mIBLK I 22 B p-InP iE 2 2
J&, KT A AR R

R T E FR A v 1 A% B T8 e A T #8
WA, JEHEE IR TR, #1E90% (35 —Ik
50%, 5 IR 25%, =1k 12.5%) K6 TR M 1
A ARG . T IRER I — R B i
B0 A8 A I ()2, 01X — ) S0 TR 3.3.1 7 gk
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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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2
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Hor ¢, N InGaAs SR AR 1 6 B 8] ¢ pans N
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HHWU R E R, 1 — e ~ 1. B, BT
BRI AR T Z, npy AT AL 100%.  [FI, £
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PATIE 95% LA B T RSt 5 SRR, K
() b5 e B8 A 3R 259055 LED A PD %% H (1 RE.
(Kt 72 PD A1 LED 73 A4 JF H 58 L85 1 26 1F
T, 2 PD-LED [ b4 )y &7 30 7] LUk 2|
BCE LI 100%. X FE, USPD 2844 B 4RI =
A AT LED 1 Si-SPAD 2 8] G R & R0% .

USPD Yt 7 0ll i Si-SPAD [ # % 12 ol
AR KRR WE 9 (a) Fiow, REA, S0l
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B9 (b) At~ A R & 7 UG LT B O6 T 4K
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—ad\, in ,in
€ JNPDILEDT

PDE %179 40%, 1H & 7E HIEE P K (650 nm) &b H)
PDE WL 70%. G153 LED i A& A< AT LA
% Si-SPAD (A PRI A B, I HR FH G S
4, USPD ¥ SEEL 29 42.6% M %, X —$fE
& AT InGaAs-SPAD #RIR [ 2 fi5. th4h, USPD
) PDE £ 870 nm A1 650 nm [ H &A% BR AT L4351
155 35% 1 61%.
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Spatial optical coupling
—— Wafer bond

—— Optical adhesive
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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.
Gate-mode InGaAs SPADs[22,60,62,48] 4ng optical up-
conversion SPADs [11:19,67,68] \ere shown as red circles
and blue triangles respectively. The diamond in the dash
circle representative the calculated results of USPD. The
first item in the bracket is the operating condition and the

second one in the bracket is the time of report.
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Fig. 11. The schematic diagram of the integrated device (left) and fabrication process flow (right).

wafer bonding interface and SEM photograph.
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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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