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Table 1 Material parameters of Ge/Si APD

Parameters of electrons and holes i-Ge Poly-Si i-Si
Thickness/nm 800 2 500
Permittivity 16.0 11.9 11.8
Electron affinity/eV 4 4 4
Electron, hole lifetime/s 1x107/1x107 1x10°%/1x10°® 1x107/1x107
Band gap/eV 0.66 1.15 1.12
Effective conduction band density/cm™ 2.8x10" 2.8x10" 2.8x10"
Effective valence band density/cm™ 1.04x10" 1.04x10" 1.04x10"
Electron, hole mobility/(cm® V"5 3900/1 900 500/160 1450/500
i, A 1.55%107/1.55x10’ 7.03x10%/7.03x10° 7.03x10%7.03x10°
A1, A 1.00x107/1.00x107 6.71x10°/1.58x10° 6.71x10°/1.58x10°
Byt b 1.56x10%1.56x10° 1.23x10%1.23x10° 1.23x10%1.23x10°
by1, by 1.28x10%1.28x10° 1.69x10%2.04x10° 1.69x10%2.04x10°
Betan/betap 2.0/1.0 2.0/1.0 2.0/1.0
Egran 4.0x10° 4.0x10° 4.0x10°
Band tail density of states/(cm>-eV™) 1.0x10'°
Characteristic energy (eV) for donors, acceptors 0.27/0.27
Capture cross-section for donor states, electron and hole/cm? 1x1077/1x107"
Capture cross-section for acceptor states, electron and hole/cm’ 1x107%/1x107"
Gaussian density of states/cm > 1.00x10"
Gaussian peak energy(eV) donors, acceptors 1.22/0.70
Standard deviation/eV 0.01
Capture cross section for donor states, electron and hole/cm® 1x107%/1x107*
Capture cross-section for acceptor states, electron and hole/cm’ 1x107%/1x107"
T T T T T T T T
—_—10 10" 10 — ) 10— 10'¢
107 ¥ 1073
L —10" 5x10"7 =——10'8 7 — 107 5%10"7 e 10'8 7
107 F ad 10 _
< 100 r Optical current 1 g o Optical current 1
: :
5 ] Dark current 1 3 Dark current 1
© 100k 107
101 | d,;=2nm T=300 K 101 d,=5nm T=300 K 7
1 P=-20 dBm 4=1310 nm P=-20 dBm J=1310 nm
101 L : : L : 10-13 I L L
0 10 20 30 10 20 30

Reverse voltage/V

(a) I-V curves of A-APD

K 2
Fig. 2

Reverse voltage/V

(b) I-V curves of B-APD

1=V HIZEEE poly-Si # & /2 5 AL A4

I-V curves as a function of poly-Si bonding layer doping concentration



+ 2320 - CRERR R 2540 J Chin Ceram Soc, 2024, 52(7): 23162328 2024 4
T T T T T T T T
312 +
o] 32.0
> 308 1
3 2 315+
8 gn d=5nm
=} = 1 T
304+ s =300 K
S " d=2nm o 310t P=—20 dBm
g 7=300 K _ = 7=1310 nm i
S 300} P=-20dB %s
< T m Z 305t
4=1310 nm
29.6 | | |
o’ 30.0 |
1 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 0 2 4 6 8 10
Doping concentration/(10'7 cm™) Doping concentration/(10'7 cm~)
(a) Avalanche voltage of A-APD (b) Avalanche voltage of B-APD
Bl 3 5 B R poly-Si & E 15 4R B 181k
Fig. 3 Avalanche voltage as a function of poly-Si bonding layer doping concentration
g g poly g lay ping
0.16
0.14 -
” —
E 05} S o2}
: -
= 1l 2010} i
2 0141 8
B =
S &
1 0.08 - b
0.13 +
1 1 1 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10
Doping concentration/(10'7 cm=)

(a) Optical current of A-APD

0 2 4 6 8 10
Doping concentration/(10'7 cm=)

(b) Optical current of B-APD

4 95%%5 i H R T G HLUBE poly-Si G E 45 A4 IR BE (24K,
Fig. 4 Optical current as a function of poly-Si bonding layer doping concentration at 0.95 V.

RNERFE R AR IR, ASCEHL T Ge/Si
APD HE & ZHFEEE EBIRERZLE 5). H
Bl S AL, &S Z SRR, A-APD %
WIEME G E A0S FIHE 2R N, 1ff B-APD fi
WENEARETRMES, X5EHmMELE
A—F AT Z I Si IR E &R RIGEKH A-APD
F1 B-APD #i T E & R BLLPEREE 2R Si 4
JKo HIPE Sa FIE Sc HEEITT L, MEEGZES
ZURE RN, A-APD 1 B-APD W2 E &%
RN, BEZMESE R EAREA. 1o,
FHEL A-APD BE&F AN, B-APD & &% H
B AR FEE A W i, 55 B-APD YGHE iR
AR AR I

NIRREE SRR, 4 Ge/Si APD %
MTFIRERE G 250K B AL 6 FTEL 7).
HE 6a 5Kl 7a v W, BEE S EB AW RN,

A-APD WS 1) FEL T FE (Co)/ MR BESE I, TRk 2
(125 7R B (C) /NI B2 k2>, (A2 2 8 A
A, B 6a 5K 7a KGRI, BEEB K
FEIBEIN, A-APD f84 E M HETIE B, 20k
R, BT ORE S SHAL, FitEsEE
ARETNHMES. HE 6b 5K 76 /I, A-APD
51 2 110 R R B AN 25 O P H Bt 5 23 VR FEE ) 184
Sekg LI SR IR, Bk, MEREAER
(75 2 T A 8 2 1 H R B AN s TR FE I AR
BN . HE 6 5K 7wl i, B-APD W)= Al
HERHETIREMZ SORE B NESE A-APD
(1B L— 3, 11 B-APD %R FIkE RS & 25 4K
FEAA R 3, [ B-APD B & KB & 25 24K
FEARL A R 3 . I 6d 51 7d 36 AT I, B-APD
13 185 2 1 B A0 4% R B S4B 5 2 U IR G i
e, SEEMENREGEETRMES.



B2 EETH

Ti/NEE S 2 R B SO0 0 RS LA A 0 TR B R S D B R PR RE RIS TR

- 2321 -

[} T T T T
—10" _"_\[\
108 | '2=1 310 nm
—~ r —— 10" ~ T=300K P=-20 dBm
T r o . . . i
B ) 1016 7 poly-Si layer
g 108 f £
o s
= ] B
17
g 0p 307 g
s [ 10t g
5 F 5
E 100k d=2 nm g
~ | =095V, & Position/um
10—2 r 1 1 1 1 1
0.5 1.0 1.5 2.0 2.5 3.0
Position/um
(a) Recombination rate of A-APD
1023 T T T T
— 10" Lm
= 18 —~ ~
I 0% o T, T=300K  /=1310nm
g E 10t % poly-Si layer
= 108 2 |
‘q"é E 107 %
g§ I =
2 oof s<107 |8 1
8= r s
g r 10 _g
o
S 10°F S H
~ r d;=5nm & Position/um
r V=095V, P=-20 dBm
102 1 1 1 1 1
0.5 1.0 1.5 2.0 2.5
Position/um

(¢) Recombination rate of B-APD

K s

T T T T
T
T 39 f[—10% 1
g —10'
Q
2 86 f—10” 1
3
g 5x107
& )
S —10"
5 33[
= i
§ J=1310 nm
& P=-20 dBm
3.0 L— L

1.3 1.4 15 1.6
Position/um

(b) Recombinatin rate of multiplication layer of A-APD

|

1.20 b |

Recombination rate/(10' cm=-s7")

d.=5nm
104 1015 7=300 K
o — o V=0.95 V,
1.05 P=—20 dBm
5107 ——10" 1310 nm
0.90 . L L
1.221 1.224 1.227 1.230
Position/um

(d) Recombinatin rate of multiplication layer of

B-APD (Insets show the recombination rate in the bonding layer)

5 R poly-Si & RIBIRIRE ML

Fig. 5 Recombination rate as a function of poly-Si bonding layer doping concentration

Kl 8 HZ A Ge/Si APD il 4 H 55 KBt & )2
BAWRER A . BT Ge WUEWRIOL T 77
Az HL -3 OR, Horr A o B A 1l BRSS9
B, M TFITBEBIR T EANEEES5S
JARRL, PR 3 2 A fd ok 3 (R A ok B T
W2 o 1 8a W] WL, Bl TG R 5 AR BE RS I,
A-APD £53 2 (il B %0k BT R, SRR
2 B AT SOREE S BT E R R DR SE
IR TR, TR R R RS 25
FUR LR N b, 5 B0 X d P Al i R S A
JBl, BT IR R R BT B
Kl 8b AL, B-APD RIS Al L B A i) AR Ah e
5 A-APD [1E L —2L, 1 B-APD fi53 2 (Al f
BRI TR, FEORWUZE I R B DL A1 )2
(1) LT A R FE S 2 R BRI 34 . ) LG ] 8a ]

8b 7] WL, B-APD filf4# H, 25 22 AL FL 25 R A B 15 2
WA IR, 550 B-APD #i Tk
FEBEI5 30 B AR AR 2

Kl 9 LA Ge/Si APD HLIZ Bl & E 15 240K
FERAE AR . He HE7 20 A7 B S il 4 P 35 e R L
Al L, A-APD Al B-APD LB 15 44K FE i AR AL
A S Rl RN — B, X R B APD (1Rl H S
R EEZ IR .

HW, ATAERALT Ge/Si APD U 25 5 [ 7]
P FE 28 R (LB 10) e A SCR FH A B R i v R 14
i, ME NN AR S RS AREE T G ER R DL
RSB R 2x10"7 em® WHEDE . HIE 10
Al W, A-APD Fll B-APD {3 25 [ifi S [ i 1 1) 184
I 2 B3 K 5 SR A, FRAE S R
MHTIA B . B 10a /]I, ¥EEEB MK



. 2322 . CREFR Eh22 4D

J Chin Ceram Soc, 2024, 52(7): 2316-2328

2024 4

JEN 1x10" em™ H % i 54 29.8 V i, A-APD
BN LN 27.09, FIRBEERESZBKRER
Han, A-APD £ 95%5 jif HLE PR ¥ 3 25 22 N BF
s, X FERH TR ERNELEE FTE
SRR, S EUG I E R T B RS s R R
55, BRI AEIE A N B 10b AT, M
HEBRIRE R 1x10" em® B % B4R E KN 29.8 V
iif, B-APD fx K3 %N 4.89, [FIRS B-APD (1)1
PSS Z B AR ZUUR B, 25 R R R
K5 A-APD [f)—5.

B 11 NZAEH Ge/Si APD 3dB 5 e e & )2 5
FIRFEMI A . AFRTE Ge/Si APD 3dB 7 % bl
A RSB RREBLRRR, BT Ge/Si APD #;
M EFR RS ZBRERAR L, WE 12, HE
12a F1 12b o]0, &GS ZBIKRERRS,

20 T T T T
—_— 10" — 10" V=0.95 V.
16 £ 1016 107 J=1310 nm 1
P=-20 dBm
5%10"7 am— 1018
é 12 +
e
B
0 i
8 b
Position/um
0 1 2 3
Position/um
(a) Electron concentration of A-APD
13.0 |
1258
& ¥ d,=5 nm )
8
w =
S10f T=300K ]
L0
1014 _10]5
e 1016 —1017 o
11.5 4=1310 nm
P=-20 dBm 5%10"7 =——10"®
0.6 0.9 1.2 1.5 1.8

Position/um

(c) Electron concentration of B-APD

A-APD ] HL 35 2 R 25 5 2 S 7E R AU R
JZIEWET T, SECAPD [ N FE B s, T
TR ST, B SR O A A Y
256 TG T BT EEAN SR LR e B R R [
b, BB 11a 7T, BEEREGZSRIREMIN,
A-APD [#) 3dB 5 %8 23 EAE FRERES. [FH
H, B 12¢ A1 12d AT, B-APD WIRZFIEES 2
() HL 7 R R U RS R E AR
A-APD (15 0L—%0, B-APD 538 /2 1 H Pl R N %
PLR A I 2 1 2 7GR 25 S R, 330 Ge/Si
APD [ BRI [A] T B, 32 177 5 SO 351 1 ) R T
FERBE. Hit, dE 11b AT, BEEAEBK
FE K48 0, B-APD f#) 3dB 47 55 285t TS FEER
. BbAh, WEASAE S R BT R T,
SFECT LA RGN, T R R T AR

— 0% ——10% ——10"

12.32

—_—10" 5x10"7
p—) 1}

12.30

d,=2 nm 7=300 K
12.28 7

2=1310 nm

lg (c/em™)

12.26

1.232

1.234 1.236
Position/um

1.238

(b) Electron concentration of multiplication layer of A-APD

12.8 T T T T
e | ()14 — 105 |
12.6 [ 10 1
= 10 10
o
— i: 5x10"7 = 10" -+
g — |
< 124 F |
Eg Position/um
/ J=1310 nm i
=0.95 Vi P=—20 dB
122 E =300 K 1=0.95 7, 0 dBm
da:sﬂin/’—————.————-—
1.25 1.26 1.27 1.28 1.29 1.30
Position/um

(d) Electron concentration of multiplication layer of B-APD.

Insets show the electron concentration in the bonding layer. C, denotes the electron concentration.

Ko HTIKIZHE poly-Si & )2 520K LI AL

Fig. 6 Electron concentration as a function of poly-Si bonding layer doping concentration



55 52 &5 7 Ti/NEE S 2 R B SO0 0 RS LA A 0 TR B R S D B R PR RE RIS TR < 2323

20 f 152 — 10" —— 10" —— 10
| i — 10" 5x107 |
13.20
16 + ) d=2 nm 108
E EREREY: T=300K - p=0.95 1,
%: ~ Position/um - g 7=1310 nm
= 12r . . _/=1310nm .
—10 — 10 - | 3.10 g P=—20 dBm
—10¢  — 107 |
5x107 —— 101 lL—TZO dBm
0 1 2 3 1.20 1.25 1.30 1.35
Position/um Position/pum
(a) Hole concentration of A-APD (b) Hole concentration of multiplication layer of A-APD
20 T T T T T T T T
T 13.2
V=095 V,, ~
ok A5 i £ 4=1310 nm
= 130 F P=-20 dBm
~ 7=300 K = :
g ‘g "\’E \
S Position/um T % — 10k — 0%
) i F o
— 12F 2=1310 nm L0 128 = — 106 —_— 10"
— 10" P=-20 dBm e
Position/um %107 101
—_— 15— 1016 N d=5nm 1
126 [
— 10" 5x107 =10 T=300 K V=0.95 V,,
1 1 1 1 1 1
0 1 2 3 1.25 1.30 1.35 1.40 1.45
Position/pum Position/um
(c) Hole concentration of B-APD (d) Hole concentration of the multiplication layer of B-APD

Insets show the hole concentration in the bonding layer, C;, denotes the hole concentration.

Bl 7 2 7CKREZBE poly-Si A Z4B AR FE AL

Fig. 7 Hole concentration as a function of poly-Si bonding layer doping concentration

28 ; . . : . r r r
~ J=1310 nm B =2 4=1310 nm
26 L :i” / F=20dBo g | '?2 P=-20 dBm 1
= g P o
T‘.” % —_—10" 5 E’ —_10
EulE —0s | '?; up = flion/um N |
S - S "L—| — 10"
ED Position/um —_—10' | ?n 27 L — 10 |
2T —10" B o d,=5 nm — o7
d;=2 nm 5x107 | 1 P=0.93 i 1
20 L ‘ =300 K 5x101
1=0.95 Vi T=300K =10 18 | —_—10
OI.3 0f6 0.I9 1.I2 1.l6 0.3 016 019 1f2 11.5 1.8
Position/um Position/um
(a) Impact ionization rate of A-APD (b) Impact ionization rate of B-APD

Insets show the impact ionization rate in the multiplication layer. | is the impact ionization rate.

BI8  RlEAE L B HEBE poly-Si # & R B AR LA
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Extended Abstract

Introduction Ge/Si avalanche photodiode (APD) has attracted much attention in optical communication, optical imaging, and
security detection due to its high-speed operation, low noise, high sensitivity, and optical gain characteristics. However, a mismatch
between the lattice constants of Si and Ge (i.e., a difference of 4.2%) has a challenge. This mismatch leads to a high density of
threading dislocations at the Ge/Si heterojunction interface, ultimately deteriorating the performance of the device. Therefore,
addressing the issue of lattice mismatch and reducing the dislocation density in Si-based Ge thin films is crucial for achieving
high-performance Ge/Si APDs. To decrease the dislocation density of APDs, Si-based epitaxial Ge thin films are used as a fabrication
method. However, the dislocation density continues to be relatively high. In this paper, the lattice mismatch between Ge and Si was
alleviated. In addition, the theoretical underpinnings were also proposed.

Methods In this research, a polycrystalline silicon (poly-Si) bonding layer was incorporated at the Ge/Si interface to mitigate the
lattice mismatch effects. This poly-Si layer acted as a buffer, diminishing the stress and strain induced by the lattice mismatch. To
assess the influence of the poly-Si bonding layer on the performance of Ge/Si APDs, a series of experiments at different doping
concentrations of the poly-Si layer were carried out. The doping concentration was pivotal as it modulated the electrical and optical
properties of the bonding layer, subsequently affecting the overall performance of the APD.

The charge distribution, electric field distribution, and carrier transport within the Ge/Si APD device were delineated by the
Poisson equation, carrier transport equation, carrier continuity equation, and a parallel electric field dependent model. This facilitated
the computation of the device's electrical characteristics. The Ge/Si APD involved electron and hole recombination, the
concentration-dependent SRH model was used to characterize the spontaneous emission and Auger recombination processes of
carriers. The optical radiation recombination model elucidated the photon Auger recombination process, while the trap recombination
model (TRAP.AUGER) described the transition between trap states and non-trap states of carriers, along with their corresponding
recombination processes. Ge/Si APD necessitated high voltage operation and substantial doping, and the band—band tunneling
standard model was used to explain the carrier transport and ionization process instigated by band—band tunneling under high electric
field conditions. In addition, the energy band narrowing model was used to illustrate how changes in band structure impact device
performance under high doping conditions. This paper provided a theoretical analysis of Ge/Si APD device performance based on
these models, and other related theories.

Results and discussion The results indicate that the photocurrent of APD with a bonding layer thickness of 2 nm initially increases
and subsequently decreases as the doping concentration of the bonding layer escalates at 95% of the avalanche voltage. In contrast,
the photocurrent of an APD with a bonding layer thickness of 5 nm diminishes as the doping concentration increases. Furthermore,
the dark current of a Ge/Si APD can reach as low as 10™'° A prior to avalanche due to the lattice mismatch buffering effect of poly-Si
between Ge and Si, which is markedly lower than that of an APD based on InP. The maximum gain-bandwidth product of 63.8 GHz
for the 2 nm bonding layer thickness significantly surpasses that for the 5 nm bonding layer thickness, and the bandwidth of the 2 nm
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bonding layer thickness also exceeds the bandwidth of the 5 nm bonding layer thickness when the bias voltage exceeds the avalanche
voltage. It is recommended to select a poly-Si bonding layer with a thickness of 2 nm and a low doping concentration to achieve the
optimal performance in a Ge/Si APD.

Conclusions The efficacy of integrating a poly-Si bonding layer at the Ge/Si interface was under scored, thereby mitigating a
threading dislocation density and augmenting the performance of Ge/Si APDs. Theoretical modeling and simulation analyses revealed
that a diminished doping concentration in the poly-Si layer yielded superior outcomes. Such insights paved a way for the
advancement of more dependable and efficient Ge/Si APDs, having a potential to transform domains such as optical communication,
optical imaging, and security detection. The methodology delineated in this study presented a promising avenue for subsequent
research within the realm of semiconductor photodiodes. For materials science and device engineering, it is anticipated that Ge/Si
APDs could experience a further evolution, potentially yielding enhanced performance and expanding application potential. The
incorporation of the poly-Si bonding layer signified a substantial advancement in addressing lattice mismatch challenges, which could

be poised to be instrumental in the progression of next-generation photodetection technologies.

Keywords avalanche photodiode; germanium/silicon bonding; polysilicon bonding layer; lattice mismatch; doping concentration of
bonding layer



