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Simulation design of short-wave infrared heterogeneous
phototransistor for weak light detection
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(1. Key Laboratory of Infrared Imaging Materials and Detectors, Shanghai Institute of Technical Physics, Chinese
Academy of Sciences, Shanghai 200083, China;

2. University of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: The sensitivity of the detector is the core technical indicator of the infrared detector. Short-wave infrared de-
tector has low dark current and the detection sensitivity will be limited by the inherent read-out circuit noise of the detec-
tion system. Therefore, it is an effective way to further enhance the detection sensitivity by introducing internal gain in-
to the detector. The heterogeneous phototransistor has advantages of high gain, low operating bias, and low excess
noise, which provides a novel approach for high-sensitive detection. This paper mainly focuses on the simulation design
of InGaAs/GaAsSb type-II superlattice short-wave infrared phototransistor, and studies the dependence of the device
size and structure on the optoelectronic characteristics. The results show that a higher gain, a lower dark current, and a
faster response can be achieved by a smaller base-area size. Based on the optimization design of the device size and
structure, a noise equivalent photon lower than 10 can be achieved, which provides a new technical approach to achieve
high-sensitive heterogeneous phototransistor detector.

Key words: short-wave infrared, phototransistor, high gain, noise equivalent photon(NEPh)
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Bandgap /eV''**"’ 1.48 0.78 0.46

Electron affinity /eV2:2!! 4.28 4.37 4.72

Electron effective mass /m, "> 0.08 0.05 0. 048
Hole effective mass /m, "’ 0.47 0. 46 0. 46
Electron mobility /(cm?+ V™' eg™)[22] 1500 2000 3300
Hole mobility /(em? V™'s7)1% 150 200 300

SRH life time /s 5.0x107° 5.0x10™ 5.0x10™
absorption coefficient at 2. 0 wm fem™27] 0.0 0.0 2 000




21 BRbA 5 ¢ 0 SRR R0 21 515 4o R B0 20 .

SNV TN DA 1 I R S 0l G R A
St R A SO v BGX LA G S R T
W% -
2.1 XWEHRELRILE

SEH 5 5 LA B AR L SR 56 UE 4y AR A A 5
PE B SCEEIRAT , Al AT RLSRAS 38 1 1 15 LR 22
PR PR T R R A8 1) O B B 2 5300 1 R S22
B 25 B ) — B — L R AR IO L R D
HAMEREM Y — . ST, XTH T 200 KR T
AR AT 20 ok i I XS () PR I 2 25 | B R 3 A
o7 B8] () S50 A LA S (UL R 2 FE 3) . Bl gk
RN, B 5 5000 25 BAAUE AR T, A Z V)&
FER TR o PRI 22 TN 75 A5 2801 - HRO0 AT DA i
TG SR I H YR RN L S (RIS A o A T
LE , PR 0 23 1 M 7 45 280 - B0 D 1R 25 43 L R
11% F10. 08%. fj5 B 55250 45 5 2Z (Al (% 2 BE W 5 1
FH )7 LR 7R LA A e 1) P S, PR AR 2 () A
TR PR AR R ARG R B

90001
8000 ® Experiment ™

7 0001== Simulation
.% 6000
o 5000
T 4000
2 3000
= 2000
= 1000
0'

B Experiment

040608101214
ViV VeV
@) (b)

0.40.60.81.01.21.41.6

K2 B 507 EARXTLE : (a) HLUHE £ 5 (b) REHLA
Fig. 2 The comparison of the experimental and the simulated

results: (a) the current gain; (b) the dark current

2.2 HiRigE

T i RO R B B R L R
HIZBUE 7 BT R G 5Y 1 38 X RSE X 2514k
BB RS o 7R B E i, SR AR RS R AL T
IEH B TARARAS 38 X L /D 19 3 BB i B 7
0.005~1 Z [0, | & 255 (E y BT RS, o H 575
B 7 A /N X RST J5 A F 0 F R 5 AR AR O, 25
RuE 4R, Bl4aCa) b 7S TR
FEZ IR AR OC Rt 2 . WL Ui 1 25 BEE T AR I &
B ST, feJe e A R IR AN Y Al AR
KRBT IEE TR, 88 R L i 45 7k
fEo X TR R 25 R XRS5
TG 25 B T AR A AR AR 3 K ORI I T AT
Tt 43 BT R ()40 He % A28 R 3 £ e S IXORSE Y A2 4k

101 90%
3 0.8
i
3
2 0.6
o
Qo
3 041
o O Experiment
® 0.2 == Simulation
(]
S Jeceeca-.

9
o

50 60 70 80
Time /ms

K3 0.8V TS 55077 EAR X i I BE I 1] 1 A2t 6. P
1. G I R IAL PR RAELEY) 10% L TH31 90% T it 22 (4 i
li]

Fig. 3

ment and simulation at 0. 8 V (¢, is the time required for the

The relative response versus the time of the experi-

light response current to rise from 10% to 90% of the maxi-

mum value of the response)

ML, [R] A A O 48 11 A DRy o 19 2 5 VR AY AT 2 T
O 2P R, A HFIEIEH T 0.8 VAL OV ffi [k
ZAFTE BB A5 R P EAT A, S5 R A 1E 4 (D)
Jros o AH TR AR e T A H 3t 1 i il i DR 1Y
BN, 0. 8 VT A FL IR MG 45 iy 1 802. 9 HE N F]
T5426.0,1.0 VI AYHL L 4 2 875. 33 /i 5]
T 7371.5,

FL, D 2 I IXRUST 1 5 58 B i DX R0
N TR B B EE A Y A R
THA B G AT LASE 2ok 2547 P 18 F, 3 B8 A 37 50
BE L DX RS A Aok A e, I 5 s o 181 5(a) Y
SEIRRM], B B DX RO Y BRAR , T 20 2k X AR
DX ) B 0 3 B T 4 o 3 T B R A R R Y 1S
BEOR T AR RSN BRI R IE TR TR N A
SRICTERE, AN 5(b) s o HL 375 B RS X 38 J&E
FIRY 185 o el 45 2R SR DX T A B0 66 X4 F, B P
HOEE DX, i 7 B /DM AR SR X A, T ARG T 8
AL 45 o SR, A 4 /NEE DR 7T LR T
A LRI A, ELIR] -t afy e 1 #5478 B/ B i s
T R A R DS S UL Y R, G S A R
SEFEJSZAHE , &R 0 F AL R A I, R AT
I e BB AR S M4 T BOR i 4L
2.3 EEREIR

P16 JEE 7 17 I v It 285 8 I 4 U — A I Pl U
J# (gain—normalized dark current density, GNDCD) 5
BEDXCRF Z A A2 A O &, o GNDCD 2 I FL 3



148 O hh 5 2 K 3 2 R 44 3%

10 000+ :
==-0.8V

8000 . 1.0V
[ =4
‘@ 6000 \
(=]
5 4000/ ™
g \""M‘
O 2000 "Me—pg.g-m-un

0 — 0
02040608101214 0.01 0.1 1
VIV D

(a) (b)

K4 it e 5 ARG B &R X RN Z A SC AR « (a) A [
FEDCRUSE T HL 49 4 B i s 9728 P 0% 2% 5 (b) AN ] i i HEL
T i B DR A DG R

Fig. 4 The relationship between the current gain, the operat-
ing bias and the base region size: (a) the variation of current
gain with bias voltage for different base region sizes; (b) the
variation of current gain with base region sizes for different bi-

as voltages

0 . 150

,., 10}:—1-0000//1) ~ " T4/p/—1.000
§ 19 0 £ 125 —0.500
> 101%4—0.033 = 100 ~0.033
3100 & —0.017,
8108 2 75 0.008
S :}8:; '03 50 = 0.005|
LR 8 2
wg W 8
005 000 005 010 -0.056 000 005 010
x/um x/pm
(a) (®)

5 AN[RIEE X RS A 6 X R (9 3037 43 A - (a) HL T
e (b) HL3 (FL -0, 05~0. 0 pm KL, KT 0. 0 pm WAL
X))

Fig. 5 The physical field distribution near the base region for
different base region sizes: (a) the electron density; (b) the
electric field (the region of —0. 05-0. 0 um is the base, the re-

gion larger than 0. 0 pm is the collector)

R I LA H Y 1 25 5 I 5 S A e AR L 4 I )
TR KRN, 7E0.8 V AR T, Fifi 75 3 X )
B4 /N, 25 d/D N 1 FEARE 0. 017 B, i L UL 25 B
1.6X107° Alem® FR&E#] T 5.9%10° A/em?, GNDCD H
8.7x107 Alem® FF&F] T 2.0x10° Alem®, SEFL T
B =BRGP . B R ST R HE—2E40/0N i
FEL L 2R M2 8, GNDCD JE AR AR 7R 24 i 1 4 i )
1.0 Vi, W B 7 %5 22 A GNDCD Bifi i X R~ #9284k
BAMRR S, W10V ek BA E ek
Tt %5 EEF GNDCD , — 7 TN T 0 /e 1 FE 3 25, 05
— 3 T U2 DKL Ry B A e A2 O R 6, £ R 25 HL 3
SeR 5SS B 1o e R AR 0

7 FL A ) 3K ol A I B IR U Y T AR R A R
Gy X 0 4 /0 A 45 g 44 0% 52 ] e L IAE 32 21 T 4] o
e A R 1) U PO TR T A PR A A R TR

X X = e R 2 A fEE R ER . AT
HEATXF L, SR HUT 45 14 N 19 SRH P72 R 00 A, 45
JBRTER 7. i T GaAsSh/T2SL 40 Jf— 45 i PN
g5, DR AR B 1 U R 9 o PR A R X 7 A R
TRk, W 7 (a) 7R o BRAb, 48 f DX 14 7 A B
AT AR A, 55 H A7 DX 7 A 3R L e DX O S
e N B AN 0 S [ i) = P S N R
HL X R T, 3% XS 7= A A5 20 1 3, anikl 7
(b) fin o IR RSFRRET, i Fim i X A
B g B AR R R e R A ) TR ROk H TR
WX R = % R 2 ) i F O A BT X T
= P N W O e AT VES % ol N s o = N o
GNDCD £tk N/ Bl & X RSk — 46/ 5k
Yy DX 7 A SR Bk a2 08 5 o 24 /D 45 /N3 0. 017
B 5 DX BR 4 /N T DU B g, P AR L X
A R BTHR S 4 XY A R TR A 2 . 4k
SR /N X R ST B T3 4k S AR B2 1) i FEL VARG, e
J2 1) U HEL 3L F PR DX = A R 2 S GNDCD AN &R
Al X T ELU , T HL R 2% S B S IX R ST Y
A /INTITRG N, DR B /N RUSTE T 08 2 %) B P 3 2
JRRHEIN o X FERYEE R, 4 /INEE X R S BRI
HLJE L 2 i e AP BE R A R0 v R S BE m MEED
L AR SR A TR P BOR IR AR A B TR T AR R
PRI R AR

102 10°

o8V —Zosv
% 4go =10V - 108 =1V
2 §
= 10 < 107/
E 5 8 8
; -
; 10 % 10
g 10° ! | 10° ot .
001 01 1 001 01 1
diD diD

(a) (b)
6 Hj s B R IX RS IR AE e & - (a) I HLIAT s (D) 3 45
A — o v O 2
Fig. 6 The current density versus the base region size: (a) the
dark current; (b) the gain-normalized dark current density
(GNDCD)

2.4 MRz k8]

SR GE AR e L B FRLREE A RS A Bt
BATH] T ARG N B T A ARt 2 . 1B 3 JROR
T0.8V Fd=DHifgaFry 2t 58, g0y b b E) oy
6.0 ms. FHTIEAF IR/ DAY LT, G A A
A 5T AN [R) 0 o) 7 B [ 7T #5428 (%) H A E IS P 3
St 7 FEL Y RS A3 A, PR s A o [R] B R AE 3



24 BEREA 45 T 55 GO AR T Ah S B 2 i S A R RO B 149

1019 .

L 10

b [

5107 |

b

o « ]

£ 1%

2 10" 31

S 10" 1@ ! Collector

00 01 02

x/pum
(a) (®)

#7  SRH ™A% : (a) gy ; (b) A g4
Fig. 7 The SRH generation rate distribution: (a) the center

of device; (b) the whole device

Rl FRL 20 1) o I A R O R A S S
ZE ARG B R 1X107 W/em?® il
X107 W/em?, PHE7 P R RE R ] 406 2 3R
X107 Wem® IR g R I p G PR I 5 T
1A BE S 1107 W/em? B, DU e S i 17 v 37 2 4
B 8 Fr/R ) o B9 R T A [RISEH AT Wi iz
[6] Bt DX RS IR AR L o S5 5R7 FL A
W 187 LI 57331 o S ) 7 S ] B IR 9 A%
CHA AR AR S . BB ST R4/ 1
HELYAL T B W O R IR] e B AR AR 5 2 /D R R
$10. 033 Ji7 , Wb L ANF [] AR AER o o o DX TS K 2 4
/AN T 37 F TS BRI A o X S 1 FRL AL o 2
A L, W ROE I 4 R X RS B i /N S 218 T
WA , I HL UL B 7 PR 3N — R R — 2
PERFE . FEXROI R R T = AR , &1 (1R
L] R R T =AM g KRR R R,
DRUST B/ N 35 B T T A AR X0 £ 5 F e B3 22
WIS S 38 S D 256 AT LAk — 5§ T i 3
ROUERIE -SSRl IVE G S I U0
(EISIRTIEE S
AN — B W L N [) 2 A 3 D O FL e AR
Fg i 0 it ], AN FE LA G i SR LT
K EWE LRSS X T L R AR o
IS R[], SCHRARE T e AfE A S, i AAR(8) I
(7820 R
V.Cy
=225 . (8)
oy, SRR RLINTA], V25 IR SC R AL, C,
FERLA L AR R L. A (8) T, o R

A)IE He T B A TR L T S, Horh S s

de [ T I A W T AR SO B SE R,
T3 X 2 ik T, DRI AT A SR AS R A H
KR RESE X RSE M4 /N2 v R . TR
FL YA AR D, U5 5 S0 948 1 L 30 R i 7 R
b RS R . XFTRTER ER T RN, M E
FEXRSE I 470N, s fL e B e et T I I e 212
B P T R RN X A R A R R R R —
e, {1 45 mm 7 B[R] R AR AN AR 5 2 d/D R
0. 033 & , IG5 HL AL S48 38 i, 1 i 2815 SR 2t T I
1 5 A [v) A 75 i) 07 ) ] o I 2 M T 1% o 1 24
Dot VA1 A s 1 N & L VA 1 = =0 2
i, PRI i DXORUSH A R AT TR B Y 5 L 37 Lo
M) [0 FEL 3 /N — A B U, e FL 3 S P37 B P T 1
S I S Y I 7 L S 1140 B8 0 AR 366 X L 256 (1 AR A1
[ 19 D 5 7 i ) £ o

10‘2 Y Ty e RS S T
0o ‘ T4

5

< 10*

5

E 10%4

3

= -~ dark current

§ 10°4 ¥ 1x107° W/em?| 4

= 1x10° W/cm?

107

0.01 0.1 1

d/D
K8 0.8V NARDEIIARIS #E AL IR ERE X RS AR &
Fig. 8 The total current density versus the base region size

for different optical powers at 0. 8 V

10 T T

S gl i

10%4

Rise time /s

1x107"° W/em?
1x10° W/em?

10°4

10°

0.01 0.1 1
d/ID

K19 0.8V ARG AR ity ey 1z of 18] il 35 X RO A9 72 £k
Fig. 9 The response time versus the base region size for dif-

ferent optical powers at 0. § V



150 AP/ NS Qb g A

2.5 FEMRMBEELHRTH

I HEL AR A 1) EBORE M 7 R 3k R DA H A
A5 B H fb A ) 3
RVA _ R,

IZIAf 2qyFJ,Gain

Horp R Ay i 2R 38 3 L 33 25 K e TR (QE=
30%) TR 5 A IR R 5 1, R HORLWE 75 5 AF
FAFGE s F o= 2 Rl RS 5y = 0.5 i
T R . A (9) AR B A DG
IR AR 2R i 35 X R F 28 Ak 45 SR an 7 10 f
TR BER R, B X R SF RGN, R EDE TR
T ARERI R A5 3 T 42 TF, 5500 HER R 4] R
BT T — B, 7. 8x10" em- Hz"Y/W 42 71 2]
T 1.6x10" em«Hz"/W ., IR PE R A 32 & A F T
PTG R G TERR R B RIOETIR T
BRI SR B D6 IH /N3 RS Rl L A AR
B e R AU (ORI A0k 2L A VR A 1 L P 5

AR 2 A R TS 25 T I R IR AR A Rl
F TR0 23 5 1 R I 28 P IR L G R SR IR
Gr /IR B R I A ) 30 R PR R AIG, HR I R A X —
B Bt S 2 ME P TR A B X R SF R 22 FRAIK
s P I 285 5 FROR G218 bt (E L YA 4 A 8 i 4
TR R 2R R I 4 2 RO S R (1 4 T A
HHGH AT BIRM R IEARAS . 250 [ L 3
Rt SN S RN E ot 4 L o R - e 12
B o 224 5 R 3 O B H N — R U
Akl g /NIE X ORGSR AR L IR, DR AR
B S W71 t2 %5 o

M 7 45 2L 6 7 X (noise equivalent photon,
NEPh)J& 7 — i st PRI 2% R S50 L&

D=

. 9

10"

=

N 1074

T

£

<

B

Z 107

3

8 ! .

R = 1x10"° W/em?

- 1x10° W/em?

10"

0.01 0.1 1

d/D
EI10 0.8 VI ARRDEIIART IR ARRRE X R AR C A
Fig. 10 The detectivity versus base region size for different

optical powers at 0. 8 V

44
1000
100 4
L
o
w
Z
105 10 2] 4
-=1x10"" W/cm
- 1x10° W/cm?
1

0.1 { 170

d/um
K11 0.8 VR AEDG L3 TF Ay R 25 RLOE 7 B ik R
R SN
Fig. 11
powers at 0. 8 V

NEPh versus base region size for different optical

R 19 NEPh 3155 A XS 7% T 3CHk[36 ], A SCIUE
R HIZ A AT 1R A5, B = A OGBS o i
FRADFIE -

2.21t,,
¢Gain

H T NEPh 5 & ARG, LIEIT RS 30 wm
J ] BRI B NEPh Q] 11 iR . Bl 56X R
MBIy, NEPh Ve T B o 5258 X E AR I/ S 2 wm
J& ,NEPh N[ T — 80 9%, NEPh {1 T 100; X4 3
X ELA2/NTF 250 nm 5 , g4 B AT KT 10 A9 NEPh,
XU IR 457 /N F XRS5 H (AR AT DA SE B
) A | SXRE ) 1 2 A8 Sy S B e R AR R
R G TR AR &R

NEPh 1) F [ 32 | 24~ PEaE S 508 fb i L[] 5%
M), 50 455 M5 L 9 A I i 7 P[] 45 6t L R fL 9 344 £
BNAE AR T R A R B TR X AR Y
RPE TR, R (8) AT, B % w7 B[] 5 B A
T R H, B (10) A B Ha 98 AR 17 e [R] 17 3fe
BUE TR . # 2 IE T L X R, b
L DXRUSE 9 4 /0N 260 R R (R N A4
NEPh Fifi 56 X RS 9 46 /N 4 ME N BRI IR A .
Ab 6T A — FE X R SF AN R G883 A
M 17 B [61) B 9% LA S TR) 1AL, (H T 2 TR B — o
), FECNFDE LT 1) NEPh 2 AH T A
3 #Hig

ASCHEE T 18 T4 InGaAs/GaAsSh 1125#
AR T H Al RS S R A B ) LAY, 5
AR BUE D AR TR T — R 2 /RS
S DX 114 THT i) 553 Y64 I A 266 308 0 A 6 fL 5 AR 1) O

NEPh = (10)



24 BRI A A < 1) 55 R Y R E LA S A G L S A SO Bk 151

HLPERE .l /N X B RS, S A 45 0T 1 RE X
FREN TSR TF, AL L A K | B R A W 1O P
AR &S T R BUE R RF T, X E
FE/NTF 250 nm i, AR B MRS AR ROL T RO TR T
100 XA A i 4 45 K RN e o 28 ey SR 0RE R0
e BIZLAMARI R GE v, 45 ) 2 7 55 D6 0 45 s .
AT B A E RO B IR SCOULIN A B
HAF) o J5 SR AEA ST T SR 1T R SC IR A
FE , 108 2 $ o) 220 ol R A T B i A /N IR Y
DR AR AV S, LUBIZR A ST 0 B A e R R A
JEE B9 5 B4 O e AR AR IR I 4% o

References

[1] Leinert C, Bowyer S, Haikala L. K, et al. The 1997 refer-
ence of diffuse night sky brightness [J]. Astron. Astrophys.
Suppl. Ser., 1998, 127(1): 1-99.

[2] Cohen N, Aphek O. Extended wavelength SWIR detectors
with reduced dark current [C]. Infrared Technology and
Applications XLI. SPIE, 2015, 9451: 30-41.

[3] Tidhar G A, Segal R. New applications with a SWIR imager
employing long wavelengths [ C]. Infrared Technology and
Applications XXXVII. SPIE, 2011, 8012: 70-82.

[4] Jovanovic N, Martinache F, Guyon O, et al. The subaru co-
ronagraphic extreme adaptive optics system: enabling high—
contrast imaging on solar—system scales [J]. Publ. Astron.
Soc. Pac., 2015, 127(955) : 890-910.

[5] Thimsen E, Sadiler B, Berezin M Y. Shortwave—infrared
(SWIR) emitters for biological imaging: a review of chal-
lenges and opportunities [1]. Nanophotonics, 2017, 6(5):
1043-1054.

(6] Zhang J, ltzler M A, Zbinden H, et al. Advances in In-
GaAs/InP single—photon detector systems for quantum com-
munication [J]. Light-Sci. Appl., 2015, 4(5): e286.

[7] Strausbaugh R, Jackson R, Butler N. Night vision for small
telescopes [J]. Publ. Astron. Soc. Pac., 2018, 130
(991): 10.

(8] Fathipour V, Bonakdar A, Mohseni H. Advances on sensi-
tive electron—injection based cameras for low—flux, short—
wave infrared applications [J]. Front. Mater., 2016, 3: 33.

(9] Liang Y, Perumalveeramalai C, Lin G C, et al. A review
on III-V compound semiconductor short wave infrared ava-
lanche photodiodes [J]. Nanotechnology, 2022, 33(22) :
222003.

[10] Campbell J C. Evolution of low—noise avalanche photode-

tectors [ J]. IEEE J. Sel. Top Quant., 2022, 28(2): 11.

[11] Memis O G, Kohoutek J, Wu W, et al. A short—wave in-
frared nanoinjection imager with 2500 A/W responsivity
and low excess noise [J]. IEEE Photonics Journal, 2010,
2(5): 858-864.

[12] Memis O G, Katsnelson A, Kong S C, et al. Sub—poisso-
nian shot noise of a high internal gain injection photon de-
tector [ J]. Opt. Express, 2008, 16(17): 12701-12706.

[13] Dehzangi A, Mcclintock R, Wu D H, et al. Extended
short wavelength infrared heterojunction phototransistors
based on type II superlattices [J]. Appl. Phys. Lett.,

2019, 114(19): 191109.

[14]1iJ K, Dehzangi A, Razeghi M. Performance analysis of
infrared heterojunction phototransistors based on Type-II
superlattices [J]. Infrared Phys. Technol., 2021, 113:
103641.

[15] Xie Z H, Deng Z, Huang J, et al. InP-based extended—
short wave infrared heterojunction phototransistor (1]
Journal of Lightwave Technology, 2021, 39(14) : 4814—
4819.

[16] Rezaei M, Park M S, Rabinowitz C, et al. InGaAs based
heterojunction phototransistors: Viable solution for high—
speed and low—noise short wave infrared imaging [J]. Ap-
plied Physics Letter, 2019, 114( 16): 161101.

[17] Liu L, Rabinowitz J, Bianconi S, et al. Highly sensitive
SWIR detector array based on nanoscale phototransistors
integrated on CMOS readout [J]. Applied Physics Letter,
2020, 117(19): 191102.

[18] Rezaei M, Park M' S, Tan C. L., et al. Sensitivity limit of
nanoscale phototransistors [J]. IEEE Electron Device Let-
ters, 2017, 38(8): 1051-1054.

[19] Vurgaftman I, Meyer ] R, Ram—Mohan L R. Band param-
eters for III-V compound semiconductors and their alloys
[J].J. Appl. Phys., 2001, 89(11): 5815-5875.

[20] Chai X L. Studies of the mid-wavelength interband cas-
cade infrared photodetector [D]. Beijing: University of
Chinese Academy of Science, 2021.

SR . R A G L AN SR ST (D] JE st h
FERLe B R, 2021

[21] Movassaghi Y, Fathipour V, Fathipour M, et al. Analyti-
cal modeling and numerical simulation of the short—wave
infrared electron—injection detectors [J]. Applied Physics
Letter, 2016, 108(12): 121102.

[22] Kawamata S, Hibino A, Tanaka S, et al. Effective mass
of two—dimensional electrons in InGaAsN/GaAsSbh type 11
quantum well by Shubnikov—de Haas oscillations (1. 1.
Appl. Phys., 2016, 120(14): 142109.

[23] Goto S, Ueda T, Ohshima T, et al. Effect of growth condi-
tions on electrical properties of Si—doped Ing Al As
grown by metalorganic vapor phase epitaxy [J]. Japanese
Journal of Applied Physics, 1999, 38(2B): 1048-1051.

[24] Detz H, Klang P, Andrews A M, et al. Si doping of MBE
grown bulk GaAsSb on InP [1]. 1. Cryst. Growth, 2011,
323(1): 42-44.

[25] Higashino T, Kawamura Y, Fujimoto M, et al. Properties
of In,,Ga,,,As/GaAs Sb,; type II multiple quantum well
structures grown on (111) B InP substrates by molecular
beam epitaxy [J]. J. Cryst. Growth, 2002, 243(1): 8-12.

[26] Martinez M J, Look D C, Sizelove ] R, et al. Monte—Carlo
simulation of bulk hole transport in Al Ga, As, In,_Al As,
and GaAsSb, [Il. J. Appl. Phys., 1995, 77 (2) .
661-664.

[27] Easley J, Martin C R, Ettenberg M H, et al. InGaAs/
GaAsSbh type—Il superlattices for short—wavelength infra-
red detection [J]. Journal of Electronic Materials, 2019,
48(10) : 6025-6029.

[28] Choi S W, Furue S, Hayama N, et al. Gain—enhanced In-
GaAs—InP heterojunction phototransistor with Zn—doped
mesa sidewall [J]. IEEE Photonics Technology Letters,
2009, 21(17): 1187-1189.



152 O hh 5 2 K 3 2 R 44 3%

[29] Ogura M, Choi S W, Furue S, et al. Effects of Zn doped
Mesa sidewall on gain enhanced InGaAs/InP heterobipolar
phototransistor [J]. IEEE Journal of Quantum Electron-
ics, 2010, 46(2): 214-219.

[30] Memis O G, Katsnelson A, Kong S C, et al. A photon de-
tector with very high gain at low bias and at room tempera-
ture [J]. Appl. Phys. Lett., 2007, 91 (17): 171112.

[31] Li J, Dehzangi A, Wu D, et al. Type-II superlattice—
based heterojunction phototransistors for high speed appli-
cations [ J]. Infrared Phys. Technol., 2020, 108: 103350.

[32]Shi M, Wu G J, Geng L, et al. Physics of semiconductor
devices (Third Edition) [M]. Xi’an: Xi’an Jiaotong Uni-
versity Press, 2008.

ML, AL EEE, BRAT, 5. 2B RSB R = 0
(M. P42 . VU258 R At , 2008.

[33] Rezaei M, Park M S, Tan C L, et al. Heterojunction pho-
totransistor for highly sensitive infrared detection [C]. In-
frared Technology and Applications XLIII. SPIE, 2017,
10177 385-390.

[34] Helme J P, Houston P A. Analytical modeling of speed re-
sponse of heterojunction bipolar phototransistors [J]. Jour-
nal of Lightwave Technology, 2007, 25(5): 1247-1255.

[35] Wang Z T, Huang J, Zhu L Q, et al. High—performance
InP-based  bias—tunable
wave infrared dual-band photodetectors [J]. Journal of
Lightwave Technology, 2022, 40(15): 5157-5162.

[36] Liu . N, Rabinowitz J, Bianconi S, et al. Highly sensitive
SWIR detector array based on nanoscale phototransistors
integrated on CMOS readout [J]. Appl. Phys. Lett.,
2020, 117(19): 191102.

near—infrared/extended—short



