®51% F28/2024 £ 1 A/HREE,

LRI A MEREE B4 F EBCMOS HLfa e 45804109
PEAL B

b ] > 1,2¢ = 1 W 1 1,2 1,2%%
OGRS IR E, BEVE VEE 710065;
CREH T RSB, HMK KEFE 130022

WE AR A R T8 CMOS(EBCMOS) R 4% 14, AR 0+ iz #RIS R e R 2 ik ik oe 1
EBCMOS JEJIE 1A 45 2% 05 sURZS 0 S 80T 9 ar R AR . 25 R AR W] TR S48 2 98/ B e e JE IR
R JRE 38 I i /I 0 O 2 T LAY AR e P A R AR 5 2 RO S B SR il N FE B 2R v R DX IR S L, AT LA A
P i LT AR R O B AL S A 1 0 A S 280 B v T A B 86.28 %6, R [ 77 EBCMOS i  i AIF il $2 4k 77 21

WA
ES - ar|

hESES TN223 XHRARER A

1 5 5

H, 7 % i CMOS(EBCMOS) J&7E 10 Ix 18 JiF )
AT A E AR S MO R e IR Ak B B A ok
AR AR o HA TR IR R O e BB A ok
HL 28 1 R L 3 N S 55 o 8 R CMOS i F 3%
JE M, BT 5% i SR A R AR L R K
HL -1 25 G Ao 32 R RO E G 85 R AT RO, 152 H A
N AR S . BN T B AR R R TR A
(ICCD) AR FE 8 33 62 R Gk A 8 e (s BV e o f A
BT LLEBCMOS /] DABEIR AR A B 1, 0T &) T 52 81
[ 0 S [ N =S AP N S AL e X B 1A
e A PR 7 LL PN I E R TR B R A AR DR T ' FRL 2 e
o R P A M G R L BB S TE TT R VS A DL S B
BT . Har el ki EBCMOS 3= 28 5 H 78 (3
M HL 2R 4 % & b X R BCE A OE % 28
PRI —ASEZL L Ty R IE 7E B R R S
PRI N A= 4 A5 A AT LA ) I A R R

L 7 I SE OR (CCE L, ZEA X P Cop) S 2
TR T RR I B — A AR bR, XA 1 85 A

S, MR S G R A
E,— E,
W (1)
K Cop WA ECN AT F e EC N H
T AR MR EBE R ; W A S H 77—l T

G=Ce X

A s MBI, BFEGICMOS; BAIERCE; BEBR

DOI: 10.3788/CJL230794

H¥

SN T IH AR B RE I, SIMA R W2 3.6 eV, AT LLA
PR, 14 25 55 e far Y BE RCR BRIE SR BIGE 2448 it 42 = R
Taf S HE R TT LA A5 T 2R i 3 25 M B . 200948,
Dominjon Z il & T EBCMOS H, 1% 3 J2 1 H, faf 1
SRR ZE AT i8R (DX JEE I A Gt
U5 ), H3E 3 i LA 1 O U B SR A8 20 T
ff W FE R R 3200, BB BE B 2% T B L AT I BE AL R
60% . 2011 4, Barbier %5 i & 52 % X%} HLiE 52 T
EBCMOS £ ¥ 5148 2% T 19 H oy 050 4 250% d& 5 1] 3k
32, TE BB EE 158 2% T (14 Ha far A0 48 %505 A i 7] 3k 66 %0
2016 4F , Hirvonen 45" #F 58 T L F 25 70 7 2% 14 P9 Y
FEA R AR DL RO L R S AR AR Z R R
2017 4F AR TR AL E B N RSB SE T EBCMOS AN
[vi] i b J2 T 5 XoF S ' FL T R R 4 AR B s ) [ S X
65 pm JE [ B A5 38 2 ST T8 35 R S 8 SR 4
J R BB A SRR R K A R 2 A 1 2
Ko 2018 4F , X F Ak 25 It T — Rh 2 A0 O i R 1Y
EBCMOS 4, 35280 1 40 mix BEJE R AR, 20204F,
Bai 25 HE ST TR R A2 sh L R a8 i SE 80
YR PEAT TR . [RIAF A0 S g8 2R ot HL B
W \BSB-CMOS K BH % A B (4 A XF JLA] 457 &, DL B PH
e fL B IR . BSB-CMOS 7 3 2 1 4b 3 25 JF 47 T Hlig
R, B3 T — M A Al T EBCMOS B 7 R E R H 1
fir b 2 o SR, 138 5C T i i AR RIOR I I 58 K 2 02
T Ao S A5 TR X #  h  HFIE Sh L R AT R

Wi B . 2023-05-04; f&E HHE: 2023-05-10; RA B 2023-05-22; MEEZBH: 2023-07-04
EE£WMB : ORI AR E S0 = 3 4% E(J20210102) (HHK A R B 2# 34 (U2141239)

BIS1EE . "songde614@163.com; “chenweijun@cust.edu.cn

0210001-1


https://dx.doi.org/10.3788/CJL230794
mailto:E-mail:songde614@163.com
mailto:E-mail:songde614@163.com
mailto:E-mail:chenweijun@cust.edu.cn
mailto:E-mail:chenweijun@cust.edu.cn

®E51%E F2H8/2024 1 B/ E#N:

B ZR AT 19, HE AR 1 HR T 32 Sl 03 A5 780 D R n AT 42 15
H o7 IS S50R H R IE R WL AR E

B H S T EBCMOS HL 55 5 K 1 B, 328 3 L5
ISR JE X P AU SE I 3 50 98 4% RBE B 98 4% WO Rl
0T L A4 2 0 F g ISR BRI AT TR Y . AR
WER Rz, RAZHE R B E R ES T
EBCMOS iz Wi X P 6 A H - L ER -5 35 2 9 A 18 H
F iz o BRI AR, R R, % T EBCMOS /)
Z P 5 R AR AL T O R 45 v B R ISR B O I
FHES B BB 2R AE M T T s B0, i T AN TR 45

H 2 J00k v A7 1 2 R AT SR BRI B ADLAG
] Ay LA S B A R S

2 FRB AR R

1 EBCMOS Z5#7m Kl . R GaAs Ot HL
B0 A A B A T, 30 3 52 R R B ik AR AR L T
B o MIT I 00 @ S BT A4 5 [ ] & 2 5% 3]
oy V-1 J5 5 x 3l 1E ) B I M5 0 % 07 W) 1) i1 5 2 Bl E
] (1) & A, B0 46 6 A HR T2 3l 7 1) S5 0 B vk 2
] 1) % £

photoelectron emission

incident photons angle diagram
/

/ photocathode

vacuum proximity region
1
envelope photoelectrons
4
BSB-CMOS

E1 EBCMOS %A
Fig. 1 Structure of EBCMOS

HTotAEm FEs 2L, Jrmf 0=
arccosv 1 — R, Fifl ¢ =2xR, K ,R K (0,1)7E
W 5] 50 A I BE LA . W) IR R 40 A R ] T 8R4 &
PR Beta 40 Ao MRS W FR 48 R - MR L 2 i
B 00) 3 s DX PN D6 A= H - 1 0B sl B Oy AR

=1, sin(ﬁ)cos(¢)-[
y=wv,sin(0)sin(¢)- , (2)
r=u,cos(0)+t+ qUt*/(2md )
Ao G T A ST B W B s d OG5 o
5 3G 2 2Z 6] Y 3 W BE 25 s m S ML B f s U I
JE 5 q R HL A o 5 2 A IRFIE]

B CMOS it i KA — 25 E" . B+
Eo B FAE S Z B e gk BE R (G5 M an Kl 2 B R )
LR iz s ik Re &, i FEst )2 b iz g
A LAY A st R AR AR S O M R AR
FC I, B 40 2R T DL Z AN T, 2 U T ) X iz
B A FZ R o A SCR H e SRR IR T AR B A
PEF I A S e O A S A

3 X 10782V
o= - , -, (3)
E + 0.005Z"E* 4+ 0.00072*/E"®
K ZRhEFFHGE MR FRER . FIHZRRY
% LLR S A S T B B M a=arccos [ 1 —
268R/(1+p—R) LI fifli 8= 2nR.
AU 20 KRR HL - 48— YO P T I A o Y

incident electrons

N well

10 ym

K2 BSB-CMOS 54 &
Fig. 2 Structure of BSB-CMOS
i R A i AR A S ORI 2 A SE R

A
N (4)
K A AR A N, O TR ANAE 2 5 B 0
IR o DR IR BERLE A SO SRR 2
BRI L R AEENLE, A= —2In(R), BT
A5 5 O X T3z 3 07 1) B S R AR N LU £
L B IR 2 R T A T8O A RE N 2 A B g, BT LA R
e 27 T R S O I R R i RE R AR AR RE AR
A G e A AR RLR I Joy AR
EIEA S, B

A

0210001-2



®E51%E F2H8/2024 1 B/ E#N:

‘ii—fz 7'85; 10 ,OZ (/AZ ln(1.166 ) (5)
KT A H B RE; CoR R IR B e I IE RS, AST
W2l RIS 2 SR A R R i R A
ST Re s, AR A o, b R AR — AN
29T R FE 3.6 eV INAER """, SR)5, FI H Bethe
fE I 101 20 A TR L A B — IR 2P A P i i 2k
M RE S, T LASRAS B — O A B s R E

f5 18 )5 WL AR — E MM EERE Tl T H
1) TG KU D) 4452 By, F - DA B v A b ) AR BRI A b
D79, L A2 M P B L ) N B —{)3z 3l , I d5 & 1
N B o WL B9 8Oy ) 2 45 1] [6) Pk 0, B LA R
B 7 1] 396 1y = arccos (2R — 1), J7 o 1 25 25 2
7= 2nR. 153401 MY O R AT R AR A AR T i 2
WA AT DU S AR A YT B B AR T

)
D, D,
vd=( - + L ), (6)
A LMY K, L= VDo DoV T HR
BorB PR P OMKE o, MWD FHf. x.y.2
D5 1m) b 1Y L 3 Bl ] g3 i KR
'U_,Z'Ud-sin(y)-cos(n)
vyzvd-sin(y)-sin(ﬂ)o (7)

E+4#J,

v::vd-cos(ﬁ
#77E EBCMOS 119 3% Ji5 X 35 E 47 86 BE 48 4%, W &
Z DI P 11 HL 3
ks T In(Ny/N.)
e ,
K P NN WIER B AR T N R BT D B

E= (8)

TRURTE 3 oy IR 252 W B TR IR . BB
7% DX 45 1 45 Z e B A2
In( N,/N.)

N(I):Noexp(—bx),b:To (9)
FERIX N P X AN X 2 [1] (1) HL 3700 2
E(l‘)z—qga<1+1,)), (10)

AN RZ FRTORE ;e MM HEEG 2, 0 P I 5
JE o FERRR X, T B2 52 BT HOE BE R R, sz
FERS AR o JE A TN, O R A
HEMOPZ —BER2RETIHZ— UL ERRX B
T B T LA Z AN P AR X R
RO BRRX N, X BB S XSBRRX N T AL
W X Hk

TR AT B R 2 R ER S, B IR
FIR R TR E R R E AR IR T, BT RSB iR F
o

(11)

7 DT 5 5 ¢ O B AR G i v I 2 T Y
] o IR 2, o £ Wi 4R 2803 T LU 3R X P W4 3 1 |
FHRCG ARG A RO LA SR R L B

N(‘o]lcclion

Nmullipliculion

3 BLEE RS
31 EEHOBETRERESENHMES
L3 e 51 B 2 F Y o T 08 S S

Cep= o (12)

300 - three-dimensional diagram ——— >
of motion trajectory
N
150 -
proximity region
>
N 20°
diffusion region —>|
10
-150 - }
depletion region —> 5- 0
10
enlarged view of a single _90
-300 | diffused electron L \
. . . . . =30\ :
0 200 400 600 800 1000 1000 1010

Z /pm

Z /um

K3 T is Sk A

Fig. 3 Diagram of electron motion trajectories

0210001-3



®E51%E F2H8/2024 1 B/ E#N:

B R 3T  E B O 1000 pm , 3T 0 HL R g 2700 V,
JEJEE B 10 pm, BB 2 JE B2 100 nm, 8 2% ¥k BE N, 43
BIFE 10°~10" em *Z (AR BT 10418k, i [&] 3 7] %0
AR Z4 v BT 1 L F-32 sh B0 AH 0L, (A2 b 141 4 Fr
TIOR8 20k BE T 19 H fer IR RIOCR AT LR 2 2 18
ZRHe FE 9 10" em U, EBCMOS F Ha, 7 I 42 250K B

CCE /%

1 L1111l l| 1 1
10' 10" 10 10*
N, /cm™

Bl R[FE A BE TR AR FL AT AR 00
Fig.4 Charge

collection efficiency for different doping

concentrations

(a) 300

g ol
Dy
-300 S i
-300 0 300
X/
© 300 i

£
> .
Y, ST
-300 L 39 = A b
X -300 0 300
X /um

K Bl 1B U B 1S, W oy 00 B AR AN T A .
W Bk R = S N BN I B B B H D
FLJ RS2 48 2 v B ) 15 0 25 5 B30 - A A BE AL, F
TMF: 305 X 5183 X NI B i i %k B2, i = (12)
AT 23 5] S HE fr AC B 0 I R AT

KIS RSB 4 e R REREE T FEREREX
WIS B . BHLS BR324 1000 pm), 5t
JZ 8 BE S 100 nm, 48 4 W FE SR 107 em 3T I HL R
2700 V, K2 JiE J& BE A 7E 5~35 pum 22 ] 3% B 7 20 B3
P 6 J2 A [] 32 JPS J5 B T o oz 1 R A IO SE R . X LE K
S B R ey AR R R A SR T LA R B Y IR
5 pm B B PECE R RN AR F XN TR
B AR WO RO A e 5 B A R I JEE B 0, HR
TP BB WG K, M I SRR R WL . R
TG 50 1Y A DR B A R RIS i, 545
B E X NBCEENN B TECE D R, f T2 E
B BE I, PR R RE K R 0 R
I, 25 BEARAS A v ) H AT AR IR R R X P AR IS
AT U AL

®) 300 D

800 Lt ¥ G AR A B
-300 0 300
X /um

5 IR EE S R PR R X & . (a) 5 pm; (b) 15 pm; (¢) 25 pm;(d) 35 pm
Fig. 5 Scatter diagram of electronics in pixel area for different substrate thicknesses. (a) 5 um; (b) 15 pm; (¢) 25 pm; (d) 35 pm

Vel 7 Ry RS 35 5048 Z i AS TR) 3 0 B S R L 1S
FEXMECSE . IS T B R E N 10° cm’,
UM R SR 2700V, B R BE A 10 pm, S8 2 R B R
100 nm , ¥ M B B9 75 500~5000 pm 22 7] 3% B 10 20 %¢
Pt S TR g T R [ I B R H A RS R N
i WO R o X L I T DA B e ef IS B R R DL KR
A« 25 05 P 2K T 1000 pwm B, B 78 B 42 B 5 4
R i 5 30 U B K e A IS MO R T ARG . X
R DR Sy 3T G B A B S SO T HCE AR R R,
5345 X 518 R X NI B 1) i 78 H i

32 ERBESETEFUENENZMER

N T AU i TR o T 45 % A A Al e ey Wi £
RORBZ R, EH B TR E B2 T i TR 451
B AN E 9 fir s o Hovh R R 0 10 pm, FER X R
JE O 0.35 pm, A i B Ak 12 28 W E O 107 em *, C A
BAL BB A N 10 em L B R P BN [ B JEE 45 2
DX A4 52 5 AL B AR BB R W T 9 10" em e X B
PRI WA BRI E N w, 25 B ow h 24,6,
8 pm, 73 S AU 4 B A B 4B A S5 AT 1 L T a2 Sl B
R e W B RO

0210001-4



®E51%E F2H8/2024 1 B/ E#N:

CCE /%

5 15 25 35
D /um

PR 6 AN [ R G JRE T g v iy Wi A Ak
Fig. 6 Charge

collection efficiency for different substrate

thicknesses

R0 2R FH A9 S 8000 < 2 W 5 B 4 1000 pm,
PENS E R R 2700 V, R R 10 um, JEE R R

300

X -300 0 300

100 nm. [ 10 A FEE B2 T B+ EBCMOS Nz
ST UL B L 3z s B i s R R . B i AR
Jei BT B G BB R 4 /N BB B A T T
RAESCR B T2 T 3505 X P 1) T2 3h
A3 AR AL, JEL T DR 3 O B R U P R (AR ] . 1 1L
BT AR T W H AT IR RCR T LR B A
B A5 MR 9 L A IR R KT 50%0 . X
A6 B 45 2% 7= A 1 PN A FEL 3 AT LSRR -7 38 B 0 1) 4R
HE— AR E 4N T Y EOX T G
Pl , DATHT 52 B0 B g 1) F fur YRR 50 . TRL B, e =0 (8) Al
() AN, R B 4430 Bl 25 ) N i S i L 8443
Pl /0, 2 o0 Ak %) H 375 R R . AR TR w=
2 e B ) R p ISCBE AR I 1R, Ol 86.28 Y0 HIIL , FE R I
BR8N 4B 2 vk B X A R AT LA D 3 R
A HECE DI S i K IR RE T .

300 ——

(®)

Y /um

_300 A . o ,."I 2uib .
-300 0 300

(d 300

B 7 RFEEWEE T P 7ER R X A EUE R (2) 5000 pm; (b) 3000 pm; (¢) 1000 pm; (d) 500 pm
Fig. 7 Scatter diagram of electronics in pixel area for different proximity distances. (a) 5000 pm; (b) 3000 pm; (¢) 1000 um; (d) 500 pm

30

CCE /%

10 —

| | | |
1000 2000 3000 4000 5000

d /um
18 A [m) I Wl B 5 ) v i oA B 28

Fig. 8 Charge collection efficiency for different proximity

distances

A 4

o
” a}
[
5 8
) 9- &
I J
3 3
2,
3
| N well
A B C
10°cm™ 10%cm™ 10 cm™

RS 7 F/3 5 o) g
Fig. 9 Gradient doping structure model

0210001-5



it E51% 5 2H1/2024 £ 1 B/ EEN
300 - - . -
three-dimensional diagram > 200
of motion trajectory
g_ @ /
D
proximity region diffusion region 200 . ) 1000
Xy 200 o o
£ ‘L lm W
2= 0 ~ g
> N
\
\ 15 -
depletion region
-150 3
enlarged view of a single
diffused electron >
-300 \
. . . . . -15'
0 200 400 600 800 1000 1000 1010
Z jum Z /pm
K10 BSR4 T WL 7z sh AL 5]
Fig. 10 Diagram of electron motion trajectories under gradient doping
90 generation, low power, digital night vision[C] /OPTRO 2005
E International Symposium, May 9-12, 2005, Paris, France. Paris:
80: OPTRO, 2005: 1-10.
C (3] JRRCBE, B, IR, AL TR S A IR R AL G i
L Bz A A g B 0] WOt S5Ot T2 BE R, 2022, 59(13):
% (U 1304001.
o r Yan Y Y, Qian Y S, Zhang J Z, et al. Design of spectral response
60 test system for electron bombardment active pixel sensor[J].
C Laser &. Optoelectronics Progress, 2022, 59(13): 1304001.
C [4] Barbier R, Depasse P, Baudot J, et al. First results from the
50 4 6 8 development of a new generation of hybrid photon detector:
w /um EBCMOS[M] /Barone M, Gaddi A, Leroy C, et al
" N Astroparticle, particle and space physics, detectors and medical
LD R IR R B Al g D et o Word

Fig. 11 Charge collection efficiency under different structural

models

4 4k 1w

SEF AR SRS T B R i s ML B A
SRR B BT AL F 7 EBCMOS h g iz
S UEAT T BISBL, AR P A 25 R T A
W L 32 S0 R A AT T e A AR I 5 )
R, WFoE4s REV  EBCMOS (1) | 77 Wi 85 5%0% Bt
LR B 2R FE (1) P ARG 5 PS5 88 (1) 0 2 3 O B 1) 4
BB R . FENTRR BB AR e B I B v F ey IO AE AR
R PR IE B BR EE 1B A 25 R AR R i B far USCBE RIOR A
F186.28 %0 o A SCHEFT &5 A 0l LUK 3 25 EBCMOS 4%
1 v ) A B AR B S A

=

=z

£ x o
[1] Wang W, Li Y, Chen W J, et al. Simulation of the electrostatic
distribution in the proximity focusing structure of an EBCMOS[J].
IEEE Photonics Journal, 2020, 12(3): 6901210.

[2] Aebi V W, Costello K A, Arcuni P W, et al. EBAPS: next

(7]

(8]

(9]

[10]

0210001-6

physics applications. Singapore: World Scientific, 2008: 23-27.
Aebi VW, Boyle J J. Electron bombarded active pixel sensor: US
6285018B1[P/OL].  2001-09-04.
patent/US6285018B1/en.
T EBCMOS HL i Wi 58 AR BRI 52 (] e B AR 5 1
HI, 2022(2): 187-192.

Xu Z H. Simulation study of EBCMOS charge collection efficiency
[J]. Journal of Sensor Technology and Application, 2022(2): 187-
192.

Dominjon A, Chabanat E, Depasse P, et al. LUSIPHER large-
scale ultra-fast single photo-electron tracker[C] /2009 TEEE
Nuclear Science Symposium Conference Record (NSS/MIC),
October 24-November 1, 2009, Orlando, FL, USA. New York:
IEEE Press, 2010: 1527-1531.

Barbier R, Cajgfinger T, Calabria P, et al. A single-photon
sensitive ebhCMOS camera: the LUSIPHER prototype[J]. Nuclear
and Methods
Accelerators,  Spectrometers,
Equipment, 2011, 648(1): 266-274.

Hirvonen L. M, Suhling K. Photon counting imaging with an

https: //patents. google. com/

Instruments in Physics Research Section A:

Detectors and  Associated

electron-bombarded pixel image sensor[J]. Sensors, 2016, 16(5):
617.

SKIEAE, BT, EMESF . S EBCMOS RO USR8 1 i BF 5
U] B Rb 5 HOR R, 2017, 37(10): 991-996.

Zhang H Z, Mu Y N, Wang L K, et al. Impact of passivation
layer on photoelectron energy loss in EBCMOS low-light-level

imaging device: a simulation and experimental study[J]. Chinese


https://patents.google.com/patent/US6285018B1/en
https://patents.google.com/patent/US6285018B1/en

ot ®E51%E F2H8/2024 1 B/ E#N:

Journal of Vacuum Science and Technology, 2017, 37(10): 991- Methods in  Physics Research Section A: Accelerators,
996. Spectrometers, Detectors and Associated Equipment, 2015, 787:

(1] XUk, E2%, MHEA, 5 w5 oty 7 s b A 4 8 1k 1-5.

Yo SR8 9 S BT FELT]. WY B AR, 2018, 67(1): 014209, [20]  RfE, W, ZEUF . JRIR 2B T EBAPS HUGT ISR BOR (42
Liu H L, Wang X, Tian J S, et al. High resolution electron BFFE ). LLAN SO T/, 2016, 45(2): 0203002.

bombareded complementary metal oxide semiconductor sensor Song D, Shi F, Li Y. Simulation of charge collection efficiency for
for ultraviolet detection[J]. Acta Physica Sinica, 2018, 67(1): EBAPS with uniformly doped substrate[J]. Infrared and Laser
014209. Engineering, 2016, 45(2): 0203002.

[12] BaiJZ, Bai Y L, Hou X, et al. The analysis of electron scattering [21]  3K2E%, 472, &, % BEE e g x B O X GaAs Y I
among multiplying layer in EBAPS using optimized Monte Carlo BT RCRI R TS [0]. W #2011, 60(6): 067301.
method[J]. Modern Physics Letters B, 2020, 34(34): 2050398. Zhang Y J, Niu J, Zhao J, et al. Effect of exponential-doping

[13]  Yan L, Shi F, Cheng Y J, et al. Performance of low-light-level structure on quantum yield of transmission-mode GaAs
night vision device affected by backscattered electron from ion photocathodes[J]. Acta Physica Sinica, 2011, 60(6): 067301.
barrier film[J]. Proceedings of SPIE, 2012, 8419: 84192Y. [22]  ARURE, WASERE, BE .48 EUE 2 GaAs G IR B T 0R 1y B

(14]  Frel, AR, BEH, 5§ RM AL BCMOS £ &4 1 7 W] A, 2007, 56(5): 2992-2997.

R 1 B R 1Y S 56 BIF 9T (T £0 00 506 TR 2020, 49(4): Zou ] J, Chang B K, Yang Z. Theoretical calculation of quantum
0418002. yield for exponential-doping GaAs photocathodes[J]. Acta Physica
Qiao K, Wang S K, Cheng H C, et al. Experimental study on the Sinica, 2007, 56(5): 2992-2997.

electron sensitivity of BCMOS sensor influenced by surface [23] MRV, R, BKRTE, 5. 0T ENZ2REB 50504
passivation film[J]. Infrared and Laser Engineering, 2020, 49(4): EBCMOS HLfaf I8 AL 19 52 [T, 2 4406, 2021, 42(1): 45-
0418002. 51, 105.

(15] =A% . Atae g 776 Bk b ag st U] B 7 R acei, 1982, 1 Tian J F, Song D, Chen W J, et al. Influence of doping
(2): 34-43. distribution in electron multiplier surface layer on charge collection
Wu Z Q. Scattering of low energy electrons in solids[J]. Journal of efficiency of EBCMOS[J]. Semiconductor Optoelectronics, 2021,
Chinese Electron Microscopy Society, 1982, 1(2): 34-43. 42(1): 45-51, 105.

[16] Browning R, Li T Z, Chui B, et al. Empirical forms for the [24]  RFEFE, K&, 220 55 phfk 2 K P8I R 45 4tk X EBAPS
electron/atom elastic scattering cross sections from 0.1 to 30 keV FEL 7 ISR ORI S I AE 52 [T ). P OGS 2023, 18(9): 1803001.
[J]. Journal of Applied Physics, 1994, 76(4): 2016-2022. Song Y Y, Song D, Li Y, et al. Influence of passivation layer and

[17]  Joy D C, Luo S. An empirical stopping power relationship for low- P-type substrate structure optimization on charge collection
energy electrons[J]. Scanning, 1989, 11(4): 176-180. efficiency of EBAPS[J]. Chinese Journal of Lasers, 2023, 18(9):

[18] Fiebiger J R, Muller R S. Pair-production energies in silicon and 1803001.
germanium bombarded with low-energy electrons[J]. Journal of [25] T4, T, BFIE%E, % . EBCMOS I I 3R 4 45 1 K v 37 4 i b
Applied Physics, 1972, 43(7): 3202-3207. 38 2 3 g #2 [T, DG, 2020, 13(4): 713-721.

[19] Hirvonen L M, Petrasek Z, Suhling K. Wide-field time-correlated Wang W, LiY, Chen W J, et al. Influence of proximity focusing
single photon counting (TCSPC) microscopy with time resolution structure and electric field distribution on electron trajectory in the
below the frame exposure time[J]. Nuclear Instruments and EBCMOS[J]. Chinese Optics, 2020, 13(4): 713-721.

Simulation of Charge Collection Efficiency Optimization for EBCMOS with
Uniform and Gradient Doping

Jiao Gangcheng', Song De"”, Yan Lei', Xiao Chao', LiYe"?, Chen Weijun"*"
'Science and Technology on Low-Light-Level Night Version Laboratory, Xi'an 710065, Shaanxi, China;
*College of Physics, Changchun University of Science and Technology, Changchun 130022, Jilin, China

Abstract

Objective As a new type of low-light night vision imaging device technology, electron-bombarded complementary metal-oxide-
semiconductor (EBCMOS) technology can realize photoelectric conversion, electric signal enhancement, digital processing, and
target output below an illumination of 10 * Ix. It has the advantages of a small size, light weight, high gain, low noise, and fast
response. Therefore, it has wide application prospects in military equipment, astronomical observation, remote-sensing mapping, and
space detection. In the EBCMOS working process, the photoelectrons generated from the photocathode by the external photoelectric
effect are accelerated by the negative high voltage between the photocathode and the surface of the electron-sensitive CMOS and
bombard the P-type semiconductor substrate to obtain the gain from the secondary electrons in the multiplier layer. Because of the
concentration difference of the minority carriers in the P-type substrate, the secondary electrons diffuse to the pixel region, are
collected by the photodiode in the active pixel circuit, and are finally read out by the MOS transistor amplification circuit. Therefore,
to improve the gain characteristics of EBCMOS devices, the design and optimization of the structural parameters of EBCMOS
substrates and the building of corresponding theoretical models are important issues for researchers. In this study, secondary electron
charge collection in EBCMOS substrates under different doping modes and structural parameters was investigated , laying a theoretical
and technical foundation for the preparation of high-gain EBCMOS electron multiplier layers.
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Methods According to carrier transport theory and the Monte Carlo simulation algorithm, a theoretical model of the entire
electronic trajectory of an EBCMOS substrate was established. Electron charge collection in the electron multiplier layer under
uniform and gradient doping of the P-type substrate was simulated, and transport calculation models of photogenerated electrons and
multiplier electrons in the proximity region of the EBCMOS were established. Various EBCMOS structural models were designed to
simulate the electronic motions under the condition of different doping concentrations, substrate thicknesses, proximity distances, and
gradient doping structures, and the influence of different structural parameters on the electron charge collection of the electronic

multiplier layer was analyzed.

Results and Discussions For a uniformly doped substrate, with an increase in doping concentration, the recombination rate of the
carrier increases, the lifetime of minority carriers decreases, and the number of secondary electrons collected in the pixel region
decreases, which causes the charge collection efficiency to decrease continuously (Fig. 4). When the substrate doping concentration

reaches 10" cm ™

, the charge collection efficiency approaches O—that is, the secondary electrons are completely recombined. As the
thickness of the substrate increases, the diffusion range of the secondary electrons increases (Fig. 5), and the scattering radius of the
secondary electrons collected in the pixel region increases, which is not conducive to improving the charge collection efficiency
(Fig. 6). Therefore, a thinner P-type substrate treatment is necessary to obtain a higher charge collection efficiency. As the proximity
distance between the cathode surface and the EBCMOS substrate increases, the initial energy obtained by the incident electrons
decreases, and the number of secondary electrons that generate multiplication decreases, thereby reducing the number of electrons
collected in the pixel area and reducing the charge collection efficiency (Fig. 8). When the substrate is divided into two sections for
gradient doping, the range of secondary electron diffusion in the diffusion and depletion regions is obviously reduced, indicating that
the electron focusing effect of gradient doping is better than that of uniform doping (Fig. 10). The built-in electric field distribution
generated by gradient doping can provide an additional drift speed for secondary electrons in the direction of their movement,
shortening the diffusion time of electrons in the diffusion region and obtaining a higher charge collection efficiency. The charge
collection efficiency can reach a maximum of 86.28% when the width of the surface heavily doped region is 2 um.

Conclusions Based on the carrier transport mechanism in semiconductor physics and the Monte Carlo algorithm, the electronic
trajectory of incident optoelectrons in EBCMOS is theoretically simulated. The electronic trajectory in the device is determined based
on the simulation results, and the factors affecting the efficiency of charge collection are analyzed. The results show that the charge
collection efficiency of the EBCMOS increases with the decreases in substrate doping concentration, substrate thickness, and
proximity distance. The gradient doping of the substrate clearly improves the charge collection efficiency. The optimized gradient
doping structure model achieves a charge collection efficiency of 86.28%. The results provide theoretical support for the fabrication of
high-gain EBCMOS devices.

Key words optical devices; night vision technology; electron-bombarded complementary metal-oxide semiconductor; electron

charge collection; gradient doping
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