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Fig. 3

Test results of electrical parameters after 60 MeV proton irradiation. (a) Variation curve of threshold voltage change value (AV,)

with proton fluence; (b) variation curve of saturation current variation value (Al,,) with proton fluence
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Fig. 4 Annealing test results of electrical parameters after 60 MeV proton irradiation. (a) Variation curves of threshold voltage change

value with annealing time; (b) variation curves of saturation current change value with annealing time

0928003-3



a4k E9HI/2024 £ 5 B/HEER

BB o WNIEL 4 () pal LUA 58 RS 16 0 R 3L il
/IR T T2 i T K T g i e A1

i B IR I S B 45 2R R I < BB A B I Ta] Y
S R R R U A S T U S | 3 R D A A TR
K 4 A2 PN [ RE R Ay 5 T B R A B
TR AR T 5= RNELE A AR PR = Ga
fi 2 5 Ak I B A R ) 23 R B A AR LA R I B R
i IR B B — E R E . T
JAESAAL Y T s BN, 2351 (A A A B S
PRI AH 2 e A 2 AR B I, i IR KRR [R] 19 4 G, 480K
W E 1K Si/S10, 5 #7325 7T A T AR ) TR B B
70, 5 250 PR T A% T 0/

3 TCAD &4 5 {7 B AR )

31 MR ERERE

MR CIS A ofE T 203 A2, WA 2 ph A X R 1 &2
o fi J2 B 35 7E SI0, 2 b R IR X B TR AR, 7Y
A R BEL A9 2% 0B T i A, BT LA T 0 R 2
e AR I BRI 58 LB FIEA o 7E ST B AR F ROk
BEoR 2X 10" em R W o A5 ) P AL SiATIE, Sidf IR
JERE 5 pm, B S 3E A5 nm BIHEEZ . 4 B R T
B B A 110" em ™ BE & A 100 ke V HRL 7 £k
FE o 1X10° em L fE B R 120 keV 1 8 o K UE 47 M
THEA,H P EEERKER 0.6 pm. fFEMEZE L
FERLO0.4 pm B £ )2 |, gk st je LR AL 2 4 )8 NI,
W 2 A ik 20 bl 55 S A0 2 20 AR H O 2 B b IR
T DI SR A 2 o e MR OE RS R R B0k
5.5X 10" ecm * BB K 25 keV 9 B OC B HEAT R I X
B A2 A 7E 2 AR KGR ERNR T [E]
T AT HGE e, AR BN A S TR B MOS & T2
P AT fESEAT e i A b R
F5 148 4= M 52 1) SRH (Shockley-Read-Hall) & & i
YR B A B AR AT RS AT AR AR DL R A ST R
AR A AU T - A RO A i A A R OC U S 8K
Bk

K5 6T CIS AT MOS 2544 fij FEAL
Fig. 5 Simulation model of MOS structure of 6T CIS

transmission single-tube

Pl 6 Ay i B Ty ARS8 5 S B i 4 1 B B R il
PR R B AR VO IR R H b LR 1
EHLIE R 0.676 V4 1 HL I K 20. 27 pA, 15 52 bR 2844
0.791 V i 15 {4 o, JE A1 20. 23 pwA Y 48 A H I 3 A
WA

—v— simulation data
241 —=— experimental data

6 AT O O AL 5 SEBR A F Y 1L,V 2405 s R A

Fig. 6 Schematic diagram of I,-V, curves fitting between

simulation model and actual device before irradiation

1= BB A SR 7E A AL )2 it 50 mh DRl B4 = 2R
HL -2 7O . SR )2 s o B sh il BE HL HL R,
TSP HUE R, 2 o0 ) Si/S10, AL iE R . A
T Ak B i s B B AR AR 2 T S B, 3 S T A AF
TEREAAZS N YRR G M2 A,
— 4 S AT AR Y R A Y B B H A T B
T e P B A OUFE T A BT T Si—Si Al Si—O
AT Si—H g, B HUEF L 7E Si/Si0, A E
PSR AS o PR3 O A O B R ) AR )2 T BT
1E H faf DA K AE Si/S1O, BT Ab 51 B T 25 B B H A o
PR F 4 BRI 05 8800 o &1 7 A 4 B S 5 B R 5 5
B 8 10 5 B8 e M il R P05 5 38 0T LA HE 25 1 B (L
HL R SR 0.900 V, L 3 S 20.26 p A, 5 52 Br 2% 1
1.028 V By [ A . JE A1 20. 19 pA 4 #0 F1HL 3 K 2%
W& .

—v—simulation data
241 —a— experimental data

B 7 4IRS (5 BB R 5 SEBR A1 1L Vi R AR 2R
Fig. 7 Schematic diagram of I,-V, curves fitting between

simulation model and actual device after irradiation

0928003-4



® a4k E9HI/2024 £ 5 B/EER

32 ERIANGEEMNERSWENESHT

8 Sy i BRSO B % 8 5 52 bR 52 56 09 19 {5
7% Ak A AR AN B O AR Al (B BE BT T R X
bl £k o Bf R ORR R R A B, B(E R RS
K A E N L A0 1 8 Ca) BIF s 1R HE T AR Ak
110" em “VER FAY0.223 VI ZE 1X10% cm™*

0.55
(@) —=— simulation
—e— experimental
0.44
<
SE 033 |-
<
0.22 |-
0.11 L L S
10° 10" 10" 10" 10*

Proton fluence /cm™

HEF A 0.401 V., 40 & 8 (b) FF 78 4 A EL R B
R BE B 110" em *7E & R B9 0.008 pA = 1X
10% em *¥E 8 T A9 0.130 pA . 5 B &% R 5 LA 4
AN [ o R RS (R R R R H U AR Al
P AR L KN R RS 5 S PR g Rk L
ENY/ES

0.07
(b) =& simulation
——@— experimental
o0k
i -0.07 [
|
-0.14
-0.21
1 1 1
10° 10" 10" 10" 10"

Proton fluence /cm™

P8 MBS 7 B 20 45 R X P2 o Ca) 10 P TS 722 Al L BB 7 728 0 T 28 5 (o) A R0 1 7 722 b {BL BB 773 e 7 i 2

Fig. 8 Comparison curves between simulation and experimental results after irradiation. (a) Variation curves of threshold voltage

change value with proton fluence; (b) variation curves of saturation current variation value with proton fluence
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Abstract

Objective The image sensor is a device that converts optical signals into electrical signals. It is often employed in digital
image information acquisition and plays an important role in daily production and life. In the 1960s, the complementary
metal oxide semiconductor (CMOS) image sensor (CIS) was discovered. In 1993, the CMOS active pixel image sensor
(APS) with intra-pixel charge transfer was proposed. The development of the photosensitive pixel unit structure has greatly
improved the overall performance of CIS. Meanwhile, its superior performance has gradually replaced the charge coupled
device (CCD) image sensor and quickly become a research hotspot. However, in some specific application fields, such as
aerospace, medicine, and nuclear energy, CMOS image sensors are not immune to the influence of radiation. Radiation
particles often have strong penetration ability and can interact with the electronic devices inside the CIS. For a single
electronic device, radiation will change the electrical parameters of the device, and for the entire image sensor, radiation
will cause a series of problems such as increased dark current and noise, thus greatly reducing the image quality of the
image sensor, and bringing great uncertainty to scientific research, medical diagnosis, and industrial production. Thus, we
report the experiment and analysis of proton irradiation on the damage effect of the 6T CIS transmission gate. The
transmission gate is introduced in the form of transmission transistors and irradiated with a proton with energy of 60 MeV.
The effect of proton irradiation on the electrical performance of the transmission transistor can be carried out for the local
structure of the pixel circuit. By characterizing the electrical parameters, we reveal the degradation and annealing
mechanism of the 6T CIS transmission transistor induced by high-energy proton irradiation at different fluences, providing
data support for the simulation and radiation-resistant reinforcement of the CIS transmission transistor.

Methods First, in the layout design of the single tube of the transmission gate, the four ends of the transmission gate
(TG) are connected to four pads respectively and are introduced to the pins by lead bonding, with the electrical performance
of the transmission transistor tested. Then, in Xi’an 200 MeV Proton Application Facility (XiPAF), the proton irradiation
energy is 60 MeV, and the fluences are 110", 1X10", and 1>X 10" cm™’, respectively. During the irradiation, the
sample is fixed on the anti-static sponge without voltage bias. After irradiation, the electrical parameters of the single tube
of the transmission gate are tested before and after irradiation on the B1500A semiconductor parameter analyzer to study
the changes of the electrical sensitive parameters before and after irradiation and the annealing after irradiation.

Results and Discussions The electrical performance of the transmission transistor is tested after irradiation. The
experimental results show that, with the increasing proton flux, the forward bias degree of the threshold voltage is
increasing [Fig. 3(a)], and Fig. 3(b) indicates that the decrease in saturation current is also increasing. As shown in
Fig. 4(a), for the change value of the threshold voltage, the decrease in the threshold voltage change value is not very
obvious from 0 to 24 h, and at 72 h, the threshold voltage change value decreases obviously. As shown in Fig. 4(b), the
decrease in saturation current after irradiation reduces with the increasing annealing time. Combined with TCAD
simulation analysis, proton irradiation will generate oxidation layer trap charge and interface state trap charge, degrading
the single tube of the CIS transmission gate. As shown in Fig. 8(a), the change trend of the threshold voltage change value
is similar to the test results, and Fig. 8(b) reveals that the decrease in saturation output current increases, which is similar
to the test results.

Conclusions  After proton irradiation, the threshold voltage and saturation current of the single tube of the CIS
transmission gate have significant changes, and the changes increase with the rising flux and then affect the normal function
of the whole pixel. Then the 72 h annealing experiment is carried out, and the experiment shows that the electrical
parameters of the single tube of the transmission gate caused by irradiation damage can be restored to a certain extent by
room temperature annealing. The changes in threshold voltage and saturation current of the single tube of the transmission
gate of CIS after irradiation are mainly caused by the trap charge of the oxide layer and the interface state. The amount of
irradiation-induced trap charge increases with the rising irradiation fluence, among which the trap charge of the interface
state increases continuously, and the forward drift of threshold voltage intensifies. This will make it difficult to form an
inversion layer in the P-type base region at the Si/SiO, interface, with decreased saturation current.

Key words remote sensing and sensors; optical device; CMOS image sensor; proton irradiation; irradiation fluence;
annealing test
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