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Fig. 1. CCD pixel structure.
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Fig. 2. (a) The ionizing dose in gate oxide layer generated by 10 MeV proton with different fluence; (b) The

displacement damage dose in silicon deposition generated by 10 MeV proton with different fluence.
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Fig. 3. Variation of dark signal with proton fluence, annealing time and temperature.
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Fig. 4. Variation of charge transfer efficiency with proton fluence, annealing time and temperature.
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Fig. 5. (a) The ionizing dose in gate oxide layer induced by 1 MeV-10 MeV proton at 5 x 1019 p/cm? fluence; (b)

the displacement damage dose in silicon deposition induced by 1 MeV—10 MeV proton at 5 x 1
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THE TS,
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Table 1. The relationship between charge transfer ef-

ficiency and energy of proton.

PR AR M5 /%
BMN oy s S —HRE g0
R
3 0.999981 0.999615 37.3
5 0.999980 0.999748 23.7
10 0.999976 0.999871 10.8

#2 CCDWES SR TREMXR
Table 2. The relationship between dark signal and

energy of proton.

_ WS 2 /mVs~1

J5 e/ MoV 0 ° B A58
AR IR ERE
3 21.73 9201 527.0
5 19.47 7246 415.0
10 11.19 5945 340.5
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4Mm

mE = 0.133F, (2)
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JE. — MIFSR MR I RE RS 1/T2 R, Bl
T ReE BT EUR R B, HAGUR R T P
BIREREUIK (200 eV 75 47) B2 Wk WIS ks
TWA R R E XA R A, MR
BHIfEE 2D N A keV P32 BTLL10 MeV BE &
AR BT 3~ — f ™ A B B R B T AE R 1AL T AR
W 231 R R 45340 7= A 1) e B e 5 A7 % 45 19 2 2
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W3 AR RRTE Jo2 i R 25 R i e 5 F 3 s 2 8
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AL

A 8] B IR AR [ 5 A AR, S AE S T IE RS
KRLZ190% M B, A ERAB N, #T R
TR E PRI IE . RV I e A i SR A B X DL
S AR TR, (H AT AR g 05 5 A0 A2
W5 SRS HOX W E RG] B e s — A
i 5 2 )

Device damage = kgamage X Dd, (3)

kdamage /& — 4105 K, AL #2457 445 77 & (Dd) 5
NIEL (non-ionizing energy loss, JFH B e R 1K)
P ENEA R kel 0L, S8 E S50
FE45 40 71 B R 1 G R

Fo it 2 0 S 6 3 57 B W A e A VA 3 A e R
TS A B b 2, R A MULASSIS BT 5 p
XFEREM B AE, 456 BB 8ee il
MEAE, B (3) i HEH kdamage. G W3R 3.

3 NIRRT TR IS A HL R RS R AR B AR R TR AR

Table 3. The relationship between the energy of proton, charge transfer efficiency, displacement damage

dose and damage constant.

FiFhE R/ MeV CiNGREFE ZVES M R IR PR A5 &/ MeV-g 1 Edamage
3 0.999615 0.000385 1.1 x 1010 3.50 x 1014
5 0.999748 0.000252 6.9 x 10° 3.65 x 1014
10 0.999871 0.000129 3.9 x 10° 3.31 x 1014

2 3 a[ A, 1—10 MeV Jii 748 R H #5145 K 1
Kdamage 2= A 55 4, Ui Bl CCD HE faf % % 401 2k 2
A am st ok R, BT U T3 454
CCD, 284415 2 B AL B 1 1 BRI s s 3% 85
TRZE, H

CTI

CTI x Dd7 kdamage = Did, (4)

CTI% %ﬁ&gﬁ*ﬁ%ﬁ, *ﬁ{f%kdamage Z/‘jy‘j
3.50 x 10M. FIH ER 25, X 745 I 5] &
CCD HLfar B ORI R AT TUAG . T4l 2 XN

CTE?EF?\E =1-Dd x kdamagea (5)

Hrh CTE AT R . K6 NiEREDS x 1017
p/cm?, BEEA 1 MeV 2 10 MeV 5 145 1R 51 2
FEL AT 2 1 28R R AL B T (B S5 AR 1 7 O e
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MmO B A E, KU E 5 B EA &
fodedy, WA ARG e 3 A, SRR K
g5 —3L
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Fig. 6. Estimate and measure of charge transfer ef-
ficiency irradiated by proton with different energy in

same fluence.
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Abstract

Monte Carlo method is used to calculate the energy deposition of proton-irradiated scientific CCD (charge coupled
device) structure, and the radiation damage mechanism of the device is analyzed by combining the proton irradiation
with the annealing experiments. The ionizing dose in gate oxide layer and the displacement damage dose in silicon
deposition are simulated. During irradiation and annealing experiments two main parameters, dark signal and charge
transfer efficiency, are investigated. Results show that variations of dark signal and charge transfer efficiency are the
same as those with ionizing dose and displacement damage dose. During irradiation, dark signal rises obviously as the
fluence of 10 MeV proton increases. Defects and their annealing temperature: the divacancy levels show little annealing
effect below 300 °C, while the oxygen-vacancy complex is stable up to 350 °C, and the phosphorous-vacancy has a
characteristic annealing temperature of 150 °C. Interface states are annealed totally at 175 °C. So the annealing only
affects oxide-trapped-charges. Dark signal is greatly reduced after annealing, this phenomenon means that the dark
signal is mainly affected by ionization. The surface dark signal proportion of the total dark signal can be calculated by
the reduction of dark signal during annealing and this is at least 80% or more. As the fluence of 10 MeV proton increases,
the charge transfer efficiency reduces obviously. After annealing, the recovery of charge transfer efficiency changes very
little, so the charge transfer efficiency is unaffected by oxide-trapped-charges, since it is reduced due mainly to bulk
defects. The final device damage will always be proportional to the amount of initial damage and also to the electrical
effect on the device. Hence NIEL scaling implies a universal relation: device damage = Kdgamage X displacement damage
dose, where Kdamage is @ damage constant depending on the device and the parameter affected, and the displacement
damage dose (DD) is the product of the NIEL and the particle fluence. MULASSIS is used to calculate the displacement
damage dose in depletion area of P-area and deduce kqamage by combining with the experimental value of charge transfer
efficiency; kdamage is calculated to be about 3.50 x 10™**. The formula for degradation degree of charge transfer efficiency
is CTEatter irradiated = 1 —Dd X kdamage, this formula is used to estimated CTE and the result is compared with the value

from experiment. It is shown that the simulated data is in agreement with the experimental data.

Keywords: charge coupled devices, proton irradiation, department damage, transport simulation
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