BA2E T % Hi A Vol.42,No.7
2019 ££7 H NUCLEAR TECHNIQUES July 2019

IR B F AN FEXT CMOS 85 U=k X IR Ui
7| 2 F0 EEL 55 S SN B S5 )

Ho £ F £ H X
GRS PIELRLE SHOARSBE BEATE 830046)

FE RN B R 210 CMOS (Complementary Metal Oxide Semiconductor) # £ CC4069 75 & AH 3 1E
NIRRT G, K FI SR 40 A T 2R A RS -5 b Bk 91 8 1) 2 e, 45 1 80 ) 8 S U S 4
H R PRI 5, 23 T DPA T A3 A2 I 20 P ST A R 8 A SR DX R S 0 0 L e ) B 25 R P S M R B, 43 A
FG A T bk s R 2 A& IE WA 2 ) PMOS (Positive channel Metal Oxide Semiconductor) il NMOS (Negative
channel Metal Oxide Semiconductor) A~ 7] {im B T (19 B8] FEL V5L AR (L Al o 45 BEaR B « 48 A 5082 A 1 Ui =
AT bR AR T R 11 83.52% . RGBT AN PAE (%R RO ES 22 520 23 AR (K BUs S AKCSF B A%, 234 (1 B S 7K
SRR T 16.5%

SEHEIR)  HL R RGRI R ORL IRR TP, WRSR  SR R R B

PEDHES TL72

DOI: 10.11889/7.0253-3219.2019.hjs.42.070203

Effect of secondary electron non-equilibrium on the absorbed doses of CMOS

device sensitive area and total ionizing dose effect

WANG Yuankun WANG Qian WANG Tao LIU Jing
(School of Physics and Technology, Xinjiang University, Urumqi 830046, China)

Abstract [Background] Absorbed dose is the most important physical quantity in the study of radiation effect. In
the total ionizing dose experiment of “°Co gamma ray, the secondary electron equilibrium condition is not satisfied in
the sensitive area of a thinner device. The actual absorbed dose could be less than the irradiation dose measured by
the same dosimeter. [Purpose| This study aims to analyze and evaluate the influence extent of secondary electron
imbalance on the absorbed dose and total ionizing dose of the sensitive layer of the device. [Methods] By studying
the total ionizing dose effect with “Co vy -rays on complementary metal oxide semiconductor (CMOS) device
"CC4069 inverters", the difference between the absorbed doses of the sensitive layer of CC4069 inverters and the
nominal irradiation dose measured by the dosimeter was calculated by Monte Carlo simulation. Combined with the
measurement of the threshold voltage of the irradiation sensitive parameter of CC4069 inverter, the relationship
between the threshold voltage drift of positive channel metal oxide semiconductor (PMOS) and negative channel
metal oxide semiconductor (NMOS) under different bias conditions and the nominal irradiation dose and absorbed
dose corrected by Monte Carlo simulation were analyzed and compared. [Results] The results show that the absorbed

dose of the device sensitive layer is only 83.52% of the nominal irradiation dose. [Conclusion] The radiation test
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under the condition of secondary electron non-equilibrium will affect the evaluation of radiation hardening of device,

and the radiation hardening of the device is overestimated by 16.5%.

Key words Total ionizing dose effect, Secondary electron equilibrium, Absorbed dose, Monte Carlo simulation

25 (B A7 AE DL HL 7 R0 B O 3 1) 2 () 4
SPIREEN . 38 A7 1R A5 8] B LR 48 15 58 5 RS AR
T, A BT e g ERE T R GRS SR R ThRE
A 7 B AR AR ) A Is AT B AKX A
() % FH ) B - Te A A » e 2500 78 FLAR S R A L EE L T
RS RE VAL 5 BUR S INE R AR, DA IR 2 R
I RNUR B LA IS AT ER YU ST Re 71 XS 23 [A)
I FH ) ¥ e g A, 25 A% LB S P e A AR 1
SrEEESHUREEN s T BB,

HL T~ oA 158 S OS5 R e 25 4% 2 B2 il
Tk b T S G = A AR DL 6 Sk S, e g AT F
SR RN (Total Tonizing Dose Effect, TID)Hff 58 Al
% 1R A LR 3 B ©°Co v R BRI,

HI i 208 S 791) o 2 SR B, Xy B AR XA A [R) 45 H
SRS, R IR 5% T, A Re R
DA Jo Hp 3 — SRR SRR e LA N FH 7R
FlE =T IRSR E R, U R E T I E RS
T8 PRSP A AL A R AR S 26 N B T Rl R R R T
FHF T 1, AR R 8 R R PR R A
BT MR 2R g BRUER L R BT E
T AR 2R ) F - B AR o 550 00 T
i S 7] Y TP A R E GB/T 139-2008 1
FH B R P 2 771 8 1300 2 7K A e e ) o 1) v 1A 7 9k
10.2.3 5 5E , B XSS 2 By S 2 MR WA 8 I 51
T JE A FH 7K S5 RAOM L Cn SRR s B85 240D £
=, DLk BT A fe TP A 25 AR X °Co y B4R
NAE T B AL 5 mm )RR 20 (B EE R 28
GMRL o Ul B4 2 R RE AT O 2 R R R S
7B HERAR I AR O E IR

P4 Bl A Tl T R R AW gk 28, L AR A
FESE m) /N RSTJ7 ) R JE , FL - Jn A B RS ik R bk
AN T HLEE K 2 e B M R S A HH A . T
T RST/IN  Jov B 4 0 28 R P S i A
H AT FL B A 77 B S 6 SR FH ) A R e A
BT AEA B AL 58 5 550 i, el A FE oo as R R
(X 35k ) W A7) & A g v El T TR ARG s
o SRR DX T () 5 S R AT T ) T 2 AR L
W, X FRIG O R REAS 2 AT 2 A R BUAR X
PP A AT R RIS I T RE 2 I T A
1H 00« EARER HE 7 I 77 = v CAAERA DN &, (5 — Le i
TG 1 i IR G B, L RURR X 384 T I 1 F
P 2, BRUBRIX 7 1 AR IR = 0T B D TAR AR AR

HEG &, 3 23 BT 8 A S 0403 R i A A -
I, 7E FL T 0 s e 51 5 2 R B8, IF 98 TR 2]
FE AN ST H 0] 8 A SIZ B 2 52 1 IR ISR B T R T
At L) LB SR B RN ATE AL IE iR 2 2 KT
Iy DAEER . IENE T4 R F T G A R R R R
TIF 50 RN P08 S RE 2 4% A R 1, HHE B 7 R U8
RIS T IR AE IR 5635 , 0 OR B AT R 28 IIE AT 22 42
Fr i A HEME .

AR SL 3 B OUF A R 25 1 CC4069 75 A
EATF AN R, R SRR Y ka0 128840
W E SR mERAIENER, S5 EE i ER
7 B R 2 ) i P PR 23 AT VP A T AN 2 TR )
L1 48T 25 A4 X5 CC4069 s AH 5 B80S X W A7) & Fn
P A 1) R 205 N ) S M R T o

1 BHEBDAESNANRS 2

X CC4069 78 e AH & BEAT 1 58 77 2 4 I ik 6
o MR G [ L 2 e i e B A AR T T R
ZRERPRIEAT , T B AR LB 50 rad (Si) - 57", B R 2%
{4 % & 7£ PCB (Printed Circuit Board) 4% 8 A I, jite
DnAE eI B o 4R AR T BT R, 9 2 KF U ) 2R
BRI, S p o I EXEREROMNE. 5
KN A RS e /NI P 58 G 2 KRR K R
Wi o A6 S R T & 1 WA Ak R R B A K
ERIBF) T 2.5%10* Gy(Si) .

5 SR #8 PAE R AR N +10 V HL (V) N &
Y I F R T e . SR SE FE AR MIL-STD883
1022 753230 7€ AR R I 5 1 AN [R) 0w B 2% 1 1
AN [6] A B %5 BB 57) 8 F PMOS (Positive channel
Metal Oxide Semiconductor) & 1 NMOS (Negative
channel Metal Oxide Semiconductor) & ) 5] H J&

¥ 75 15 PMOS % A1 NMOS & A [7] 48 8 771 &=
1) 18] P V52 A2 RN B PR 1) 4 HEGRI AR B, AT A4S 2]
B FL R AL S AR PR B AR R R

Kl 1 (a) /& NMOS & 338 A8 b i BT ) B
JRARA 2R . 7E 508 0w B, BE 2 4 FE TR = A 3G K,
NMOS [ B [ 56 2 B 1A% , 78 10° Gy (SD I, [ H
FEFFUG R BPIE RS . FLALEEE « S AW 1 HE Ay
2 143 NMOS [ H & A 1) S 8%, 5t T A& H 47 1
NMOS [ HJE IE [ . NMOS 53 ff B B, 1L
J= M3 77 10 5 AR A8 1) BRI 7 0] o R HRJT 46 I
RS = AR 1) 25 ORAE FELZ IO T 29l e A

070203-2



VETCHER - IR T AN TR CMOS 25 AHURR DX AT B2 A P 2 L ) B2 )

@ —s—Bias On
—e— Bias Off

10! 10? 10° 104 10°
Dose / Gy(Si)

) —=—Bias On
0p . —e— Bias Off
e~
_05 [ .\. \.
\ ~.
—1.0F .\ \-
< .
B 15t \
<
—2.0r .
=25
_3.0 1 1 ]
10? 10° 10 10°
Dose / Gy(Si)

El1 NMOS (a)FI PMOS (b)) H 5% 5 bR bR HE A 1 OC &
Fig.1 The relation between threshold voltage drift for NMOS (a) and PMOS (b) and the nominal
irradiation dose

A1 Si/Si0, FHHE 3l , B 725 70 I & A 9870 5 Si/Si0,
FTHT PR 25 7 B R R O R T 72 A () 8 AR 0 I P
BN, A R FEL S A7 )T AS . B TR F B, e T )
IR, NMOS & S A s 7, I B = Al R
KT AW F A 1 SRR, 8 R R T 46 O 1R R FS
A1 BN NMOS [5] H, % Fifi 25 % R 770 B 0% 385 n 1
K o XK R 1k B NMOS M #L R 0, #i
AL Z IR BN, S AR [ E S ORI
T T FE 18 1 R 0 R A 5 25 X B B oo A7 3R 1 7=
A A IE FLT D o R R VRS I o Tk A S
A, K IE MR . X NMOS &, 518 i & R H
EERRKTHIME, 8 mE SRS mE .

K 1(b) & PMOS 4 3 i Fl ki bl BT 1 51 H
JEARAL 2R . 7R Al B PMOS B FEL I # Bl 5 4R
T (0 388 0 B R R AS . IR RN PMOS 5 4
A4 1E FE faf A1 ST ZS H 7 #1243 A3 NMOS ] H &
R . M/EPMOS & FilfmE T, A EFH
ok B Lk H R0 22 G sl I, B LA Si/Si0, F1 ]
25 B I R O A SR P AR S A 2 IF H A /D T
1B, BT LA PMOS #3172 5 55 B

2 FEERARRERTERES A

21 EREBFRZHETERER

SRR P TR — M UM Z Geut B S BR A (1)
THEITE, RS A F B AR S 5 Y A BAE A
T, G vt r g S E Y o b B Re B DU CERR S 7
Y VR YA R E T SRR R T2 BN
F o A3Ci%EH Mulassis 72 /7 /E A THE T H R BB
TR ER LT EMR A &St E.
Mulassis »& H 9 [H Qinetiq 2> 7 MK 7 J5) ESA A /E T
K, BT Geantd 5 K5~ P s 1HEAR ™, geig it
220K 20 EM R R EDTRR 15 2 B RE AT/ 2240

KB, TFREIEER, THER RN 1 h, B E AT
A= e 2 C e AN AR Sy AL Sl Pl == o T

EGSnrc & M & K E X B 7% Bt (National
Research Council, NRC) F & 1] HL ¥ Fl Ot iz it
SR R0 18 A T SR DG S 2R AE M R R
(PR AR o A, B2 7 5 AL BRI BE e T A HL T 54
AR BAE R R A A B . (B R AE T A A
i}, EGSnre 3 th Dosxyznre A& Bk (1) 2 46 R JE 7 i
KB, XN T RO E R G T RS T
A LU B B B, e DL T F e A A R B A
THE. T iz H (A HK , 7E PCHLIZ AT — X 7E 10 h
PL_E o AR H EGSnre #E 4T3 FE 71 & 43 A1 A [H]
A RIS YA TR B 1 7 36 () TF 55, K Mlulassis 1 24 HEL T
LR LB EEMAE AT E TR,
EGSnre 1 Mulassis 1X 4 4~ 3 £ #2931, #R 4
fai{ , °] LAZE PC Ml windows £ 1E R S8 H

22 SFHERAEARERTENHERE

Ak 2o 1B R 56 R AE “Co y VB TP HEAT Y, YR A
6 175 I - 322 R GBY/T 139-2008 13 i 1% 1. 42 771
TR . IS AR T S mm 1R 40
PHEMER , I HIER ST A CE 7 18 mm JE 1115
LT AE TR T AR (1) S 4%, R &k
(S B 2, 6 2 T AR 1 GB/T 139-2008 KR 52 Ik
9 HL PPl 2 A

o B8 3R T v ) K IR A & AT DA R
GB/T 15447-2008 Xy 5F £ Fll e, 1 5 8 8 R [5) %4 )
W WS B 4 B R e R RE R SR R A

EWoR
)
P s 0.026 52
Dy =| 7 |Duo = Dy;,5=0.894Dy, (1)
(luen) 0.029 65
P Tuo

070203-3



% AR

2019, 42: 070203

iw(”p) %n(”p) S BRERIK I 57 L
W Z 880 Dy o A2 AL R S 77 8 00 Y ) K R A
il D ARG & .

DRI P RE 8N 1.25 MeV 6T 1ERE
7K A B e B RO R B B R . SERRER TR
RIS A IRREEUN L, Fe i RETRERH A £
Ao XA HRBE A TR, R S5~ % ikt
SR B I B 8 3 ek PR e e R B0 0,905,

K245 H 17 H EGSnre 15 1) “Co y 4 Z&AEFE A
IR PR 7 B A A 28, DARCR FH 0.905 B 364 &
B KBRS o RER IR B, AT ETE
B, EHPEFET4em BEENAES M. TUEL,
Xt R R B E L2108 2.2 mm, XK RFE N S mm.
TR W AR & TR (E . 280 0.905 FREE 4 2488, K
B AT B AR USG5 S B R Rt M A1) 2 e
RFFE . IR 7K & ORI &= /K ROl 7 =, 48
S A5 N IS B R % 28 2 TR A 1T

b
&
=]
<
= Silicon
R o6 oo
g 2
2 4 SiConversion from H,0
04
S
-9
02
0 Il i 1 L 1 L I}
1 2 3 4
Depth / cm

B2 “Co vy S ERAERERIK 1R BE 7 & 43 A
Fig.2 The depth dose distribution of “Co y-rays
in silicon and H,0

AN, Si AT SiO, B i & B & R R Bt AR 2
T, 23 B2 0.026 52 em?+ g #10.026 61 e+ g™, ik
H /2 0.997, =AM E . K3 & EGS 115 111“Co v 5
LR AERE AN SR Ak R 1 B R B 0 A R 2, FR A Si
A1 Si0, 175 5 245 1 FE A AR [A]

3 BUHLEHTIESTHRSERES SN

R A B AT 2N E 2511 CC4069 25 14, #14F A
A JEFE N 3.2 mm, Hod B2 EE N 1.5 mm
BL02mm S M1IsmmBEHEREE., H
0.2 mm J5 {5 H i 0.2 pm SiN, 8L )Z 1.2 pm 45
HE.0.1 pm SiO, %8 ALJZ 0.2 mm AT R ALK, 45
HRI A 20 F 2 mm R i PCB AR« A SR I 52
iR 7 VRS TR P A A 5 4 Hh S U B S B

Silicon
e Si0,

Percentage Depth Dose
(=]
[=)}

; Ib 115 ZIO 2‘5 3I0
Depth / cm
B3 “Co y S LLAEREM — R ALIE T IOTR 1 B A

Fig.3 The depth dose distribution of “’Co y-rays in silicon
and SiO,

WS, DL 5 b ks B B R ZE 5 B AT ik
L B RSP o L T B N PR A A

WAL SRR D T FAR A, Bk R R
PCB #l FH & 2@ SRR B , = Fb BL T2 C AT H 1
REW, LRSI AME . HA Si,N,.Si Al
A SiO, 7ETHEAR 7 M ke R #G AH B AR E AL AL o

PAFE | (PR S5 M B EL A , B F Mulassis 727
fEvA . VI T R e N (TR e ol A 7
HOCo vy B2k, P RER N 1.25 MeV. [HR 5 T
A e A Y R e A R TR R R R ) 0 A
W °Co vy S 2R A ek (1 TR 5 57 5 o A7 it 28 1 e KA
BONARFRF R 100 Gy, iIX AR T3 & Ik i1
7 55 1F R I X R8BI AL A B AR FR R = . DA
P R TR B 55 T B BT 15 110 2 44 &% 45 0 R IR G =
— , DU PR Rl E 2 CCA069 3% 1 5% 45 1) 1 77 & 2 2
Fiw.

1 ZBRINFIEREI R CC4069 4515
Table 1 Structure of CC4069 inverters with dual-in-line

plastic package
e WMH R T
Number Material — Thickness /um  Density / g*cm™
1 Plastic 1500 1.19
2 Si;N, 0.2 3.1
3 Al 1.2 2.699
4 SiO, 0.1 2.2
5 Si 200 2.33
6 Plastic 1500 1.19
7 PCB 2000 1.19

H12€ 2 T LUE H, a8 R 45 0 mh el A i T 46
YACTR) T K, R 1.5 mm B ERYGIE R E
PRARAR TR K 46.6% , P8 J5 1B LT X thAnE 2
I (IR K AR 7R B AT AL o 8 2R TR A7)
/N R T B R B G T SR, G B

070203-4



VETCHER - IR T AN TR CMOS 25 AHURR DX AT B2 A P 2 L ) B2 )

F2 BRIWFIERIT LR CC069 BB B LEHITAAFIE
Table 2 Deposit dose in each layer of CC4069 inverters
with dual-in-line plastic package

P M J5 A SRR
Number Material Thickness Dose %
/ pm /Gy  Deviation from
the nominal dose / %
1 Plastic 1500 46.60 53.40
2 Si,N, 0.2 80.32 19.68
3 Al 1.2 73.50 26.50
4 SiO, 0.1 83.52 16.48
5 Si 200 76.79 23.21
6 Plastic 1500 99.05 0.95
7 PCB 2 000 99.96 0.04

I8 R A T i R K o, AE R SR 2.2 mm 2 A
I 57 B IA B VAR 5 AE KR EE 5 mm I % 2 i A .

(a)

—=— On, Nominal Dose
o On, Corrected Dose
—e— Off, Nominal Dose
--o- Off, Corrected Dose|

10 10¢ 10°

Dose / Gy(Si)

102

E 4

MOSFET )48 M BUsk X 35k A Sio, M 48 4 21, mT A
BHL,R254)Z0.1 um B SiO, T ISR 2N
83.52 Gy, A A AnFR4E HE R E 1) 83.52% , 5 b 7l &
25N 16.48%. X & KN EE — |2 8 Kl 5 25 2 B
N 1.5 mm, i =2 EE 2 f# R A 1.501 mm, /M
IEBN RGBT R . BT LS R RUR X R 1)
TS /N TR, R0 /N T 2 IR TP 2%
A0 PR AR B A R

4 REBFAFENRHEELFNENN

P 4 Ca) M1 (b) 2 K M SERF R 2 07 i1 543 2 (1
O P ABURR R R R B, X v 8 T R R R A 2
R R IR A R HEAT VB IE. 145 T NMOS
AN PMOS 3 38 ML i BT B HL S A2 5 BR A
EAME I AR A .

051 —=— On, Nominal Dose
. ® -~ On, Corrected Dose
E —e—Off, Nominal Dose
S ) e OFF, Corrected Dose
-0.5 T :
~1.0} ™N ™
e
-1.5F \
ok e
-25 : ' !
102 10° 10 10°
Dose / Gy(Si)

NMOS ()1 PMOS (b) ] B, 5% 55 F75 R RIS 1E 58 RE R &= 1 OC &

Fig.4 The relation between threshold voltage drift for NMOS (a) and PMOS (b) and the nominal
irradiation dose
and the absorbed dose corrected by Monte Carlo simulation
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