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65 nm BN B E NI SFE AN MEAEE
SFIEW N B AR AR HLE

BRFEV) HERVDT AEFVD THEEDD 2l g
X|#2) BT D2 FHEDD EREDY

1) (MR SR PR SRR 5 25 [ o RSB VS 710024)
2) (PEALEH AT, e 710024)
(2017 4 11 A 28 HH); 2018 £ 2 A 7 HIR R & 2H )

XF 65 nm H A4 8 ALY SR T2 N A E RSN R P AL G R S A A T A 3 B8 AR
(NMOSFET #1 PMOSFET) JF J& T AN [5) fw & 5% A B S f e fm s g, 45K 0 PMOSFET (¥ H1 B 4w
SR R g 58 R R B A R S AR SR A AR, T NMOSFET 2630 H A0 (B s ) B L g 78 BB )
FER, PMOSFET BI4E #1151 K T NMOSFET. 456 B0 0 Hr AEUE RS 7 PMOSFET 8 5 U
AL SR A% B BT

KBEIR): &8 TN SR b R, 0 Co  Fa I, SRS, BUEITR
PACS: 61.80.-x, 85.40.-¢, 61.80.Ed DOI: 10.7498/aps.67.20172542

STT) A4k JZ 1 J5 E L 4 Ak = 20 A B 2,

1 2 = BN MOSFET 7 K I 1) 5 J8 A FH T 52 5% 1) g 7™
X IR, STTIR b B #2532 e N 2 4 & A4k

Wi R ZSAE 2 0] RARGE S A TP ) m ] 58 K g SR RN AR (N-metal-oxide semiconductor
I T RN R GE b B M B R AR 1, AR field-effect transistor, NMOSFET) i HL i IE K,
HAZmRE R aRpUR S A U5l AT e 2 {H S, X T PMOSFET, STI %A AL JZ 1 4
L 3K, W — AR #4855 e itk e £ SR F 9 oK 2 SR IR AR R B AN 2 5 B0 FLR A K, (R T X 3
CLB SR, T IRAG N K 38 1 8 25 (R S A B v 1) BT IG5 6 R0a1ER 4, RN
M 7 KRR e 35197 42 B AL s A e 2 1) 7 PR ) i 121, B A FE R 0 . X3k 2R ) %4 0.18 pm MOS-
A R I RN BRI AOK A, 4 e A Ak FET S5f &N 347 77T, 48t STIA ML )Z 2

W AR BN b AR (metal-oxide semiconduc- FESHBUR X 38 Peng 25 101 %4 0.13 pwm #4348 A

tor fieldeffect transistor, MOSFET) F &5 & 2N (partially depleted, PD) 2 (silicon-on-insulator,
(total dose effect, TID) F& I H — 37 5 i [l SOI) NMOSFET [ sl 1 R M JT e 1 HIF 7T, 8 H

WA A = BOROBR T T AL R AR B I RST A STI &7 AE & 7 1 B F R TR 1 48 1 P 5
B% 28 FEAL IR 2, AR A0 20 MOSFET 48 FEREE PEBE; Ding 25 1 %65 nm P A 4 )8 &1L Sk
SR /N, A 2 AR R R ™ AR [ TE H AT ) R W8N A (P-metal-oxide semiconductor field-
T 55840 )Z BB VIMOR, JEFERR, FZ [ e effect transistor, PMOSFET) JF & 1 s 751 & R S if
IEH k22, 17 ¥R AE FS B (shallow trench isolation, F, T8 H ST 2 A2 18 Rl 40 47 1 ko, B
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HX — SR AR MRERAE RN LRIER, /I
S R B NMOSFET $it & 77 & P Re T PMOS-
FET. 14k, %FF 65 nm TR 28444, V320K
FERIER 1, 0 ST JZ A kAR sk B o T 388 4 4 30 1k
RE )52 ek s . 452408 (lightly doped drain,
LDD) T & & B4k & & AW 34 (CMOS) £
FSCH B HE N B8O B B )2 LR, AR
TR M o5 3 1 VA TE W37 o0 A, kS T A8 R IR i
SR R, T3 = T 28R AT SE 4, 1 LDD X
3 b7 0 B SR A 2 T S I A P 0t s A P R R
fh e e EERER 1213, Gerardin 28 M B 5
7 0.13 um R~} MOSFET 19 it 4@ 5f w0 37, & 14
H 45 H 48 51 7E LDD [X 38 584k )2 A A0 2 A 1
JEAE BB R 8 B PMOSFET M g B A4 ) 3 B 2.
SR, &% 65 nm MOSFET ) LDD [X /& 75 2 Hi 48
SRR AT B DA R L S B 40 A D B AL 1) 5 R ]
KVE.

Ak BL65 nm CMOS T. 2 NMOSFET il
PMOSFET AW Fi Rt &, HF R T i 5 & RN, S5,
HRR T HAEA A B AT AR AT . 25621
WA T SEUE T EA R, 3843 T 65 nm CMOS 1.2
NMOSFET H1 PMOSFET 48 5 i N it ) # AL il

2 ZhAH

5 B S B0 A V8 B AZ BRI 52 T 60Co y S 2R 75
AT, SIS RS LE 65 nm CMOS L& 4k LRt
F AN [ 58 K H A NMOSFET A1 PMOSFET. %
FE iR P8 b Om B AT 50 R, VR 4l LS R
KL, W /L NEEARK R V,, Vi, Va
a5 A R A RN AR R . R RN
50 rad (Si)/s, 73 HIALE 300 krad (Si), 500 krad (Si)
1 Mrad (Si) BRI 2 S48 Z HOR A S2 50+
v G R R 1 T 2R 34T DU

F1 PR ERIRE S

Table 1. Sample information and bias conditions.

B S
AR W/L
10.0/0.06
NMOSFET  0.6/0.06

HEMmE Vg, Vs, Vg

Vg=1.32 Vg =Vs =0V (JF%)
Vg =132, Ve =V =0V (&)
0.6/0.30

10.0/0.06
PMOSFET  0.6/0.06

Ve=0V, Vq=V =132V (JF&)

Ve=Vy=Ve=132V (%&)
0.6/0.30

3 LR

K145 H 7 NMOSFET 7£ 50 rad (Si)/s [ 71
AREIHTE R R AR S, RN
SR 1 Mrad (Si). AE 1 HATELE Y, NMOS-
FET 75 4% M Al 5 80 % 7 55 v it 22506 W1 B A2 4.
Bk, FEASFM B 2% A T 4R R, NMOSFET i) #
HHEER SR AR R ZE R

10-3
Does rate = 50 rad(Si)/s
10—4  — Pre-radiation
—— Total does =1 Mrad
10-°f
106 f
10-7F 10-3
<
= 1078 \
~
109 k& 104
10—1[] -
1071 F 1070550 0.55 0,60 0.65 0.70 0.75 0.50
10-12 1 1 1 1 1 1 1
—-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2

Vi/V

K1 NMOSFET 4@l Jo e e itk th A2 1L i 9
Fig. 1. 13-V characteristics of NMOSFETs before and
after exposure to a total dose of 1 Mrad (Si).

K245 T PMOSFET 48 I8 5l Ji5 #% £ 4% vk
L&, MWE 2 BUEH, PMOSFET 7
IR M BE R R R AR THRERE. R28HTA
F i B 2 1F T, AR T 2R~ PMOSFET K &
HA P B ) A . R 2 TRLAE H, RA
i B4 1F T, PMOSFET 48 5 i B A7 75 2 5, FLk
IR 5 I8 s L P S A0 1 5 T 2 M

10-4 r Does rate = 50 rad(Si)/s
3 Pre-radiation
Total does =1 Mrad

1079k
1075
1077k

< E 10t
S 10-3f

10-9 ; 10-5 /

10711{ 10-7

10—12;. 090  —0.80  —0.70  —0.60
E 1 1 1 1 1 1 1 1
—-14 —-12 —-1.0 —-0.8 —-0.6 —0.4 —-0.2 0.0
Ve/V

K2 PMOSFET 4& M il J5 R Rt i 2 22 tL i
Fig. 2. 13-V characteristics of PMOSFETs before and
after exposure to a total dose of 1 Mrad (Si).
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#2 ARMEXMET, AR LZPMOSFET BIfEHH K
AR TS AR AL &
Table 2. Vi shifts for PMOSFET versus total does at

different channel length and radiation bias conditions.

GAANGEs AVin/ Vi x 100%
W/L i 8 2 e/ Tehpre ’
AR 3.29
10.0/0.06
F 1 0.16
T3 5.72
0.6/0.06
ZF 1.15
H 6.15
0.6/0.30
Z 2.25
4 1 i

65 nm MOSFET /& 7 & B S2 56 45 AN A T
B K 0.18 pm MOSFET (525 45 5, 3 W4
K MOSFET A STT [X 38 Ay 8 5 BB X 35, NMOS-
FET #& 845 15 3% T PMOSFET, J2 & 5 % N #F 78
(ks 0010 R0, M 3 65 nm MOSFET 52 %
g Wb R A, PMOSFET () 48 5t 6 5 58
NMOSFET, NMOSFET [ %% #% 5 14 il 2k 76 2 A%
M1 Mrad J5, IR KA BN, PMOSFET
AR NS RN S . R, 35 FE X 65 nm
NMOSFET Hl PMOSFET K% SHBUs M 3E4T 204
25 A BUE D B2 B4 H PMOSFET %8 5 52 4 7%
TE B, sk, 2 P #t PMOSFET 7E AN A
v B 2% T e SR A A A A 2 R 1 s A

4.1 PMOSFET % NMOSFET 9425788
R A

K I3IPGH TAR T2, NMOSFET Al
PMOSFET fE & m BARAS MRiE 2 RS &
1 Mrad B BIE HE 12846 1 70 EE (AVin /Vinepre X
100%). ME3H A LLE M, AR T2 %404~
PMOSFET, 7t i 571 & %5 I8 5 I B AE o 35 R A=
T ERERER, 1 NMOSFET ¥ & & 4= 1 &
Ak

DAAE A SN, BT RSTAR AN, M A JZ Xt
YKk MOSFET (5 IR s R /. RAGR I
PRS2 e AR T e A AT B T S A2
)R FE R VIR, JRFEBOR, F it B2,
STI %L 2 1 JE B2 LUl AL 2 20 R AN B ), R
J9 MOSFET 7E K I T84 HE A F T 52 52 0 5™ = 1)
X%, STIBfLE#5Mm NMOSFET IR H I K,

#3 NMOSFET Y5 PMOSFET [#48 §f #5115 72 B L ¢
(TID = 1 Mrad (Si))

Table 3. Comparison of radiation damage in PMOS-
FET and NMOSFET (TID = 1 Mrad (Si)).

BIHER A P AR 43 e
W/L e gt AVin/Vinepre X 100%

PMOSFET 3.29
10.0/0.06

NMOSFET —0.03

PMOSFET 5.72
0.6/0.06

NMOSFET —~1.26

PMOSFET 6.15
0.6/0.30

NMOSFET —~1.14

{1 HL R VA2, 5T PMOSFET, STI &4k 2 h4g
SFPBR A BB T AN 2 S BUR HL R K, (H R T X ek
TR 3 I 1R A ROAE AR ) RN BME
H S PR 7038, B DR AT HEIRT, BT ST 2 i
R 820, NMOSFET #1 PMOSFET 1 £ 3% 3|
STT iR A2 1A T -5 250 E BRI, H NMOSFET
FR) 2 B 0 0 B Dy ™ R 16 18) (X — 4548 5 RATT
(RS2 56 25 FAR IE. IRk, B 8% R STk, 1
BB AR RBETE, BT ST A2 i B4R S 4510
PLAN, XF 65 nm MOSFET [ 47 7£ HoAth ()48 5
AL E, A4 PMOFET #4558 /™ . LDD
AL E AR SR B R S 2 BN 65 nm
MOSFET {48 55 4540 U A B, H 2 -AT1 70 1 i
H AL X Tk MOSFET, LDD X 48 HL % 1)
E%Zurﬁjj“j [1(3718]

Vin = Vino—
2[Vias + Vii + v/ (Vas + Vi) eLet/D (W — 2003)]
q(Leti/1) ’
(1)

Hof Vino AN LDD X B (1 B FL ., Vas A
TR IR o = |Er — Ei|/q, Er & KRELR,
By AARMEPKBED. Vi & LDD XI5 #f Ji 45
A, HRIEAN

KoT N - Ngy
V= 20ty < LDD b>7 2)
q

p)
n;

For Nupp A Nun, 7099 9 LDD [X KA X (45 2%
WRPE; ny NAIERITIREE; Lo NIHTEAR K,
IEAUME N Legr = Lg — 20 - X;(3L X; N LDD [X 4
R, O NI ZHL, Ly AARIEINLDD Xk (17418
KRE); DNVHERHEC . dtk ™) i, MOSFET i
BI{E LT 5 LDD XK A L 35 S A R
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HL B4R S E LDD F 07 B Z R AR T Ik
A B BIF L er, AH S T#E LDD EJ7 N 17—
MIEHE, #5 W% R E LDD 54 45 1A F
BN Vox Lo, WXTF NMOSFET #1 PMOSFET
(1) LDD 54 JEC &5 1 P d FL 38 0] 43 il 3w A

Voirad = Vi + Vox,LDD, (3)
Vbirad = Vbi — Vox,LDD- (4)

WG SR 2R FL 1617 % F MOSFET, 4%
T B, LDD 54 i 45 1 P9 2 F 38 2402 20 B
2¢rN(¢rp, ¢px 798 PMOSFET Al NMOSFET
PRI 3K 3. Bk, X T NMOSFET #1 PMOS-
FET, H LDD S R4 TN TiA 3 B, &5
IR AR 2 A (5) 2 (6) XRR:

¢sn = 2¢0rp — Vi — Vox,1DD, (5)
¢s,p = 2¢FN — Vibi + Vox LDD- (6)

M (5) A0 (6) 2 AT BLE H, % T NMOSFET,
LDD [X 5 4 Je& £ Bt i 2 18 Jse 284 e 75 22 1) F 1 Ok
/N, T AE PMOSFET H, 1% [X 35 2 28 Bt 7 16 H8
K.

T 558 559 23800 I e sk 0 ) 3 R R
e 2% 1 A0 B (PR R D)L BB A 9 3 v TR R A
B s N Vino, LDD 5 #of i 45 Bt 0 2% 1 S 24 1) |
JE 4 Vintop. £ NMOSFET H', Vip 1op < Vino,
B XA B A V8 18 — [A) ) BLRE, A 0T fg il i 3 V8 18
HL AL, DT B 6E T B ANV T T, I VA R T S
(¥ HL B AR R 55 T Vio. 10X PMOSFET 1 &,
|Vin,LDD| > [Vinol, M EEAR I & 279 & B, R
B UMIE Vys > Vinuop BT, I Bl 5 B8 5%
AT VinLop. FILTESZIRIL R ER BN NMOS-
FET ) B 8 f 53 AAAZ, T PMOSFET B {5

(a)

Hole
density

10+20
N\ J10+10

100

10-10
10-20
10-30

HL IR AN I 57082, B 25 R I PMOSFET )48 45 47
£t NMOSFET % Ay 8.

I v B4R Bh ¥ oF T H (technology com-
puter aided design, TCAD) #3765 nm MOSFET
2 4 (2D) 58 B4 3k 47 e 75 B %08 ) E B AU, B A
A B B H A7 5 L 3 RN R B R 06 R O RE
(7) 2 (8) Frs:

Gox = gODIY(E)7 (7)

Hort Gox R BRAE EAL JZ 5] 1 o far 7= AR 2R
go N LT A ORI P AR R DO R IR GR & R
Ey = YoE;, E; = 0.65 MV/cm, m = 0.9, &
T Yy = 0.05 [19:20],

K 3t 4h T PMOSFET 78 58 W 5l 5 25 7k
FERIBSEE A . 3 AT LB A H: B2
RS B0 S T Ak = U FEAEL (13 (b)) K T R I
I E AR (B 3 (a)), KB I0AE T RN 1S
ST g F, BELDD X _EJ7 A E = A A AL
Hi faf 23 00 PMOSFET 7438 o 25 7K BE. NMOS-
FET i B25 R a8 4 Frow, $E IR AT 5 s IR BERA RS
PP N S ST A s A - R B Ry
&

FIF TCAD %t NMOSFET #1 PMOSFET 48
HERT JG R R R e i 2R AT 0 31 (K 5), 45 R%E
], PMOSFET fE & 5] &5 I 5 B L 5 R AR A%
(E5 (a)), M NMOSFET % # 5P ith 28 oK kA 0 2
Ak (K 5 (b)), 17 B4 RMSLIGHHRfE A LRER
I FF A RS R — DR 7 IR L 53
Mr, LB HE S /E 65 nm PMOSFET ) LDD [X i85 |-

K3 PMOSFET fEHEHI 52/ ORERERE  (a) fEHEHT; (b) falE
Fig. 3. Cross-section of PMOSFET indicating hole density affected by radiation-induced oxide trapped charge in

LDD spacer: (a) Before radiation; (b) after radiation.
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Electron
density

1.7x10+20
1.5x10+10
1.4x100

1.2x10-10
1.1x10-20
1.0x10-30

—T -1 71

(b)

Electron
density

1.7x10+20
1.5x10+10
1.4x10°

1.2x10-10
1.1x10-20
1.0x10-30

B4 NMOSFET (&M al/G, BREMREERT  (a) B (b) HEEE
Fig. 4. Cross-section of NMOSFET indicating electron density affected by radiation-induced oxide trapped charge

in LDD spacer: (a) Before radiation; (b) after radiation.

Id/A

Pre-radiation

—
o
|

=

)
-

—— After-radiation

—-14 —-1.2 —1.0 —0.8 —0.6 —0.4 —0.2 O
Vi/V

5 MOSFET fEHBil)5, #BRrEiki TCAD-2D i 4R

(b)

Id/A

Pre-radiation
—— After-radiation

(a) PMOSFET; (b) NMOSFET (TID = 1 Mrad (Si))

Fig. 5. I14-Vg characteristics of MOSFETs with TCAD-2D simulation: (a) PMOSFET; (b) NMOSFET (TID = 1 Mrad(Si)).

T3 AR FH B (1 i e ot EL A S i I A R
I, o2 AR S Wi 2 AN 7] T NMOSFET [ 5%
GRS

4.2 REEZHEIIPMOSFET 25 2 % &

HISZ M

SIS EE R W, PMOSFET 7EAN A & 464+
ROV AR RS WL (R 2), FEIFSME R T
(R S 45 0 9 T Ml 2 . T D A A P A
FERAL R A= 5 i B RO & U, A
R FmIEOLT, AR IR E, R
L I P TR BT - B O L P R e B A, T
JRERT L HT L S s AR D B AR ) LA AN B T
B B AR TR AR A, 2 B 2% A T O S i S AR 55
XTI SMERR, AEAZHBERNT, hTa
A FIER RN E R, BEES AT -2
TN BLIE R A MR R FRAR, BRI AR 47 b 1 FL

FITTE B I 2% X A) 328 25 S1/S10o FHH 77 Il #iiz, (AR
IRAESAALZ W AR, T2 Az B i 1Y) 1R A Ae )
B gy, SRR A AT RESS T IEMHE RS &L, H
o T miE e

5 %

%65 nm T. 2 ) NMOSFET il PMOSFET Jf
BT AFMWE &4 T e iR R, R
PMOSFET (¥ 4% 4 11 4 5% F NMOSFET, 4 & 2
WA BT AR 7 AL, PTRAAG H DL R &0
255 5 /£ LDD X 38 b 07 A 2 e AR AR A
Fea BiF F 17 2 365 i PMIOSFET 1 RS 1B AV A B R 3%
PMOSFET {EA [l B 5% A T 2R I H A [F] 1 48 5
Wi, EE R T LDD 5 &AL E F Eg R,
TR BT 58 4507 0 S5 T w2k 1. AL RRR
XF 65 nm MOS &S Jrss i stk B E 5 S
ZHA.
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Abstract

Radiation effect of deep submicron semiconductor device has been extensively studied in recent years. However,
fewer researches laid emphasis on the degradation characterization induced by total ionizing dose (TID) damage in
nano-device. The purpose of this paper is to analyze the TID effect on the 65 nm commercial complementary metal
oxide semiconductor transistor. The n-type and p-type metal oxide semiconductor field effect transistors (NMOSFET and
PMOSFET) with different sizes are irradiated by *°Co « rays at 50 rad (Si)/s, and TID is about 1 Mrad (Si). Static drain-
current Ip versus gate-voltage Vi electrical characteristics are measured with semiconductor parameter measurement
equipment. The irradiation bias of NMOSFET is as follows: the ON state is under gate voltage Vo = +1.32 V, drain
voltage Vb is equal to source voltage Vs (Vb = Vs = 0), and the OFF state is under drain voltage Vp = +1.32 V, gate
voltage Vg is equal to source voltage Vs (Vo = Vs = 0). The irradiation bias of PMOSFET is follows: the ON state is
under gate voltage Vo = 0 V, drain voltage Vb is equal to source voltage Vs (Vb = Vg = 1.32 V), and the OFF state
is under Vp = Vg = Vg = +1.32 V. The experimental results show that the negative shifts in the threshold voltage
are observed in PMOSFET after irradiation. Besides, for PMOSFET the degradation of the ON state during radiation
is more severe than that of the OFF state, whereas comparatively small effect are present in NMOSFET. Through
experimental data and theoretical analysis, we find that the changes in the characteristics of the irradiated devices are
attributed to the building up of positive oxide charges in the light doped drain (LDD) spacer oxide, rather than shallow
trench isolation oxide degradation. The positive charges induced by TID in PMOSFET LDD spacer oxide will lead to
the change of hole concentration in channel, which causes the threshold voltage to shift. What is more, the difference in
electric field in the LDD spacer is the main reason for the difference in the radiation response between the two radiation
bias conditions. Radiation-enabled technology computer aided design used to establish two-dimensional mode of the
transistor. The simulation results of Ip-Vg curves are in good agreement with the experimental results. Combining
theoretical analysis and numerical simulation, the radiation sensitive regions and the damage physical mechanism and
radiation sensitivity regions of PMOSFETs are given. This work provides the helpful theory guidance and technical

supports for the radiation hardening of the nano-devices used in the radiation environments.

Keywords: complementary metal oxide semiconductor, %°Co v irradiation, ionization damage, simula-

tion method
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