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BEXF 65, 90, 250 nm = F A [FIRFAE RS R 25 BE LAY fif 45 22 1 [ PR [ 4051 s s e 1 &, 3R T
MR RE S v BE 58 B 5T 1 HORE 7 Bl i 2. IR 45 SRR W, X T 9K 1 MeV LUK RERT 1 51K
SRR A AT B 5T SRR e VR T e TR 3 MR . SRR TR B A AR R RS
fI759%, B T BOMKE T E & REUATR UM S5 R R 7E L el EoR AT SRS R 207 407 1 IRRER 7 7 i
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BB, 2 3 SRR R A AR T G L AR AR SR AT A X 2 — BTE SR ST T 17 IR 85T 0 22 1 Jo 1 R
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T BT A A it % R A= v T 0 SR R, 5
JEL T A S R AU ) v P . EH
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Zx ERTIR WA, KRR T 51 K B K A A FRL
T SO SRR T R R AR R
PR EE R 2. A SCEXT 65, 90, 250 nm —Ff AN [H]
FRAER ST B SRAM #3425 T [ ]y AR 0T 1 Nk 4%
A A A BT IR AR R T &, 7R P B gk
BT oK 2340 A RE 21 5 i 50 B 1) o1 1 Bk 1~ 3l
AR M 2R RIS E T YK S HIRRE S T AT 5]k
() B B R T . R P T B s AN AR5
B GWT7E, /i 7 BRI R G R BRI
JUTSE MRS 70 el b3t SR 4 R 2 B s
TARAE T3 BORL 0 AT 5 P ) LA
G317 RE T R T IG5 R BB A 4 1T 0
IS, e B —HUE RS T, T REE I T 2
V) Jog 5~ FRRE B 2R (1) DR, SR ) T
RS 7 VR B L R UG T VAT R 1 RS
Fnih.

2 & I
2.1 KEERFERRN TR

FIFH AL 5K 22 5 B T FEATE 72 AT G EN &5 510
TRESTT R SRAM AR AE LT 5K T 2R N5, s &%
BT RER 10 MeV, BfIKAER 3 MeV. I N
FAFE 1073 Pa, i FE N Z R, 780568 R B fE
FrUAERECRE AR T3 MeV 115 7. F FH TRIM %%
PEVHE T 3 MeV i1 77 ik AR JE FE 45 6 5 11135
ReE, HiE 7 0.2,0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1, 2, 3,
5, 8 MeV AA B TR E T 77 (AR T )EE (WA 1).

HT R TFReEK, FEAR, {ERRERTT
VAN b i N aok 57 ) e o ol S bt 18 N R S
BOE, Bk in T B BRI R AR R SR, DL
FH A a3k FA LA i i e R A A B 5, I R ko]
B 6 AN A JE L B EE 9, AT SR 6 Fh ST R
(RIBREL, ARl 1 4T B2 Jlas A B 45 9 1y 4k
5, e 7.

WIS HE A T = FRRE T2 R RS R .
—J& 65 nm CMOS 1.2 SRAM #f M328C, iZH
%2 256 K A [F] A B 1 SRAM HL, 1/0 B %
3.3V, WEZHE1.2 V; & Cypress 90 nm 7 &
SRAM #81 CY62126EV30LL, %2448 CY62126
RO AN EESRMN, BEBRE30V, FHAEE
64 k x 16 iz 3£ 1 Mbit; =& Cypress 250 nm 5
SRAM #84: CY62126BVLL, f7i# 2 &M A 1 Mbit.

e U, A i RO\ R TR s P, R IR A AR |
T3 P kA, 5 8 PR BE BT 5 SRR, A dh it

Xt e P REAT BRI TS, K B 5555H, 4@ AR &

GUZESE IR, 1R A B R IE ARt ik R K
Fe1 R R S R T R R AERE AR
NI R RS (LET) {1

Table 1. Average proton energies and LET for various

Al foil degrader setting.

o EH4] BRT LET {4/ TEREF

JEEE /um  BEE/MeV  (MeV-em?)mg™! 41#/pm
1 0 3 0.085 92.05
2 40 2 0.112 47.69
3 67 1 0.176 16.33
4 70 0.8 0.199 11.74
5 72 0.7 0.214 9.67
6 75 0.6 0.232 7.75
7 76 0.5 0.255 5.99
8 7 0.4 0.286 4.41
9 79 0.3 0.329 3.02
10 80 0.2 0.393 1.83

T KAE R T8 = M LET 5, NS a8 fFrT &
SR S RN A ST P Sl Y A
A& TID ME T ¢ LK LET Z[A] )28 R 7] LA
RN

TID(rad(Si)) = 1.6 x 107 x &(cm™?)
x LET(MeV - cm?/mg). (1)

DU - R 156 A v B 1010 4 /em? 2y
%1, %+ 1 MeV i ¥, LET 8 0.176 MeV-cm? /mg,
BEiE BRI RN 28 krad(Si) £ 4. BTG AT,
oA b E B IR AT T OB R R R IR, 250 nm
SRAM & 7 547 18 108 krad(Si) i B &S ThFE L
IR, 90 nm SRAM e 771 & 45 #8210 krad(Si) i
LA THAE BRI K, 65 nm SRAM & 771 6
400 krad(Si) A UL ERAS ThHRE ELIIE K. ik G 5
RN SRA M SPURE 3 4 4B T Uk 2 SR P s
TR0 N 2 R o1 R B s B AR AT I,
NI e, Xt SRAM AT 54 1E, HIW2 5
SR EE R D REEE 1R, 45 BRI RIS B
A THFE PR H 3L DT 10 7 2 B A1 80 %, W
He BHT BRI i EA T R

068501-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 6 (2016) 068501

2.2 FEEERTFRENTFHEIAE
BT B A B = AR R I E 8, 8 MeV LA

R T BR8N R B 7 B R B A AT
TR E (PIF) L5epl. UG FREE M N
20, 150, 100, 7, 30, 20, 15 MeV ZAMREE A, ANFH
REE XN A M LET . SR TR2., ZHE
WIth it B 230 MeV Fl 74 MeV, a] HR 48 ¥ 5E I i 1
RE 5L A B FH R Cu B RE 1y T 230 MeV it 7K
FH % RE Fr 208 3 200, 150, 100 MeV i 1, FET 74
MeV Jiz % AN 7] )& B2 B fE v 32 9831 70, 30, 20,
15 MeV i . I TE 2 R REAT, FRiR e R T ik
B, RPN 3 cm?, RIGAE 5 A AR T304
A, M R G B SRR TR i A .

%2 PIF$E EAF R & BT 4 R A 2 LET {4 A1

it 72

Table 2. Effective LET and range of different energy
proton for PIF facilty.

. HBURFRE R LET {8/ TEREP 5T

/MeV (MeV-cm?)-mg~! /mm

1 200 3.637 x 103 138.63

2 150 4.208 x 1073 84.55

3 100 5.857 x 1073 41.62

4 70 7.641 x 1073 22.16

5 30 0.015 4.91

6 20 0.020 2.39

7 15 0.025 1.44

3 MTERTHNAEE

B 14 H T 65, 90 F1250 nm =F R FERFE R
S SRAM 2511 IAIK B 2] 751 B8 76 B 1 51 -1 FokL 1
HEAE 2R, AT LUE L, X T 65 nm SRAM #:1F,
JRFREFELE 1 MeV BA R B H B T 50RE 7 80 4% A
[TTILE = o BV \VA YN /R 8 VAR E 2 O IR AT TR
3N EE Y 4T 90 nm SRAM #8344, i T hEE
0.4 MeV I HEL 1 Bk B % T UG, TE 1 MeV i
TR 2N RS L, 20 MeV PAL_EJF T ¥k T
B AT = 4 5 A2 4. X T 250 nm SRAM
PF, P REE 3 MeV LAF BEA VLI 21 s 1 0 5
R

T BT X = A g R34 S AT ik 5 3 1 A
Ko7 2SR g, & B /KA J5, 65 nm SRAM
a5 1 Bk 7 0 % A 29 8 0.30 MeV-cm?/mg,
90 nm SRAM #% 1 8 %0 7 # &% % {5 £ 4 0.36

MeV-cm? /mg, 1M 250 nm SRAM 28 {8 5% B {5 £
1.2 MeV-em?/mg. ¥I84r #r H R R AE T, X T
KT 100 nm FFAE T ZE RSB 84, BT HB R
LET A, IKReJ5 1 B i B A 2 BL 5|t Bk
e ARbE B R R R TS SRR AR R
IAREE N B €& A R A A - % A Y AN ]
65, 90 nm &= BT HAKH LET BE, FHUKHE b
T EAZ BB IR e B Ae 9 SR R,
T B L S SR T I T A S ST, AL AE AR
REJT T B I 1 SR R B . SR AE R 1Y
IS SRR P B AL — P AT IR A
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(a) 65 nm SRAM; (b) 90 nm SRAM; (c¢) 250 nm SRAM

Fig. 1. Proton single event upset cross section ver-
sus proton energy on SRAM with different feature sizes:
(a) 65 nm SRAM; (b) 90 nm SRAM; (c¢) 250 nm SRAM.
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4 65 nm SRAM K & il F %4 7 3 4
BB

TEJR ¥ SR RN e T T, AR OR A 3
FERRP 75, WNGHRC RS M dis it
FPRELA, BREFIR R T, VIR SR T E A R
PRAR N I RE TR, IR ORR B 5 7= A2 1 F fef 2
KT L Aar, Guit kA= B0 A7 g B3 H
BE NG K 28 AF TE B ok AR R N 2 R v LA R 2
X IR 2 R AR L Amr WAL B I s

AT LL65 nm SRAM #8 14-1E N0 L H AR, 7
ORI TN SRR R P B, S L S R Y
S B B R BRI A S, Xl
KA A RO AR U RST ATI 5o far K/ TE 32 8
1) SR 2 ARG B (0 Tk, 4 A AR
N LZER, M T HNPSEAF R G FEE, 4
T BRI I R BUATR LA R, JR i e £k
PR e, e RBUATRIG R B E. RIS T
5 8 PRGN S PR G R L R S A | B O R
SV R LT CREME-MC KA B 7 B
B2 L BRIRZ e N BT 5|2 P B 1 R, o 51 A
BT - B 2 A T W P AR AR iR A

4.1 FHERTREERLASERE

%65 nm SRAM & {1 £F fiff 5 70 K /N2 N
1.22 um x 0.526 pm, NMOS U X [ F14)
2 x 10710 cm?, N BEAN P BRI BARZIH 0.45 pum.
RBURT U AR Ky g b A A7 B oo 24
RFARFI SV, SV2, SV1 A NMOS i X #kL 1
AU X 35, SV2 A PMOS i [X BURL T B4 UK X
B 2 BT N AT B G AN [ 7 6 R TS
S H T R DTHR 22 5, SV BRI R B
G RBUATR T, RERA BA AR SFR R
WA BN, LE 54N T R, 84T
RAARF ) JUART R AR 2 i 8 85 1 il
B A = e T B AT SRR M. R ORAIE R
AN A7t B G AR TR P R I HE R, ORI
LET B Jfr o5 B ) SRR -1 30 7 A T i B 8, 7E X
L LET UK A B B L 5D = 2 A B, T
AR S ML (1 R 1), 5X58 H BT R A B B/ LETE
N 4.2 MeV-cm? /mg, BE C kA2 /D& 1) 2 A Bl .
AT 3 o0 0 B AT BT R R i, #h A
MLET HIE £ 4.2 MeV-cm? /mg % &, WE 2.

A& LET B {H 4 0.3 MeV-cm? /mg, [K 1M 0.30
F4.2 2 [AlIEHL 0.7, 1.2, 4.2 MeV-cm? /mg 31 LET
HHE AR S ) 8 A T A A SV AR K 3N
R T wm e 0T 7 5B i R e B, 1
SV AN 141 REURFURI SV2. ik i HER)
B 1 RABAARBUE N 1 RST A SR R W3R 3, et
RN 5.
SV1 S B AT o

4

1 pC
22.5 MeV ;(a" x B, (2)

Qcollect-l =

H A Qeotteet-1 NSV ik UL EE BT, By NEAT
RPUAT TR RE &, o AR R

Il S LA A0 LET B ¢ £ ] LU N kAT
Lo

chitical(pc)
= 0.01035 x LETi, x Dgy(pm), (3)
Qeritical S R B TR A B 07 80 3 10 11 57 Ho A
LETy, N7 8 7 5= 5§ LET B{E, Dsyv AR
AR IR .

'y -
105 F

E

2

g

_g_g 109

=

E

i

F -0k —v— R

—e— Weibullitlé

" 1 " 1 " 1 " 1 " 1 " 1 "
10 20 30 40 50 60 70
LET/(MeV-cm?)-mg~!
2 (WP ) Weibull #1045 1 H 5 Sk B £ 1
[[LiiiEE
Fig. 2. (color online) Heavy ion single event upset

cross section curves using Weibull fitting.

#3  REAERUTER S5
Table 3. Structural parameters of sensitive volume ge-

ometry model.

X-range/ pm Y-range/ pm Z-depth/ pm WEEFE o

(0.15, 0.41)  (0.15, 0.232) 0.45 0.70

(0.15, 0.41)  (0.15, 0.284) 0.45 0.23

SV1 (0.15,0.41) (0, 0.526) 0.45 0.07
(0, 0.41) (0, 0.526) 0.45 0.02

SV2 (0.534, 0.671) (0, 0.526) 0.45 0.07
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i %t 65 nm SRAM = & 1 ik 56 £ 95
GREFRMHEKERRN T E M LETRESN AN
0.3 MeV-cm?/mg, R BAEFERE }0.45 pm, K
W (3) A (2) AT H, b BHEE I 5 H A N 1.4 £C,
FHNE (I AL AE B8 0.0315 MeV. v Bl H4E 1%
RTE SV, SV2 JiiRe & < At 0.0315 MeV BIA
SRR BB R A

T #1422 4 8 A SO IG R o1+ 72 A (1Y)
SRR A H B, DR R AR AR LA S5 A AR Y Y
L IFE ETEN 2 2 e B AR, 8t NN
J& Cu A4, P iy J LA 45 M B o e P LI 3

1. SigNy (640 nm)

2. SiO3 (2.44 pm
Scale (z-y) view s ( pm)

3. Copper (281 nm)

4. SiO2 (135 nm)

5. Copper (281 nm)
iy 6. SiO, (135 nm)
1= 7. Copper (281 nm)

8. Si07 (135 nm)

9. Copper (281 nm)

10. SiOy (135 nm)

11. Copper (281 nm)

12. SiO; (135 nm)

13. Copper (216 nm)

14. SiO; (232 nm)

15. Silicon (5 pm)

Schematic (z-z) view
3 (MTIR) 65 nm {Aif 570 REURT LT L5 H 1
REHE
Fig. 3. (color online) Schematic of sensitive volume

geometry model of 65 nm memory cell.

4.2 1ERRE

PR e 4 SR ) 2 SRR B N TR ) =
LETEH M EE T, 7 5°80.7 MeV-cm? /mg Flr %
I f) 448 MeV N B ¥ 1.2 MeV-cm?/mg Fr X} )
800 MeV Ne T LA Iz 4.2 MeV-cm? /mg FT % B ff)
110 MeV F & 7. 4 71 H 106 A~ E 2573 H A4 2
BN TR, N B REIX N B AE R X
WUTRA R &, 13 27 R BUX N I8 — N TR RE &
XoF L FRHE T RO 4 A, BIYTCRR g B VAR
RE B U T — A0 A5 B4 — SRR e 0T R 14 46 T
SR 5 RHTURA R B R S 1) 4B T AT S Rl AR A3, BRI R
THE—ABeE T BTG, AR T 5 —
UURA RE B 10 SR T B A, L] 4

T T 3 AR W R B T RBUA AR USSR AR,
MR R 3 IS HL, DIRREE 4 0.03 MeV
BT, SHb B T B - R A A T 5 P 2 o T
BRI A S A R . R e 2R AR I

TN 0.03 MeV, #k¥E (2) F1 (3) 20, BLBT I S AT
1.3 fC, LET R {H 4 0.28 MeV-cm? /mg, 1E J5 Ifi
THE R DU AR A7 6 B 70 R U AR SRR 0 %
FiHh.

10-6

10-7

10-8

109 F

10—1[] E

R EIEE IR/ cm2-bit !
2

H
o
L
o

10-4 10I’3 10I’2 ‘ IOI’l 100
PURRE R/ MeV

4 (PR ) ALY o B - S e T S TR AR

BRRML (LN 65 nm SRAM HE: I ALt &)

Fig. 4. (color online) Simulated heavy ion single event

upset cross section versus deposited energy (dashed

line represents single event upset critical energy of
65 nm SRAM).

4.3 RFENFRETEERSSH
431 RTEETEESEEXTH

£ 65 nm SRAM F7{if 5 7o A5 Y 2 1Y R il |,
5379 F 108 A BRLEE 7 3 B\ 3T B8 AR, Siit
I 5 RE R 0.03 MeV I JiT 1 kL #f % i1, 1H 5
65 nm SRAM MK B 2 15 B8 76 % 1) )i - S 0L 7 5
AL, WK, E6 AT e S g
EAREER R TR E S 0.7, 1, 2 MeV EEN S EE
Pz PR B R A% SR A Tok R 7 A A AR
TR R, FTRUE W, fEREEN 1 MeV K
DATF B, SRR B Y2 AR R o B F B T 5 2
[1); T Re FEEEIE 2 MeV I 7, BT AR LET {H,
BB S UG B AN 2 DOk B BRI A RE =, Bk
TR R B T 00 75 )5 4% K A w4 Fn
UL A 7 A P B A BRI 2R T 1) 42 L B
FEC P, 35T S8 P Al R = A i A T 5 5 T R
f9< & B AT BT RE K T 30 MeV i, DR
PERIE = 2 IR GORL T 5] R SRR N, RE
F1T2 MeV 230 MeV FIBT ¥ 51 & B 5K F 4 LA
SRR A Y RN

T B 5 R R = B AT R — 2
REEAE 1 MeV LA N B AR T 7B, e 0 8 i g
EIFESE R K TR R, X2 H T3l 525l
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—16 L 1
10 1 10
JiiFhER/MeV
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Fig. 5. Simulated proton single event upset cross sec-

tion versus proton energy.
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Abstract

Low-energy protons are able to generate enough energy through direct ionization to cause a high single event upset
cross section as the feature size of semiconductor devices shrinks. It poses a large challenge on the present proton single
event modeling test technique and the space upset rate prediction method. Experimental study of proton single event
effect in three different feature sizes of static random access memory (SRAM) (i.e. 65 nm, 90 nm, and 250 nm) is carried
out based on domestic low-energy proton accelerators and also the foreign middle-high proton accelerators. Complete
cross section curves of proton single event upset from low energy to high energy are acquired. Test results show that
single event upset cross section below 1 MeV proton is up to three orders of magnitude higher than the saturation cross
section of high-energy proton in nanometer SRAM. However, single event upset is not observed for protons below 3 MeV
in 250 nm SRAM, and no single event multiple-cell upsets occur for protons below 1 MeV in 90 nm and 65 nm SRAM.
The accurate geometrical structure model of composite sensitive volume is constructed through the combination of test
data with device information, and calibrated further by single event test data of low-LET heavy ion and high-energy
proton. Simulation results based on the model and Monte-Carlo calculation can reveal the root cause of low-proton single
event upset cross section peak. Proton single event upsets are only caused through direct ionization of protons below
1 MeV. When low-energy protons pass through the multiple metallization and passivation layers of the device, the energy
spectrum is broadened near the Bragg peak of the proton direct ionization, and the energy is deposited concentratedly
into the sensitive volume through direct ionization. When the proton energy is too high or too low, the energy can not be
deposited effectively into the sensitive volume through direct ionization. The energy spectrum straggling of low-energy
protons due to the use of degrader has a large influence on the height and width of the single event upset cross section
peak. Moreover, the contribution of low protons to the space proton single event upset rate is predicted for GEO orbit
environment in the worst day environment. It shows that the direct ionization from low energy dominates the proton
single event upset rate in the space in 65 nm SRAM. With the development of device technology, the critical charge of
single event upset will be further reduced; and to the single event upset from low proton direct ionization more attention

must be paid in the study and evaluation of single event effect.

Keywords: low energy proton, nanometer static random access memory, single event upsets, direct
ionization
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