) 32 % 3R Acta Phys. Sin. Vol. 72, No. 3 (2023) 036101

PR Xt 28 nm SRAM B F & L #5E By 52 "

LA ZFuart

(PYACAZEARBTETT, B bk i 2R3

KRAF  E

PSR E R SR, P%E 710024)

(2022 4£ 9 A 5 HkE; 2022 4F 9 H 30 BYLEIENH)

BT REE T, AREAE RS /N B 32 fh A1 75 2O SRR 728007 Fi i AT 4R ML o 9 52 o, 76 b 50 HI-13
FRF IR & L IF R T 28 nm # S HLAE A 5 (SRAM) 3525 OB 2500 7 IR SE IR A 5, 3RAS TR R £
PERE e B (LET) {8 5 & 735 BN T 09 8 1 o g 1 SOk 77 Bl 00 . 2260 B 77 0 LE R 22 2 J % 31 b
K, 95 65 nm SRAM 5250 80 HE47 LU XT, 4387 T 28 nm SRAM B 7 BURL 7 27 B Y BEHL I . 25 L%
1, TERAAE RO I/ | AR g TR R AR A I 3 T, e T B PR 0 0 (L0, O F0 2 A v ) S
i, 200 BEE o LR R, AN EDE AT Ik n 47 <3 51, HL5 B WP A FF 0, 2545 28 nm SRAM A 4 Jm) B4 fis A
TR R AT AR BIL ] B2 0, 23 B B M B 977 A2 DT N BIF N p 28 < T - SR A -~ S A ) e iy 3 =2 i S S

R T B AR AL

KEEIR: ZOLEIEE, MR T B KO, T, RLATCER

PACS: 61.80.Jh, 85.30.Pq, 73.40.Lq

1 5

AP, B R R BER A R R R
WA FE R RIS AGORRE S, BT
FEIE R 1980 N B T AR R R BEAIG, A5 88 2k
PR P S FL R (R TRRATS, TR 2
B D R H At 2 A B, e AR B
50BN S57o0 NG B %4 NN S [T 1 (1 R e
AN AP p e w e A S e C R R A
T Z A BFE (multiple cell upset, MCU) UM
W hn, e SR80 A A AL A . ©
AMIIFEN AT T 4045 65, 40 F1 32 nm FEAFA]
FRIE RS 9 oK S 22000 B W) BEAILER A A5 110,
Narasimham %5 (U AifF 5% 1 i B HL 06 BB A1 = BIF
28 nm FABEYLAZERT (SRAM) HURLT-Z 07 Bl
H s, 25 SRR = BF SRAM A9 T AR T

il

DOI: 10.7498/aps.72.20221742

YERL T 9 2 0f BRI/ N T U SRAM;; Jeffrey
B SE TR LET 5 &1 A S B XF 28 nm
SRAM Z v B W2, WEIH T 207 B AN S
BT LET Hf %, B 5B THARPILEA K Anna
S8 V0B X IR B X6 22 A7 B U E B S ), TR R T
65 nm SRAM & 2 BiFE St o, LR
JEE T 3 23 0 B N R0 i A R K, (AR 2R N
B A B A RN, 4 T REE RGN, B
1) 227 R A BEURRMERG R I P % TP 45 10 i T
BRI 65 nm SRAM 2o BlL 52, 42 1
SR VI RE 5 25 TR B ubr 1 BHA% A, SR RE
BT AR e T A

Bl 25 B AR SRS/, 28 nm SRAM
F4) IR e A 5 2 42 P R ST A A A TR 4
Je BHEAE Ml A . A S 32 BT XA AE R ST/ | B
fih A5 S5 77 2 A AR A S 75 X B 3R  FL A LB L
=BT B, AN [ AR R gk B 220

* ER G RPIARE ST ORI S 11690043, 11690040) ¥ Bh 4GS

t BIEVE#E . E-mail: luoyinhong@nint.ac.cn
©2023 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

036101-1


http://doi.org/10.7498/aps.72.20221742
mailto:luoyinhong@nint.ac.cn
mailto:luoyinhong@nint.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 72, No. 3 (2023) 036101

SN Z (AR A7 AE 25 555 ), ZEboe HI-13
GIfnEEs IR T 28 nm SRAM 5B 1Bk 144
4R BB SEEGAFSY, 375 65 nm SRAM 5256 2% 5 iF
FIXF L, G4 R A Je A Ee fng ACEE AL o %o S 96 4
T THRA BT

2.1 KM
S5 T A 44  — B 28 nm HKMG (high-k

metal gate) TG SRAM, 254 128 kbit,
BASFATHAE R 8 bit, kBRI 14 bit, fy Ak
AL 1O, WAZSIC TAEREN 0.9 V, 10 H
TR 1.8 V. 3£ 145 AT H 28 nm SRAM
%ﬂﬁﬁﬁf FL i 65 nm SRAM [UF 280 B 14
Ko F B ol A B s L, W LLE 3
65 nm SRAM R HI i J& 1> SRAM Tl & —
A B4 i %) 0t <7 B 4 b A7 i, 28 nm SRAM R ]
U2 21> SRAM BT — > Bz fik 1) 42 Jry B
PEfAT L.

F 1 MESRAM # S H0T
Table 1. Key parameters of the 28 nm SRAM and

65 nm SRAM for comparison.

Wk SRAMEIT  THE e,
SR Rsb/pm? mE/NV o T

B il A

65 nm . N

GRAM 122X0.526 12 256 kbit sz B

28 nm .

Gray  098x027 09 128 kbit  &JmBFEfh
(b) [ SRAM cell I Well contact

Kl 1 (a) 65 nm SRAM Bf4%fil 47 5 ; (b) 28 nm SRAM Bf
2 i A7

Fig. 1. Well contact placement of 65 nm SRAM (a) and
28 nm SRAM (b).

2.2 SWTEA

28 nm SRAM Hi & 55 F S50 7 b [ i1 RE
Bl oebe HI-13 19 ds bk 17, HI-13 AJ LA
At LET J5 HI£E 0.0176—80.9 MeV-cm?mg ! Y
TH-—197Aw KRR, 2 AT 55 RS 1 B0 1 (i 5]
VLRI T AT R 2R PERE A RS (LET) (HAY B TR
KM TREE. £ 2 4y AR SEI R 4 B Es 7 LA
KB FREAAH RN ) LET {A.

# 2 SPTHRE TR RS
Table 2.  Ion species and parameters used in the experi-

ment.

BT feitjMev [ RELETE o RbE

/(MeV-cm?>mg™) 7 /um
78 1.8 122
F 100 44 2.7
Si 135 9.3 50.7
I 283 65.6 30.0

2.3 M REZEERMKFE

S 50t FH 1% BR800 0 3K R G P A R
FPGA 324 LA B 1 A5 BL 0 38 2 1 =350 43 21 .
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AT ; FPGA 304 W) = 22 F 157 U 5 14 )
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SEHAT, BT LMK R R E R R, MRS
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R O 2o B ;BT R A S 3 BLARIE
FEAS R R, SRAM B0 1Y B AL KU N T 05
BN 0.01%, BLEE“Bh” 200 BiFE % A AR /N
T 0.1%; ML R G, RAFLIEIE, I A
AR
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%, BB E 2 fios.

SpibEE | SNEUE T

] MR
Bl
e
i 2o
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L abaiig

2 28 nm SRAM Z {3 Bl % K 3 OB 3 i 2 ]
Fig. 2. Flow diagram of 28 nm SRAM MCU extract pro-

gram.
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Fig. 3. Single event upset (SEU) cross section of 28 nm
SRAM heavy ion experiment.

109 cm?/bit, FHFEEI{EH 0.3 MeV-cm*mg ! B
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i E AH A, 65 nm SRAM F4 8 551 Bks 13 51
A E W AE LET =~ 35 MeV-cm?mg * Iif A4 #E A
ThLAL

3.2 ZUBMFEASEREHER
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%%, 65 nm SRAM 7 LET = 4.2 MeV-cm?mg !
B A B A B, X R BA LT 65 nm SRAM,
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Fig. 4. The MCU ratio of 65 nm SRAM (a) and 28 nm
SRAM (b).
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28 nm SRAM Hui T2 $lF% LET BIEFEAR. N
ZAr WL T 5 LSRR, BEE A ST E - LET Hi1
I, P a1 0 20 B 1 o LA i o, H
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(LET < 1.73 MeV-cm2mg ') ASE, T Hoi it
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¥ LET EHE T (1.73 MeV-cm?>mg ' < LET
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W, NS E AT R, DR Ea K,
PO B B 07, S A DR A R A X AN Y R
for o A LAGE OSBRI E B B
SRAM H.IT 1 R Al X WA, 25 B0 Fr o 1) e
BZHIE .

= LET # & ¥ (9.3 MeV-cm*>mg ! < LET)
NG, BT AT DL i g e A KR s X
Xt, 255 B S G, T B A SRS
B A FIE I, X T/ N R R, A A
BRI ™ FE 255 [k 10 DA E Y SRAM H
TG B 18,
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Kl 6 45 BT A ST SRAM %814 A [A) o7 B Y
AR EL R FAE T BT A S SRAM OGS
NMOS g A F/— P B, i, 8 7E G
NS 107 B 7 A B OB far, ASAAT DA BLRER I
M T TR PSS SRAM BT, i 2l i
P EE R R T B 18 B0 SRAM BT, £ 43
AR NEDE 3 5 BB T R n AT %2 511
JEAR; 1 N BF b I 5 F P {0 — 4~ SRAM B2
TCIEAS p B & B - A Y- 21k (PMOS) i
T, DU AT E Y BOVE A RERE VT B 7 [ 1)
A~ SRAM BT, 2 B4 EDE 8 5 2 Iy
B B n A5 x 1 1 AGTEAR. 65 nm SRAM 2%

MCU (6)  MCU (8)
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MCU (3)  MCU (5)

ﬁE

K5 HETRRT UMM ES
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MCU (7)
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(a) 65 nm SRAM; (b) 28 nm SRAM

Fig. 5. The MCU topological patterns of 65 nm SRAM (a) and 28 nm SRAM (b).
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FHA ST B AR A, B8 7 A SIMELLS | R 3
XU RN, Fe 20 B NETE 2 30 1 3R L A
TS n A7 x 1 HIH nf7x2 FI TR, IF
HA SR 5 28 nm SRAM B LET &5
T2 B N EDE | R RE R o7 4k 22 3 30
n A1 x1 A n A7 %2 FIATEAR.

T W MOSTIX

(A Flﬁ””-Ti”*mr’-f-’lﬁ’”i‘
ﬁl [ ] | ] [ ] 1

! N ] i [ I i I [] l}
}—-————4 »1 ol
B |
| | BEall Fiadl
2 r<2#r A mmamn
RILER H R M RLEN |
5 W[ By mim 4k WAEE N
P-well P-well P-well P-well
N-well N-well N-well

Kl 6 BSF AS SRAM #fv E R 35 K
Fig. 6. Ion incident position on the SRAM cell surface.

M LET HEER I BF ASE, 28 nm SRAM
(A0 B ANEIE M BL T n 47 <3 IR, 4>
Mr& i T 28 nm SRAM $5AE RSP/, 28 112
07 L AR SRR B R AR 5 | A ) B Fi AR o] LA
KR T HOE B L FERTE, OB R AT AT L
YRS B BE T 1 B =4 SRAM B C i 4. 65 nm
SRAM Z v B INEIE |, tim LET 1 1 B+
R B A B ENEE e KON 4 172 81, 454
65 nm SRAM 50 RF 3153 AT ML g 4 5 52
W2 AR 2K 0.79 pm. 65 nm SRAM 14 P Bif 5 i
9 0.98 pum, N BFFEE R 0.57 pm, ASE FEd
TE 24 BB, DURRAEAT P B P 4 H X LA 3R ik
P bk A Bk B RELIX YR, DR ZE
P B P4 114 H far A5 AR 22 SRAM. BT 2 Al X
W IR & B, X 15 65 nm SRAM HLooHi$h
BB AR n 17 x3 FIUIEIR. 28 nm SRAM £
BN ANEIE T, s LET W T FisANZ
LB AN e KRR 517 <2581, 454 28 nm
SRAM [ 5o RS AT B ) U e AR 29
A 0.54 pm. 28 nm SRAM A9 P BESEEE A 0.37 pm,
N BESERE A 0.21 pm, ASFESFREdAE 2407 B,
UUBTE 2407 B A0 P BiFp oA il R s &2 5 1
T2 HUEIAHAE SRAM HIT A 5 B A9 N BRI,
7E P Bk /N BFRERZ AT, N BRI,

FEON B BF R R R AL, fil k25 A SRR
N, Bl A B B LAY SRAM BATT K A= Bl ; 1
DURLTE 247 B 2200 P BIF P B4 R 47 e 2 4 22 il
SRAM FIC R NMOS e IX IdE, & FEH$h
I SLBE n A7 x 3 FIATTEAR.

4.3 BRTIEHERE

& 5(b) Y 28 nm SRAM 7 & LET E &+
NG I 20 AR NEDE SRR R, 5
M i T SRAM HIC N &S PMOS 48 Z 8] 1Y 75 4=
U R 88007 5 4 ML 5 | & 1) B - B A Pk
52 119-22] 11T 65 nm SRAM % FH (4200 ~7 B4 fik
A RO 3K, BT TR B A TR S 2 h B
T2 A g DI b st LA A A U TR 850
1M 28 nm SRAM R FH 1952 42 J=y B 42 fish 1) A il
K, 24> SRAM oot —~ B, ‘FB0TRR7E
B 11 Al ey JE ik PR i, SRAM SR ITAE & A i
)5, b F [ — N BRI 2EZS PMOS (35— 1K #H
FERTATEAR) Bl P il 2 2 A SRR 800, SRAM
BT R KA E . B R

Bl 7 H—4 6 T SRAM H.JT Y L % 4544 &
Hrfr, P1, P2, N1, N2 43 50 41 B SRAM HIT
AN AE SR AR ZS ) PMOS 45 Fi NMOS 4,
A AR 7R 3 i NMOS £ 548 N3 Fil N4 4351 3%
BE B (MZR) A BL (L AM£R), 1550 %8 o R )
H WL (74k) #&iil, BITPIiRE R Q SR
(Vanp), QA (Vpp). MEEF &G 7E N B
OGS P TR XIS, 776 N B R g iR
TP N BRI, BN BRI, 51 LB
HL BRI, 4 N B3R A R B — o R I, AN -
N -t = (8] 08 27 A i AR T I, fih & 25 A2 Sk
FRREEN, Q f I H g N R, Q S
ok R O, SRAM BT & AE B, I P2
R RS HUR PMOS. T 28 nm SRAM R4
SRy B Ml A A O 3, RECUURRAE N B P £ B
TCT PR b AT B A g T S, N R PN ) B i B
Pesh S Frek i K mt ). BLit, P2 /E AU PMOS
3 3o A A RO AR ARG R AT H e Y B, SRAML B
TG HL K 14 Q s5URT Q 55,2 [] B Ak~ AT v FLSF- 1)
“H AR 232 E B RS AR
TCIR A B HER SRR T P1LA P24 [ A7 AW
AR RGN W B A H far i, 5 P1 A IS A L A
HRT P24, W SRAM ¥ oC{Uk 4= T ¥k 7 &l
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B P2 EWUER B MR KT P, WIRA T
B PR

B Vann BL

BT ORI % AR OS2 AE SRAM H % BT Y 1) 7= A il
Fig. 7. SEU recovery generation process in SRAM circuit.
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Py bk Y WESR O AR, KA T A SR T A A
T 25 B NEDE R 2050 B 4 L A S Sk
W, 45 A E R DB BT - R4 A fap Y B L
i, XL A R AT 1o

SR AE IR, FRIE RS BN DA S T AR L A
(IR, 2 BRI R 70 A% L R 488 T R 8 1)
(EFEAR, HAER F AR w5 | L fr 4 HOR 27 A2 XU
R PYSERIVEHTS, B AT S 520 1) SRAM H
TCEEIN 2, S LB LIRS G SR T AR
FERMAT Y 28 nm SRAM Hh 25 A= XUH TR 4500 4
58, & LET 255 A S 20 B b e 3 1
n A7 x3 FIIEAR, A5 [F—F 57 N 20 kA
MBU (multiple bit upsets) FHERIE N, XF LR
Jill 3 EDAC (error detection and correction) fY
IEIH ARG 78T PRI EEK ;2 A RO R 3%
O] B LT A RS, S R P A A R
IRAICN A1 ) B R S ARk — i 04 o ] L
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Influences of well contact on multiple-cell
upsets in 28 nm SRAM"
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(State Key Laboratory of Intense Pulsed Radiation Simulation and Effect, Northwest
Institute of Nuclear Technology, Xi’an 710024, China)

( Received 5 September 2022; revised manuscript received 30 September 2022 )

Abstract

In order to study the effects of the feature size reduction and well contact placement on the
characterization of topology patterns and the charge collection mechanism of device heavy ion single event
multiple upset on a nanometer scale, the heavy ion single event effect experiment on the domestic 28 nm static
random-access memory (SRAM) is carried out on the experimental platform of HI-13 heavy ion accelerator in
Beijing. Based on the mapping relationship between the logical address and physical address of the device, the
experimental data are processed, and the 28 nm SRAM heavy ion single event upset cross section curves,
multiple upset percentage, and multiple upset topology patterns are obtained. The results are compared with
those of heavy ion single event effect experiments in 65 nm SRAM, showing that under the influences of factors
such as feature size reduction and lower operating voltage, the heavy ion single event upset threshold and the
bit upset saturation cross section of 28 nm SRAM decrease significantly. In the direction perpendicular to the
well, owing to the reduced 28 nm SRAM feature size, even if the single nucleon energy of the incident high LET
(linear energy transfer) heavy ion is low, its deposited charge is sufficient to affect the three SRAM cells across
the well direction due to the combined effect of ion track coverage, well potential modulation caused by the
parasitic bipolar amplification effect and carrier diffusion, resulting in the fact that the 28 nm SRAM topology
pattern has a shape of n rows x 3 columns, which poses new challenges and requirements for the anti-radiation
hardened technology with scrubbing and EDAC (error detection and correction). Owing to the global well
contact deployment, the charge deposited by the incident ions in the well far away from the well contact is
difficult to discharge quickly, and the parasitic bipolar amplification effect lasts longer. The charge sharing
competition between two p-channel metal oxide semiconductor in SRAM cell causes the single event upset
recovery, which is the fundamental reason why the discontinuity of multiple upset topology pattern appears in
28 nm SRAM. This study provides a new anti-radiation hardened idea for suppressing the single event upset by

using the parasitic bipolar amplification in the future.
Keywords: multiple cell upset, single event upset recovery, heavy ion, charge collection
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