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Verification of single event effect mitigation for typical application on flip-chip
SRAM-based FPGA by using heavy ions

ZHANG Qingxiang, LI Yancun, JIA Xiaoyu, WANG Ying, ZHENG Yuzhan, QIN Shanshan, CAI Zhenbo
(Institute of Spacecraft System Engineering, China Academy of Space Technology, Beijing 100094, China)

Abstract: Linear Energy Transfer(LET) of heavy ion must be calculated in verification test especially
for flip-chip Static Random Access Memory(SRAM)-based Field Programmable Gate Array(FPGA), in which
the heavy ions must cross through several hundred micrometer of silicon substrate before reaching the
sensitive volume. Single event effect mitigation of typical application on flip-chip SRAM-based FPGA is
verified by using 55 MeV/p’*Ni ions accelerated by Heavy lons Research Facility in Lanzhou(HIRFL).The
LET of **Ni ions is calculated by Stopping Range lons Matter(SRIM), FLUktuierendeKAskade(FLUKA) and
Geometry and Tracking(GEANT) software tools and the differences are analyzed. The LET of several typical
ions calculated by using SRIM also are compared with that measured by B-TOF(Magnetic Time-of-Flight)
method. It is suggested that LET calculation method or software tools should be specified(especially for
high energy ions), as LET is a major Figure of Merit(FOM) of single event effect sensitivity.

Keywords: Stopping Range lons Matter-based Field Programmable Gate Array; flip-chip; single event

effect; heavy ions; Linear Energy Transfer
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Table2 LET calculated with different methods(the substrate thickness is 80 pm)

GEANT4
G4ionlonisation G4hlonisation
LET/(MeV-cm>mg™) 17.3(10% error) 15.88 16.7 12.69 14.85

FAATEY R R BRSO E R BE R . MR RRME A G . TR B AR R & 44 . SRIM2000 2 — 5
TRFERP LI ENRR ), ol LTk 5 B F et A1 F 58 . SRIM2000 (045 2 M. a) PHILGE S ST
FERLHORRL -5 W 5 R BAE A0 52 R ARSI 56 1 SR n] DL 4 Hh Fl B AL IR A S B Y B 1k AR 45 DL A
PR RE s b) AT DA MR IR BRI RE 4k, #F — 20 AT AR BT 6 R P& A4S b B 4 BE TR L 7 1Y
. A SRIM2000 AT DA - 28 o A7 FRJEE BE M REG 1T 34 e f 4012, DA I 45 210K b7 1~ 8 o R (IR 3] — 2 (BT
A RERE Y JEEEE . SRIM2000 S H i 9 2+ LET (M43 TR,

GEANT4 2 it i 100 17 i A% 4 BRI (=5 e 9 B 24 0T & (U BLRURE T 76 B P B i 52 ke R B T A, A0 0e
B 453k H CERN(European Organization for Nuclear Research), %27 I & W4 X 2 H TG4y #scu, (2 B wiH
MmOy A AR, B RICY ARSI B 5k, BT GEANT4 J& ESA T 1 4 & 5 1% i 43 #r
BRI S KT, GEANT4S #i A 04 Bt B2 M 7 3 Pev & 4%, HIIBEAE SR F 343, 258l T HETC(High-Energy
Transport Code)#ll CHEISHA(Gamma Hadron Electron Interaction Showers), 7B @ /E 4>, 251l Penelope F# 7l
() — 43, A% SN EiE AT RE SR FH A0 508 P22 v 9 48 1 M - GEANT4 58 40 B FH A 78 AT LA A 5+ AH B /R H
e B R T R AE SR R, AT DL T VT A A5 1 0 R S A 5 A R 2 DR A IR AR R B, DR AT DL I
SHIELDSOE 2 Jill 7] & (A5 K 7% PN 30 A0 48 I 2R 5% . GEANT4 193 KL T IR (GPS) 1] LA J5 {8 b /g X 25 [8) 3 5% ] 4t
FSE, B ASHAE, BRI A4 XTI BRI ] DU GEANT4 BN &R CHR R s &
XML (eXtensible Markup Language)i& & ¥ & X, GEANT4 A 2 4 BRI 558 1 A0 i1 85 BE . G4ionlonisation
G4hlonisation, ' G4ionlonisation F T 318 dfaf KT 1 A IE B FAYHE Z fE, G4hlonisation AL T & HLFAHY™
AR X 2 AMEERIVER AT LA SR B R B T A R e

LET calculated method accelerator SRIM FLUKA




988 AMZBMFERFRERER 514 %

FLUKA J& 37 1 48 W B 52 R U b e dp 1 BB A 1 ) B R o8 e SR A — R A v, AL T 2%
&l EGS4 Y A R A1 A SRR P, A — A~ ELAT 7T A7 B B J2E {1 4 4% - 8] BB it 1 = 8 & 2B 9 - NASA(E B K JR))
P I 08 BT & — AN 4R O 3k T 52 R R 4R BTG R Y, T s ) BR S IR B AP FLUKA B VR LA RE SR 2 —
T DPMIET(2.5 & 3)F T4 35 GeV/A~5 GeV/A B VI E R FZ RIMHEAE A NI EA LA B
K Fl CERN JF % iy ROOT # {4, # 2 n] LA #1 NASA H #i 1E 76 i F§ i BRYNTRN(Baryon transport
model)/HZETRN(heavy-ion transport model)3 #2 ¢ —FE, T LLXt %S [8] BR 5% A (%) 56 59 Bf e - A7 B 48008 . 34
HbERBUTE AU R RS A ()l R, H BRI, L KR AT R R M AR BT, nT T A AR A A AT
510 6 o 235 i) 3 2 B I A e o v A S 5 R A

M 2 FJLIAE i, GEANT4 7RG HiT5E b i 2 { AT BOR FH A% RN A AY SR e 4% 17 2% 1 8 Fad R 1Y
G4hlonisation f%, LET {HN 14.85 MeV-cm”mg ', MR b Rl () FLUKA 40 LET {HN
16.7 MeV-cm®mg ', 5% HA LET ik fF SRIM FIFLHAY LET {6 15.88 MeV-cm®mg ' Rl #% 45 H 1)
17.3 MeV/mg/em® 45 .3 2 5, W RN I LET KM 2ZE 8T 30%. RIS s 25 45 /9 LET {4
WETE 10%03% 25 (15.57 MeV-cm®mg '~19.03 MeV-cm®mg '), 1152 1 T B R 00 2 10 #4000 1 (8 204 o o 1
INEFE bR, X EER LET 1507 1 A% 22 AR Kok

4.2 SRIM2000 £ #i R 5K B EHIRZE 2r

—f&iAh SRIM LAY LET fHMIRZEXiER KT _
2 MeV/p BTN + 5%, Xt 0.2 MeV/p~2 MeV/p 2 fil e
(4 88 Fi5 2230 B W + 10%(95% & {5 ), Brookhaven [ % :
52 8 5 A S T B B G5 2 A 19 O 18 T & 4wt Z SR——
I MeV/u~10 MeV/p fI T 85 719 LET #6477 6, R 805 = T S
SRIM 153 25 5L 4 22 513 il #F —4%~8% 22 ] 1)

Sk TR AN [ Jon s AR AT A BB 2500 3 5 ERH 0 200 200 T300

, s s b A S oAl B . energy/MeV

MM 2005 F (RBADCI00S B (TATF T ™ Coopem oD LET ot by Sx i b
B2 R RS TR 4 TR A R i — 5 Bi BT SRIM T8 LET -5 550 (E 1Y LK
A Bk LET (. R Ak 2 BR 25 Jmy i 2 45 R R
F B-TOF(Magnetic Time-Of-Flight)#: %} 2% 2 RADEF Jill
AR P Xe M Kr BT LET ik f7 7 &, 2}
SRIM2000 F15 1 2 FiE 79 LET (9 Sit Sl 47 1 e
g, el s ME 6 in. WEIHRTLIEH, 7ERREEL -
SRIM S5 B E4F 4 AR 45, B 7 5 REBE 2 Pl F A0 BT (L 5 29
I 2R . X T BB T RS AEE A L =
RS, (A8, me T K, B
SRS, SRR SR (L, (A M 4 7 (8 T,
W Em2Ems /N, N ERLESRE, @i LET 0 T T )
% Wit 5 ﬁ{i 5 %Vzﬁ{,ﬁﬁ ERRY IR i; %Ej"] jS/J\ 5 Fig.6 Comparison of 8“IZ[rlerI%}]:Z/¥eZalculated by SRIM with
BRI G, 152 25 MR A Dt DR R ke = R Al 5 0 A9 o measured by B-TOF(Magnetic Time-Of-Flight) method
43 SIS A R iR 6 “Kr #F SRIM 5420 LET (i 5 3250 (A b4

WA 3 em W oIl M E IES] H 2K % 3 R[] LET {E7= 2k — Ao Tk
S 3N MR 4 HEE R 4010 MeV, 7E Al F 52 Table13 Fluence per single event effect for different LETs
%157 mm. N T E— B £ B O BUR K Y LET thickness of)Al folis/um LET/(MeS\.ggmz-mg") ﬂl;%r;ce
B, MRKIGRERE A g JE 0L 2% 7Y S By 4 o7 A8 hood Rt 1
Bryohaeh Wi o0, oM SRR Bk, R 1300 1425 76
R RE A S R AU ULER ) JL K T RE A W, i 0 o 2 }328 g; 17

A1 I RE P BT AG TR R R AE RS F R BURE . Bk
£ 3 R,



55 6 40 ok R % . {535 SRAM B FPGA Bh F 3 M B 3% 1T I8 4F 989

R B Dl R Fh W7 R 15 A N SRR T Nl R AR B A, RIS AR5 R D RE T A A AR [R], in ELAH
Mz, BEEEEAE X EAG TR R . KEEEER 1o, Ba5lk 1 WIRET ZR FHH M &5 X A ERYS
TR

2y n; — 2> n,

————sN=<s—

X1 (21) Ko (21)
Xf: NIEGRIIAE R IR P8O 5 r SRR, X AU 1R n e 5 RS § SR A SR OH
& 3 OR[E LET {8 T 38789 3 H 1 ) 68 rb b i m S HoaR 22 e 7 s .

1£ 5 MeV-cm®mg '~25 MeV-ecm’mg ' 2 [a], % 550 Ji |1 SRAM % FPGA 1t & [X (1% B 5% 4 1 58 K 1 — i

G, EAR VI W B A ShRE Wy, BRI IE TIRZE LG, YA b B A B O A R —RERE LET {6 W
WK, HZEE 10 MeV-em®mg ™ (T B R E T M. HATH THZ 28R, mR X it emes, )
S M LLN 2 FHE#ATUISE, a) ASCHIER LET B4R 25 b) 76 i e B 1300 b i 6 W 9 1% 25 o BRI
B B SR B, A — 2B U R FH R AR R T BE R Y BRI Y BRI S, Z B LET EiF
TE N Z2 R0 R R A B2, 75 250 i 3 58 20 19 2 M AT 5T .

(1)

5 i

dynamic cross section
10°

7 PR R 22 N B i e R Y
4.06 GeV K *Ni B TIF R T 3T E2E M 550 97
I'] Xilinx SRAM %I FPGA 2 (1) & 4t 5ki 1%L i
B 37 355 R ) 3G IE o FH 22 il o0 B O i ke 22 0 R R e
A AR R A RS B LET [EiEfr TiHE, 5
ESI N W R S A G A O R <o I -
SRIM,FLUKA 1 GEANT4 %% F 5 ) LET 1t

10"

upset cross section/ (1/cm? device)
s o
$
'W
i
* ]
el
+
"

SHTEAER %], HRS IR T LET (5958 1 M— " " —
e R 25, 25 5B T AR AT 1 L

— N N . 1g. mgle event error and Cross section 11rreren S
FEl PN SR FH 2% N B5 B 5 2% AN b 5T AR A0 i | £ [g7g JRIR] LET {8 F M8 7 R 50 6 i R EL i 2

B TT R OB RON ISy, HORJH LET HR{EAR

R i PE R T RON U RIE SRR E OL T, O TR B, B BCE RO AT e, WS — LET (U H 2 S
REBOMITTE . Mt s 7k, i TRRATIVRE, R, JUHZEXE S, LET MM
BAHERER, H I A R nl BE X 06 25 R R, N T R IR AR 23 BT FIBE S

Brigf

SR T B e A BT B SR SO B B L IR SE 5L L AN AT B3 B LR AR ALk i B £ 8t B O (8
SRR e ] 253 1] B AR B 5 B PG 22 43 e S B B TR B B L e B AT R0 R A5 e I v Y B B RN SR

S E 3k

[1] JAVANAINEN T,MALKIEWICZ J,PERKOWSKI,et.al. Linear Energy Transfer of heavy ions in silicon[]J]. IEEE Transactions
on nuclear science, 2007,54(4):58-1162.

[2] ZHANG Jingjing,CHEN Jia,WAN Min. A novel SRAM test method based on embedded implementation on FPGA[]]. Journal of
Terahertz Science and Electronic Information Technology, 2015,13(2):352-356.

[3] New Millennium Program(NMP) Space Environments on Electronic Components Guidelines[Z]. petkov, 2003.

[4] BSKPCHE. B HIRFL AL 2 S 0K 4% 15 50k 7 2500 SO (19 BIF 52 (D], b 5t v 16 RE 2 g 3 A 9 BT 5 i, 2002.
(ZHANG Qingxiang. Investigation on single event effect sensitivity evaluation of space electronics by using heavy ions
accelerated by HIRFL[D]. Beijing:Institute of Modern Physics,Chinese Academy of Sciences, 2002.)

[51 SKRIRHE. DCHl &8 R Gl a8 15 25 6] 5 S 2800, ik 0 — R AEL | s O 5 A 23 ) TR AT I [ D], b st b B B B
=5 [B B} 24 5 W BF 58 A o0, 2004. (ZHANG Qingxiang. Investigation on space environment effect on photonics and
microelectronics — numerical simulation,experimental study and flight test{D]. Beijing:National Space Science Center,CAS,

2004.)



990 KMZMESEFEEFR 5514 %

[6] JAMES F,ZIEGLER M D,ZIEGLER,et al. SRIM —the stopping and range of ions in matter[J]. Nuclear Instruments and
Methods in Physics Research, 2010,267(11):1818-1823.

[7] KORKUT H,KORKUT T. Evaluation of 500 keV proton irradiation of bilayer graphene on SiC by the use of SRIM code, a
Monte Carlo simulation method for stopping and range of ions in matter[J]. ] Radioanal Nucl Chem, 2014,299(1):13-17.

[8] KRYLOV A,PARAIPANM,Sobolevsky N,et al. GEANT4, MCNPX, and SHIELD code comparison concerning relativistic
heavy ion interaction with matter[J]. Physics of Particles and Nuclei Letters, 2014,11(4):549-551.

[9] ALFREDO Ferrari,PAOLA R Sala,ALBERTO Fass,et al. Fluka:a multi-particle transport code[Z]. CERN-2005-010
INFN TC 05/11SLAC-R-773, 2005.

[10] ARTO Javanainen,WLADYSLAW Henryk Trzaska,RENO Harboe-Serensen,et al. Semi-empirical LET descriptions of
heavy ions used in the european component irradiation facilities[J]. IEEE Transactions on Nuclear Science, 2010,57(4):
1946-1949 .

[11] ZAJIC V,THIEBERGER P. Heavy ions linear energy transfer measurements during single event testing of electronic
devices[J]. IEEE Transactions on Nuclear Science, 1999,46(1):59-69.

EE= A

KERFE(1971-), B, HMNEAEEEA, EHEFEA983-), H, WHREAREZHA, Wi+,
W, BT 6, EEHEEE T 1845 8] 58 8RN TREON, =BT )5S (B 4R k8 . R BS T
. ,;':' T K 2% BT 48 50 5 32 R .email:zhangqgingxiang 8 S 0 I A A

- (@cast.cn.
“ EEEF(1989-), B, WA MREA, Bit, T
TR, F BB E 7 160 9 25 L4 AR IR . 0 T 2 i 4
T OG(1982-), o, WAL Wb, FYT R, ASITE SR
TG T7 1 S 2 DAL S AR . A B [ AR EWB(1982-), L. WA, Wt TR,
RER(19820). 5. ZHATMHATA, B4, FEH ;iﬂﬁﬁﬁﬁs@%%ﬂm\M%%h%%mﬁ
552 [ FR 0 KAV . BOAR S0 EEER R B8 s A R '
it TAE. BERKRO19ITI, B, mTmA, ARG, FE
T A T 28 2 1) BR s BN M L TR S S
FWF 52 TAE.

(E42%5 984 1)

[7] INE = A2 AR2EE. “FHS7 A5 EMP B E 8 A S BRI #8553 HR, 2000,20(6):461-464.
(SUN Beiyun,ZHOU Yan,ZHENG Zhenxin,et al. Transient computation for spring-thunder bounded-wave EMP simulator[]].
Nuclear Electronics & Detection Technology, 2000,20(6):461-464.)

EE= A
BWRLL0982-), B, wEEAKATA, TEM, £% B (19785, B, XKW A, RIFR A, B
M ik vh 3 R B R BF 5F .email:xielinshen@nint.ac.cn. 3505 1] M ik o R R

2 W(1985-), B, WAdbEEH T, BiHE
LB, WA ) M ik b D R AR

Ay



