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Abstract: To investigate the effects of atmospheric neutron radiation effects on a system-in-package

(SiP) device, single event upset (SEU) and single event functional interruption (SEFI) were focused on
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in the experiment. Correlations between these effects and experimental parameters were found and the
reasons for these correlations were analyzed. The accelerated irradiation experiment of a SiP device was
conducted based on the atmospheric neutron irradiation spectrometer. The experiment observed the
effects of SEU and SEFI caused by neutrons. SEUs are found in the static random access memory
(SRAM) module of the digital signal processor (DSP) and the block random access memory (BRAM)
module inside the field programmable gate array (FPGA). SEFI errors are primarily program crashes
and DSP state machine freezes. The SEU cross section caused by neutrons was calculated, and the
effects of process nodes and neutron beam energy spectrum on the SEU cross section were analyzed. As
the process node decreases from 40 nm to 28 nm, the U-SEU cross section reduces by 73%. Thermal
neutrons significantly impacts the SEU cross section of SRAM. After filtering thermal neutron
components from the neutron beam, the SRAM SEU cross section decreases by 28.8%. The
experimental results were analyzed through simulations performed using GEANT4, a particle transport
and interaction modeling software. The simulated results provide essential insights into the underlying
mechanisms contributing to the lower SEU cross section observed in the experimental. The soft error
rate at New York sea level was calculated, revealing that the BRAM inside the FPGA was the most
SEU-sensitive module, with a soft error rate of 766.8 FIT/Mb due to high-energy neutrons (E>1 MeV).
This finding emphasizes the necessity for error correction codes (ECC) or redundancy techniques to
mitigate potential SEUs in critical memory devices. No SEUs are found in DDR2 SDRAM, CLB, or
ROM inside the FPGA. This resilience may stem from architectural design or test capacity. The DSP is
found to be the most SEFI-sensitive module. Overall, the experimental data serve as a critical resource
for guiding the design and development of SiP devices with improved resistance to neutron-induced
radiation effects. The insights derived from this study are invaluable for advancing the reliability and
performance of semiconductor devices operating in neutron radiation environments.
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Table 1 ICs information in SiP
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Table 2 Thermal neutron induced SEU calculated results
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KA FARTESF R X ™A T FE 1
TR B9 R TR TE RS T A R
X AR RN T RE R UURR . D B, SR
20 SR R B X R R B ) ok 2 20 173 4,
T 2 1 4 SR IXC b R B 8 ok 2k
7083 4>, AL, SEERAH SRR R R AR R
%, XN B,C AMUBEFF T 1, L REtRfb =
e . MWEIRMEER O MEE, M/ AEm ik
K FHIRER R T 0.1 MeV i, i B ZH #8300 3] ) —
YR B i 22 T S 4 5 S 56 2H PR B 1) Ok
FHRERET M T/NT 0.1 MeV By IX [i], X % B
B,C A RBFM T AL G, X B2 F0



1162

FETRERAHAR 5ok

T = XL
3236 o LA
10°
R
=0
10!
1
10° . N
00 05 10 15 20 25 30 35 40

E/MeV
B9 i R ™ A i ok T g s TR
Fig.9 Energy deposition of secondary particles
generated in sensitive volume of device

B R TAE 3.5~4 MeV BEHE X 8] N4 ¢
i, X8 LET A & . R KR T 2 80T S
WL B 1) Z2 57 B D A 5 T S5 0 2H 4R D 38 1 — 1k
B RE AN F] 1.25 MeV, X T 250 245
X B2 A MCU L] A 503 T ac e i

Gt TP B Re S BB R
TR TR, WnE 10 Frn . BB 10 T E Y X
HE A 281 L b 2 A 1) R T 95.5% AR BE T3
J R B s ROV B 2H A1 O, W2 88.2% 1Y Ik
R HAS R AE At BT R A BRI o AR e b A B
TR RRZH Y SEU MU R TSR g0 4 aX — SR g A AR

- 11.8%
2380
I =
95.5% 88.2%
6 765/~ 17 7934~ l:l E<E,
4.5%
3184 —»
pagiceil T

& 10 s A RE Ik Ao A YOk T RY 43 A
Fig. 10 Distribution of secondary particles
with energy around E,

3 Zig

AR SRR o 9 B s SIP g IT R T Vi fE i
PRI . SRR T — R SRR DT
S B0 BTN R AL 4, A1 45 SEUL MCU Al
SEFI. i SE50 5 2 4k E 24548

1) T2 SR F ekt SEU i #7 A ¢
K, T2 5K 40 nm /N2 28 nm, U %Y SEU
BRI T 73 %o JEBR T H00 i 3o 1 B 43

J&i, SRAM By SEU #1fii T [ T 28.8%. SRAM
B () MCU He 1] S MCU ¢ K B 00 KRR K T
BRAM 3k, H o fge K B 7 830K 5 7, X — %
AU PR 1 L P R AP R A A 20 ) B P )

2) M Al 2y it T A RE T s A T
SRAM L H A BRAM #5231 =i BE Hh 7~ HCRE 12 58,
Rsganm M 208.8 FIT/Mb, Rpgam N 766.8 FIT/Mb., M
SEU #8181 R U6, X T 5255 BT H SiP, SEU
OB H R FPGA N BRAM, IEAb, i85 Bt
TELE R AY SEFT B4 K HLR A, 25 58 R R
F DSP HEH 2 S 80 SEFT ik Bl £, L& 4
2 K. WLAIAK DSP J& 33 SiP & 4= SEFI i fe i
R, 254K E, SEFT YU B Ay DSP, DSP
f) SRAM Hk % £ SEU fY FIT %% . MCU Lt
K . MCU s K%k %, FeAnT LW e, DSP
) SRAM 20 2B A7 S SiP 2§14 4 Bkr 7200 0 o5 Bl
JERAR R,

3) M GEANT4 {5 & T H X A [F] 7 g 1%
TR BRI AT T B A7 UGS L O b 2
FRAIX g POk DR BE I A O, BEAR 4
MU SR AR

Xof T A S5 BT A B SiP, Hi P 3B H9 SRAM X 4
WA AE—E 1 SEU UM, SE A7 4R IR S 30 i AN
REZ W& o I RE R . AT E B IS R 25 5
TRURE L B A B BE 0, DR e s i A rh ke S AE R
XTI 5] AB, 5255 SRAM B H Al BRAM
R BT A TR FE B 9 MCU B4, H5c K % (o7
Bk 5 07, XAESEH) EDAC “ 2 —H =7 Jinf#
T AR T BRAR, N R FR JT UR SR D Z2  B

fIRZ T

SR [ S IR AR N B S T X
A TAER SR

&% k-

(1] T SR 28 (A48 ST PRI OR3-S AT (1], LR PRI
T#&, 2007, 24(5): 283-290.
DING Yigang. Single event effects in space radiation en-
vironment[J]. Spacecraft Environment Engineering, 2007,
24(5): 283-290(in Chinese).

[2] RAJKOWSKI T, SAIGNE F, NISKANEN K, et al. Com-
parison of the total ionizing dose sensitivity of a system

in package point of load converter using both component-


https://doi.org/10.3969/j.issn.1673-1379.2007.05.005
https://doi.org/10.3969/j.issn.1673-1379.2007.05.005
https://doi.org/10.3969/j.issn.1673-1379.2007.05.005

553

- 25 B S5 R T TE R 8 R A 1 HR B 1S 119 B 28 R 4 1 e AL B

1163

(3]

[4]

[5]

L6]

(7]

(8]

(9]

[10]

[11]

and system-level test approaches[J]. Electronics, 2021,
10(11): 1235.

RAJKOWSKI T, SAIGNE F, WANG P X. Radiation
qualification by means of the system-level testing: Op-
portunities and limitations[J]. Electronics, 2022, 11(3):
378.

VIR JE, MR, 227K, 5. —Fh 2T COTS #7119
SiP f R GERHT LA AN T i S IS AR 0], A
RASFREE TFE, 2022, 39(3): 248-254.

XU Zhenlong, WU Panfeng, LI Jie, et al. Radiation-hard-
ening design and experimental evaluation for a SiP mi-
cro-system based on COTS products[J]. Spacecraft Envi-
ronment Engineering, 2022, 39(3): 248-254(in Chinese).
ZENG Q, CHEN J, JIN Y. Effect of radiation on reliabili-
ty of through-silicon via for 3-D packaging systems[J].
IEEE Transactions on Device and Materials Reliability,
2017, 17(4): 708-712.

Miggks. BTN SiP SR T RN 2K 5 5 K D).
PH22: PG LT RHE RS, 2020.

T2, RE, BRI, o E #R 7 IR h E 2
A B BB 108 5 4 BT (0], B AE iz, 2011, 60(5):
052501.

YU Quanzhi, YIN Wen, LIANG Tianjiao. Calculation
and analysis of DPA in the main components of CSNS
target station[J]. Acta Physica Sinica, 2011, 60(5):
052501(in Chinese).

WK, BB, B E R T IR T RE S AL
BHRCETTT]. PIBH2A4R, 2014, 63(15): 152801.

SHEN F, LIANG T R, YIN W, et al. Shielding design of
the multi-purpose reflectometer of China spallation neu-
tron source[J]. Acta Physica Sinica, 2014, 63(15):
152801(in Chinese).

E, SRR, B, 45, o E R TR R TR
R RO WS 9 R IEAG [J]. DI BE2A41E, 2019, 68(5):
052901.

WANG Xun, ZHANG Fengqi, CHEN Wei, et al. Appli-
cation and evaluation of Chinese spallation neutron
source in single-event effects testing[J]. Acta Physica
Sinica, 2019, 68(5): 052901.

YU Q. Evaluating the broad neutron spectrum of
ANIS[J]. Applied Radiation and Isotopes: Including Data,
Instrumentation and Methods for Use in Agriculture, In-
dustry and Medicine, 2024, 203: 111075.

FHER, MRAR L, S5, 4. EEPROM #l SRAM [ 5]
TN L)) 27, 2014, 44(4): 510-514,
WANG Guizhen, LIN Dongsheng, QI Chao, et al. Com-

parison of transient radiation effect between EEPROM

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

and SRAM[J]. Microelectronics, 2014, 44(4): 510-514(in
Chinese).

ol 22k, SN, TR ZE, %5, 65 nm T2 SRAM KRBT T
Bk B R R R TN D], IR T Re AL EOR, 2019,
53(2): 366-372.

HE Anlin, GUO Gang, SHEN Dongjun, et al. Error rate
prediction of low energy proton induced single event up-
set for 65 nm SRAM[J]. Atomic Energy Science and
Technology, 2019, 53(2): 366-372(in Chinese).
WEULERSSE C, HOUSSANY S, GUIBBAUD N, et al.
Contribution of thermal neutrons to soft error rate[J].
IEEE Transactions on Nuclear Science, 2018, 65(8):
1851-1857.

AUDEN E C, QUINN H M, WENDER S A, et al. Ther-
mal neutron-induced single-event upsets in microcon-
trollers containing boron-10[J]. IEEE Transactions on
Nuclear Science, 2020, 67(1): 29-37.

AR R, L, 2, 4. BT EBE DI 9 5
RESRWTFE 65 nm G Hil # RUH 7 Hok 7 20 [J].
YIBEEAR, 2019, 68(23): 238502.

HU Zhiliang, YANG Weitao, LI Yonghong, et al. Atmo-
spheric neutron single event effect in 65 nm microcon-
troller units by using CSNS-BL09[J]. Acta Physica Sini-
ca, 2019, 68(23): 238502(in Chinese).

SRIM 2013 Particle interactions with matter[CP/OL].
http://www.srim.org/.

TONFAT J, KASTENSMIDT F L, ARTOLA L, et al.
Analyzing the influence of the angles of incidence on
SEU and MBU events induced by low LET heavy ions in
a 28-nm SRAM-based FPGA[C]//2016 16th European
Conference on Radiation and Its Effects on Components
and Systems (RADECS). USA: IEEE, 2016.

RAO P M B, EBRAHIMI M, SEYYEDI R, et al. Protect-
ing SRAM-based FPGAs against multiple bit upsets us-
ing erasure codes[C]//2014 51st ACM/EDAC/IEEE De-
sign Automation Conference (DAC). USA: IEEE, 2014.
FRERNI, 5, PR, 4. PR RSB I 2
B o F AR IR PLER B 5T [T]. B 2747, 2020, 69(13):
250-258.

ZHANG Zhangang, YE Bing, JI Qinggang, et al. Mecha-
nisms of alpha particle induced soft errors in nanoscale
static random access memories[J]. Acta Physica Sinica,
2020, 69(13): 250-258(in Chinese).

JESD89A J D C S. Measurement and reporting of alpha
particle and terrestrial cosmic ray-induced soft errors in
semiconductor devices[J]. JEDEC Solid State Technolo-
gy Association, 2006, 1(6): 8.


https://doi.org/10.3390/electronics10111235
https://doi.org/10.3390/electronics11030378
https://doi.org/10.1109/TDMR.2017.2749640
https://doi.org/10.7498/aps.60.052501
https://doi.org/10.7498/aps.60.052501
https://doi.org/10.7498/aps.63.152801
https://doi.org/10.7498/aps.63.152801
https://doi.org/10.7498/aps.68.20181843
https://doi.org/10.7498/aps.68.20181843
https://doi.org/10.7498/aps.68.20181843
https://doi.org/10.1109/TNS.2018.2813367
https://doi.org/10.1109/TNS.2019.2951996
https://doi.org/10.1109/TNS.2019.2951996
https://doi.org/10.7498/aps.68.20191196
https://doi.org/10.7498/aps.68.20191196
https://doi.org/10.7498/aps.68.20191196
https://doi.org/10.7498/aps.68.20191196
https://doi.org/10.7498/aps.69.20191796
https://doi.org/10.7498/aps.69.20191796

1164 BT RER A BR %i59%
[21] SRERNI, RIS, GBI, 46 4 10 SRS 5 GEANT4—A simulation toolkit[J]. Nuclear Instruments

[22]

[23]

WA B S T IFFE 0], SRR BETE, 2014, 31(2):
195-200.

ZHANG Zhangang, LIU Jie, HOU Mingdong, et al. In-
vestigation of multiple-bit upsets in anisotropic SRAM
device[J]. Nuclear Physics Review, 2014, 31(2): 195-
200(in Chinese).

BRIT, XURE, F/NFT. DDR 774% # Bok T BHE A06 &
B B TR S R (0], ol A 5 S, 2022,
39(10): 111-117.

HE Zhenjiang, LIU Xi, WANG Xiaoke. Research
progress on single event upset test and hardened design of
DDR memory[J]. Microelectronics & Computer, 2022,
39(10): 111-117(in Chinese).

AGOSTINELLI S, ALLISON J, AMAKO K, et al.

[24]

[25]

and Methods in Physics Research A, 2003, 506(3): 250-
303.

YANG W T, YIN Q, LIY, et al. Single-event effects in-
duced by medium-energy protons in 28 nm system-on-
chip[J]. Nuclear Science and Techniques, 2019, 30(10):
151.

SKERHI, T AR, B, %F. 14 nm FinFET M1 65 nm “F-Jfj
T2 A B HLAT BUAE il 25 o0 7 R0 B 5 4T LL (0],
PI3eFR, 2020, 69(5): 056101.

ZHANG Zhangang, LEI Zhifeng, TONG Teng, et al.
Comparison of neutron induced single event upsets in
14 nm FinFET and 65 nm planar static random access
memory devices[J]. Acta Physica Sinica, 2020, 69(5):
056101(in Chinese).


https://doi.org/10.11804/NuclPhysRev.31.02.195
https://doi.org/10.11804/NuclPhysRev.31.02.195
https://doi.org/10.1007/s41365-019-0672-5
https://doi.org/10.7498/aps.69.20191209
https://doi.org/10.7498/aps.69.20191209

	1 辐照实验条件
	1.1 待测器件
	1.2 单粒子效应测试系统
	1.3 中子辐照源

	2 结果及讨论
	2.1 单粒子翻转
	2.2 多单元翻转
	2.3 单粒子功能中断
	2.4 仿真分析

	3 结论
	参考文献

