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Fig. 1. Thickness of each metal wiring layer above the sensitive area of a 28-nm SRAM device.
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Fig. 2. Geant4 geometric model of a 28-nm SRAM device: (a) Each layer in the model; (b) 16x16 SRAM cell array model.
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Fig. 3. Proportion of secondary particles causing single-
event upset when the critical charge is 0.1 {C.
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Fig. 4. Proportion of secondary particles causing single-
event upset when the critical charge is 0.2 fC.
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Fig. 5. Proportion of secondary particles causing single-

event upset when the critical charge is 0.3 fC.
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Fig. 6. Proportion of secondary particles causing single-
event upset when the critical charge is 0.4 fC.
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Fig. 7. Proportion of secondary particles causing single-

event upset when the critical charge is 0.5 fC.
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Fig. 8. Integrated Moller cross sections for four energy cuts.
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Fig. 9. Electron-induced single-event upset cross section at

different critical charge values.
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Fig. 10. Proton-induced single-event upset cross section at

different critical charge values.
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Fig. 11. Average electron and proton flux after 3 mm alu-

minum shielding for various orbits.
# 1 HANBERLE
Table 1.  Typical earth orbits.
HiE AU km AR km RHA/(°)

GEO 35784 35784 0
MEO 26768 1000 63.4
LEO1 800 800 98
LEO2 400 400 51.5
GTO 35784 180 6
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Fig. 12. Single-event upset cross section for electrons at different incident angles: (a) Critical charge of 0.1 fC; (b) critical charge of

0.2 fC; (c) critical charge of 0.3 fC; (d) critical charge of 0.4 fC.

110710-7


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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 75, No. 11 (2026) 110710

(1 13) LalbAT, SC56 8037 FRE & m B0 4
Bl 14 FioR. A TERERE AR N : SRIRER 10 MeV,
FH IR 0.2—2.0 mA, ki EEZHH 50—500 Hz
AT, ke R 16 ps, WEEIRGE 300 mA, HUKRE
FUR/NF 600 mmx20 mm, H ke gt +5%.
SLEAE A 28 nm AR RE T 20 Xilinx K7 4
FPGA, ¥ HAZ2 e & b, KRS, [ 15
J& SRAM % FPGA R 3500 7E LK R S )
FARMESR, ARG IR AR . F il A R AR (18] 16).
LR 6 A e, 230 A P - B AL P A%
JE. A BY A E A T/O B K. Pt 35 B A5
FPGA itk i . Flash f#figi e UL & W 0 gﬁiilftf\ﬁ%-
R RS PR LA 60 G0 - FL AR UEAT AR, WT A

B 13 10 MeV =i fiEHL 7 LA 2%
Fig. 13. 10 MeV high-energy electron linear accelerator.

42 Tl Mo g e PR B, AT RAIE DN R S AR
P i B AR _ECE PTREN FPGA SR LR S
AP T AL e B el s 3 | [
BT S HL, IF S R Mg R, MR
GUoRs i IR e [ 52 (0 RdE-5 UAn E B SO REA T B
Xt FPGA e E A7 fift s (057 A 0470501

4.2 SRR

RS HL IS AR B K, R
25 1.25x1013—1.25x 10" e/(cm?-s), 75 ki TR0
S gt AR R RE D R AR AR A B R AN, R AR

i
~

/ Y HIREIR R4
i

‘mk\lnlﬂ‘? %%5‘1
=l fEAEE

P RS

P14 S B3 FIRE o 8 IR A 5 7S R T
Fig. 14. Schematic diagram of the experiment site and

sample irradiation arrangement.

] eI

- FPGA1
AL S

(eI

S FPGA2
e FPGA
i | PERAR
RS422 lj%fl)ih R

Bl 15 FPGA kiR 7E 2 AR GEE AL
Fig. 15. Block diagram of the FPGA single-event effect online test system.

E 16  FPGA Fk PR FELIMIK RS (a) BIEM; (b) FHIHR; (c) 6 AR
Fig. 16. FPGA single-event effect online test system: (a) Power supply board; (b) control board; (c) irradiation board.
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SEHG [ T — B AOARCE T R O, R 17
Fe, ¥ E HL T A ko B AR 50 Hz, FilH
TP AR R R SR B RO A e R A O, AR
RN 3.22x101 e/ (cm?-s), AEASIH L BB T5L

B 17 REHEEERER

Fig. 17. Schematic diagram of the beam reduction device.
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Fig. 18. Single-event upset cross section for proton irradi-

ation experiment.
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Abstract

Single-event effects (SEEs) induced by heavy ions and high-energy protons have been recognized as the
primary causes of electronic system failures in spacecraft. However, in the space orbital environment, electrons
typically exhibit higher flux and stronger shielding penetration capabilities than protons. Furthermore, at the
nanoscale, electrons have been shown to be capable of inducing single-event upsets (SEUs) in devices. Electron-
induced SEEs have emerged as a new issue affecting the reliability of spacecraft electronic systems. Research in
this area is still in its infancy, and there is not yet consensus on the primary physical mechanisms of electron-
induced SEEs. In this paper, using 28-nm bulk silicon devices, we reveal the physical mechanisms and
characteristics of electron-induced SEEs through Monte Carlo simulations and electron irradiation experiments.
The results indicate that the direct ionization is the main physical mechanism for electron-induced SEUs when
the device's critical charge is less than 0.3 fC or the electron energy is less than 100 MeV. The energy and cross-
section of secondary electrons generated by the direct ionization of electrons in materials are minimally
influenced by the initial electron energy. Therefore, when the direct ionization is the primary mechanism, the
SEU cross-section remains almost unaffected by the incident electron energy. Only when the device’s critical
charge is greater than 0.4 fC and the electron energy exceeds 1000 MeV do the recoil nuclei generated by elastic
collisions between electrons and atomic nuclei, as well as the secondary particles produced by electron-induced
nuclear reactions, become significant factors in inducing SEUs. In such cases, the indirect ionization becomes a
significant mechanism for electron-induced SEUs, and the SEU cross-section increases with higher incident
electron energy. Compared to perpendicular incidence, electrons striking at smaller angles result in a larger SEU
cross-section when the device’s critical charge is low. However, the influence of the electron incidence angle on
the SEU cross-section diminishes as the device’s critical charge increases. As the device’s critical charge
decreases, the SEU cross-sections induced by electrons of various energies increase exponentially. When the
device’s critical charge is less than 0.2 fC, the contribution of electrons to SEUs in typical Earth orbits exceeds
that of protons. Therefore, the direct ionization is the most critical physical mechanism for electron-induced
SEUs.
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