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W HFEIR. 55— D5 T, A BRAH T R R I Y
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SLRb. % b, ARBFSAKFE T E O R R
TR BRSO RS R SRR S BN R, DL SiC
MOSFET A X4, %58 6] g i 2 BURC B X6 2%
F SEB M Ji7 [ 5 05 . 3 AN {6 A 12 28 1 7 5K
PrAGST A T iy nl fetk B s TR L, d]
Sy 38 N7 VR T P A A AU 6 T 12 4 Rt S B A
.

2RI
2.1 KIGEE

H ] AR R R A T BRSSO R
70 [l N D BB A5 T JR A 25 HE iR a8 5 21 AR A 1
KA T SN I 2 7 2 —, Hi
THE R 5 70 BN Z L IREE (meV) 235 BLFIK
T (GeV), fEMERE LT 36 52 E LANSCE 53¢
ISIS MylRIZede & . JL HESE R RS2, CSNS ANIS
B T R IETE MeV DL b RE & X H] 19 7 L (1—
10 MeV, 10—100 MeV, >100 MeV) AL LANSCE
FIISTS %5 o 28 W7 45 3t [ br 3l ] b5 #E JEDEC
JESD89B(2021)5 L & TEC62396-1(2016)B7 25 H
AR FRENS B9, BRI 1 piros (1112863841,

F 1 K TREN 5 I (%) 111235 373041

Table 1. Spectral distribution of atmospheric neutron en-

ergy (Hl %)[11,12,35 37,39.41]_

By 1oy 100 MeV gkt EB
(ISEII;S 2A41\;I1Sn) 35 35 30 1.6 GeV
LANSCE IEC 52 26 22 800 MeV

ISIS ChipIR 20 35 45 800 MeV
TRIUMF TNF 24 54 21 500 MeV
TSL ANITA 65 28 7 174 MeV
JESD89 B 35 35 29 >GeV
TEC62396-1 37 37 26 >GeV

DR 3 AN RIS A Y SE R K, ANTS 1R
WA RGBT RO R AR, SRS A )=
WM 1 PR, BRI EEES: WO [34]. %5
PC & PHGUE EL, A A R FLAe ki, 3%
P RN SE R 55 o1 B R LA R AN TR
FeRT R, FREASIBHOR A SN AR PR 5 2R
BUAS . AR AL R R BER /N FEZE A 2 Gtk AR i
FLASTRE. @5 IA T 4 5 BAN )& HE 1S (W)
A 3 3 2 e T T R L A T R R
LSRG AN R g R < BDE A B
kSR AETE 5 JEDEC bR i, b1
1L UEAS R AL & TSR S MG R AR AL,
AT RPZARREh T2 (<1 MeV B T). L
APOL, EE EREA [F AE E ARLAR  ES A A K
DEAR L E, ANIS AT 52 BUXS HOR i 250 (G451
R REIE S ARBERCT) B RGP, Ah, CSNS
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Fig. 1. Schematic diagram of ANIS, including its main components and overall layout/!.
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Fig. 2. SEB detection schematic diagram.
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Fig. 3. Neutron irradiation layout diagram (not to scale).
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Fig. 4. The effect of flux changes due to accelerator power
on the FIT experimental results of SiC MOSFET, corres-
pond to accelerator power: 125 kW, 135 kW, 160 kW.

900, 1050, 1200 V i & 55 40l & T 9.4x10°,
4.5%100,7.3x10%n-cm 2-h ' —FEEE (>10 MeV).
SIS ME 5 R, FEAEEER A, f
il e 3 3 B A 1) — SO X W TR AR S 5 i
55 M E R R EN (5 R — R R, SiC
MOSFET Byt 1 R R W Sl ()8 L 1k 5
WELMEAT . 245 R SR I A O i 2 )
TR AN SR AR, SERIR VI AR
AR EE N, a0 b BB RN SRR R R 2
FE, JE D EIUE T T R R R AN TR
RETRASAE A v )3 1.

ARG IR, FE T bR A I A R
WOk, T — BB _E TP a8 s & 7
S AT A S SO0 T EE . XA M T A5
AR F R RN P2 T — RS ReR . m I s
FER SRR, AR P FREG 5 H L R i

130101-4


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

) 32 2 3R Acta Phys. Sin. Vol. 75, No. 13 (2026) 130101

= Vpg =900 V
e Vps=1050 V

~ 103+ A Vps = 1200 V

4

2 I

<

;f,’; 102 ® I ¢

E

g 101 b 1

b I !

100
0.94 4.5 7.3

Neutron flux/(10% n-cm~2s~1)
&l 5 ANIS #E B a5 FL 42 5 1k v i 728 b X%t SiC MOSFET
(Ves = 0 V) 1) FIT S23645 5 (9 50

Fig. 5. Effect of flux variation from first collimator aper-
ture changes on FIT results of SiC MOSFET (Vgg =0 V).
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Fig. 6. Comparison of neutron energy spectra at sample po-
sitions under different operating conditions of ANIS (MCN-
PX-calculated spectra).

F 2 ANIS AR A HFRERE &5 1L (%)
Table 2. Proportions of neutron energy spectrum
under different operating conditions of ANIS (%).

> 1 MeV fEi% 5 1—10 MeV 10—100 MeV >100 MeV

I4-111 B3R 24.6 29.4 46.0
[4-1114+1 cm W 21.4 28.4 50.2
14-11145 cm W 11.1 23.0 65.9

WPEEZE 5 cm B, #F— P TR 11.1%, [F
i >100 MeV M REBL S L3 2 65.9%, &
W RETE E— 0 1) ey A X Bl A .

AN ) B B A Pl o AR R TR SN
)RR 60 FE E A ML 45 A R A H 1 o
1H], XFfgit>1 MeV ¥, 38 th R 1S 2,
W FL A TR, ISR B Y J5 Y b BE TS B
B mEAby, B AR O LB T, AE SR RN T
i v, RERETE 25 B3 52 0 Weibull ff 2% 45 i X )
A S AR, HE I R MR A RS .
JE<100 MeV 1Y fig B 7 6 hy it 26 iy b+ IX (O
RETE AR AL AURK), 1T REBE (4 >100 MeV) fH A X}
%, SEB #{ i i A X B33, R4 Y[ 5L T JEDEC 5
WERFR R SR A L% IERRE R E T 10 MeV
B i, {H Akturk 25 29 IR R, KT
10 MeV B FIRAT A& SiC MOSFET % 4
WL, PRI, S v A o] 3 3 5 | AR
PR, TG 5] 2 A RE TG IS X B T4
ORIV AR 22, DABA DR P Sl a2 SR 04 o i
Sl ek

PR FE BT A AR5 R 1T SR MDA ) LA
Wi, 5% 5L F CSNS ANIS JFJ& b 748 IR 5256
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PARIF AR REIE S50 75 & SiC MOSFET i
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W —3 1E Vg = 800 V B}, FIT {l e K nl A1 25
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=
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Fig. 7. FIT results of SiC MOSFET under different operat-
ing conditions of ANIS(Vgg = —4 V), at Vpg = 800 V, the
maximum difference in FIT values can be about 2.7 times;

when Vpg rises to 1200 V, FIT values tend to be consistent.

4 A 5Tb
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NG Z I B, ASCHEET Geantd T H AL 1440 4y
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AR AR A A R UL EE : 0.5 mm BRI B2
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JE P, TR TR AR SRR S A iz o A B
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(AEEE )
Fig. 8. Schematic cross-sectional view of geometric model

constructed based on Geant4 tool (not to scale 1).
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Fig. 9. LET probability density distribution of secondary

particles within the sensitive volume of SiC devices.
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Fig. 10. SEM image of a SiC MOSFET device (left) and cross-sectional schematic of the SiC MOSFET model (not to scale) (right).
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Fig. 11. Simulation of the time-dependent variation of drain
current density in SiC MOSFET after ion incidence, LET =
0.038 pC/pm, bias conditions: Vpg = 825V, Vgg = 0V
(black square); Vpg = 1155 V, Vgg = 0 V (red star).
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Fig. 12. Experimental —measurement results of SEB
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Fig. 13. Simulation of the time-dependent variation of drain
current density in SiC MOSFET after ion incidence, bias
condition: Vpg = 825V, LET = 0.038 pC/pm (black
square); LET = 0.07 pC/pm (red star).
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Abstract

This study systematically investigates the influence of key neutron beam parameters—specifically flux and
energy spectrum—from the China Spallation Neutron Source-Atmospheric Neutron Irradiation Spectrometer
(CSNS-ANIS) on single event burnout (SEB) testing for silicon carbide (SiC) metal-oxide-semiconductor field-
effect transistors (MOSFETSs). The experimental results reveal two critical findings: First, under a constant
neutron energy spectrum, varying the incident flux (from 8.7x10° to 7.3x10% n-cm 2h'! for E, > 10 MeV) does
not significantly alter the SEB failure rate, confirming the linearity assumption for flux scaling in accelerated
tests. Second, and more importantly, modifying the beam spectrum via flux controller (tungsten blocks) induces
significant spectral “hardening”. This hardening, characterized by an increased proportion of high-energy
neutrons, leads to a measurable increase in the calculated failure-in-time (FIT) rate for the same total fluence,
demonstrating a spectrum-dependent effect. To elucidate the underlying physics, a combined simulation
methodology was employed. The Geant4 toolkit was used to model neutron transport and secondary ion
generation within the ANIS beamline and device geometry, reproducing the measured spectral shifts.
Subsequently, TCAD device simulations were performed to analyze the charge deposition and carrier transport
dynamics triggered by the secondary ions, linking the varied ion linear energy transfer (LET) spectra under
different beam conditions to the observed SEB cross-sections. The analysis confirms that at a high drain-to-
source voltage (Vpg = 1200 V), the SEB threshold LET is sufficiently low, making the failure rate less sensitive
to spectral shape as most secondary ions exceed the threshold, explaining the convergence of FIT values under
different spectra at this bias. This work not only validates the performance and flexibility of the ANIS facility
for controlled radiation effects testing but also provides crucial empirical insights for future ANIS users,
highlighting the necessity of reporting and accounting for the detailed beam spectrum—mnot just the total
flux—in neutron single-event effect tests to ensure accurate and comparable reliability assessments.
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