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Radiation effects of silicon carbide metal-oxide—semiconductor field-effect transistors (SiC MOSFETs) induced by
20 MeV proton under drain bias (Vp = 800 V, Vg = 0 V), gate bias (Vp =0 V, Vg = 10 V), turn-on bias (V\p = 0.5V,
VG =4 V) and static bias (Vp =0V, Vg =0 V) are investigated. The drain current of SiC MOSFET under turn-on bias
increases linearly with the increase of proton fluence during the proton irradiation. When the cumulative proton fluence
reaches 2 x 101! p~cm‘2, the threshold voltage of SiC MOSFETs with four bias conditions shifts to the left, and the
degradation of electrical characteristics of SiC MOSFETs with gate bias is the most serious. In the deep level transient
spectrum test, it is found that the defect energy level of SiC MOSFET is mainly the ON2 (E. — 1.1 eV) defect center, and
the defect concentration and defect capture cross section of SiC MOSFET with proton radiation under gate bias increase
most. By comparing the degradation of SiC MOSFET under proton cumulative irradiation, equivalent 1 MeV neutron
irradiation and gamma irradiation, and combining with the defect change of SiC MOSFET under gamma irradiation and
the non-ionizing energy loss induced by equivalent 1 MeV neutron in SiC MOSFET, the degradation of SiC MOSFET
induced by proton is mainly caused by ionizing radiation damage. The results of TCAD analysis show that the ionizing
radiation damage of SiC MOSFET is affected by the intensity and direction of the electric field in the oxide layer and
epitaxial layer.

Keywords: proton, silicon carbide metal-oxide—semiconductor field-effect transistor (SiC MOSFET), degra-
dation, defect, ionization radiation damage

PACS: 85.30.Tv, 61.80.Jh, 51.50.4-v, 84.30.Jc

1. Introduction

Silicon carbide (SiC) is famous for its excellent ma-
terial properties. As one of the most representative third-
generation semiconductor devices, SiC power devices have
attracted much attention from the birth to the realization of
commercial applications.!!”) With the maturity of the device
manufacturing process, SiC power devices are more and more
used in power conversion systems. With the continuous de-
velopment of science and technology, people have accelerated
the pace of space exploration, and put forward higher require-
ments for space electronic power systems. High power de-
vices are required to realize the construction of high voltage
and high power systems, compared with silicon power devices
with the same power density, SiC power devices have smaller
volume, conduction resistance and better heat dissipation per-
formance.

A large number of studies have shown that the presence
of protons, neutrons and heavy ions can induce single event
effects in SiC diodes and metal-oxide—semiconductor field-
effect transistor (MOSFET).3-111 Richard D et al. showed that

when the proton cumulative fluence reaches 1 x 10'* p-cm=2,
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the forward characteristic of the SiC diode will be obviously
degraded, while the reverse characteristic is not affected.[12]
Both SiC MOSFET and SiC diode are SiC devices that have
been commercially applied, the structure of SiC MOSFET is
more complex than that of SiC diode. At the same time, SiC
MOSFET has more operating bias states than SiC diode. With
the accumulation of proton fluence, the radiation effect of SiC
MOSFET under different bias voltages is still unclear. Pro-
ton induced single-event gate rupture (SEGR) and single event
burnout (SEB) under high bias voltage are serious problems to
be solved at present, radiation damage caused by proton flu-
ence accumulation under different bias conditions cannot be
ignored.

In this paper, based on the proton with energy of 20 MeV,
we had carried out the research of proton radiation effect under
different bias conditions. Before and after irradiation, we mea-
sured the electrical properties of SiC MOSFETSs under differ-
ent radiation bias conditions, and further analyzed the defects
induced by proton radiation based on deep level transient spec-
troscopy (DLTS). Using Monte Carlo simulation, we analyzed
the ionizing radiation damage and non-ionizing radiation dam-
age in SiC MOSFET induced by proton irradiation.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Proton cumulative irradiation experiment

The device we selected is a planar SiC MOSFET
C3M0120090D produced by CREE. The proton irradiation
experiment is carried out in the Xi’an 200 MeV Proton Ap-
plication Facility (XiPAF), which can directly extract the pro-
ton beam with energy of 20 MeV. The internal structure and
material composition of the devices selected in this paper are
consistent with those in Ref. [13]. In the experiment, protons
are incident perpendicularly from the front of SiC MOSFET,
and then successively pass through the aluminum metal source
electrode, SiO,, polysilicon gate, oxide, SiC epitaxial layer
and substrate.

In the experiment, we carry out proton irradiation experi-
ments under four typical bias conditions, as shown in Table 1.
When SiC MOSFETSs are used as power conversion devices in
electronic power systems, they can be divided into four cases
according to voltage bias conditions. When the whole elec-
tronic power system is turned off, the devices are in static bias.
When the system is running, SiC MOSFET has three bias con-
ditions, namely, drain bias, gate bias and turn-on bias. When
the bias voltage is applied to only one electrode in the experi-
ment, the other two electrodes are grounded.

Table 1. Different proton irradiation bias conditions.

Drain bias Gate bias Turn-on bias Static bias
Vb =800V, Ww=0YV, Ww=05V, Ww=0V,
V=0V Ve=10V Vo =4V V=0V

The current of SiC MOSFET is monitored in real time
when the bias voltage is applied, as shown in Fig. 1. The
real-time current of SiC MOSFET is small under gate bias
and drain bias, and has no obvious change with the increase
of proton fluence. Under the turn-on bias, the real-time cur-
rent of SiC MOSFET increases linearly with the increase of
proton fluence.
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Fig. 1. Variation of SiC MOSFET real-time current with proton cumula-
tive fluence under different bias conditions.

3. Experimental results and analysis
3.1. Electrical characteristics test

Before and after proton irradiation, we test the electrical
characteristics of SiC MOSFETs under different radiation bias
conditions. The test instrument is the Agilent B1500 semi-
conductor analyzer. The transfer characteristics and transcon-
ductance of SiC MOSFETs under different radiation bias con-
ditions are shown in Fig. 2. The threshold voltage of SiC
MOSFETs with different bias conditions has a negative shift
under proton cumulative irradiation. The transconductance
peak value of SiC MOSFET also increases and shifts to vary-
ing degrees. The transconductance peak value of devices un-
der proton irradiation with gate bias increases most, while
the transconductance change of irradiated devices is minimal
under static bias. The threshold voltage degradation of SiC
MOSFET is shown in Table 2. Under the gate bias, the thresh-
old voltage of the device has a negative shift of 0.27 V, while
the threshold voltage of the device with static bias has a neg-
ative shift of 0.13 V under the same proton cumulative flu-
ence. Under drain bias and turn-on bias, devices with the
same proton cumulative fluence have similar threshold volt-
age shifts. Because of the negative shift of the threshold volt-
age, the channel opening ability is enhanced under the same
gate voltage. Therefore, the drain current of SiC MOSFET
increases linearly with the increase of the proton cumulative
fluence under the turn bias in Fig. 1.
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Fig. 2. Electrical characteristics of SiC MOSFET under different bias
conditions: (a) transfer characteristics, (b) transconductance.
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Table 2. SiC MOSFET parameters under different radiation bias condi-
tions.

Bias Proton fluence (p-cm~2) Threshold voltage shift
Drain bias 2.00 x 101 —0.24V
Gate bias 2.00 x 101 —0.27V
Turn-on bias 2.00 x 10! -0.25V
Static bias 2.00 x 101 —0.13V

Figure 3 shows the gate leakage current and breakdown
characteristics of SiC MOSFET before and after irradiation.
As shown in Fig. 3(a), the gate current of devices before and
after irradiation fluctuates in the order of picoamps, and there
is no significant difference in the gate current under different
bias conditions. As shown in Fig. 3(b), the cumulative proton
fluence reaches 2 x 10'! p-cm™2, and the breakdown voltage
of SiC MOSFET with different biases does not change.
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Fig. 3. Electrical characteristics of SiC MOSFET under different bias
conditions: (a) gate leakage current; (b) breakdown characteristic.
There is an equivalent relationship between the total ion-
ization dose effect caused by cumulative proton irradiation and
gamma irradiation, the equivalent conversion formula is!'4!

TIDgamma = 1.6 X 107> X LET X Nyroton, (1)

where TIDgamma represents the ionization damage dose caused
by gamma irradiation, and its unit is rad(Si). LET represents
the linear energy transport of the corresponding proton in the

Si material, and its unit is MeV-cm2~mg_1; Nproton stands for
cumulative proton fluence. Proton energy and proton cumu-
lative fluence jointly affect the total ionization dose. Accord-
ing to the calculation results of SRIM software,[! the LET
value of 20 MeV proton in silicon is 0.0203 MeV-cm?-mg~".
The cumulative fluence of proton irradiation in the experi-
ment is 2 x 10" p-cm™2, so the proton equivalent gamma total
ionization dose is 64.96 krad(Si). Using the Co-60 radiation
source of the Shanghai Institute of Applied Physics, we carry
out gamma irradiation experiments of the same type of SiC
MOSFET under static bias, the gamma total ionization dose
is 64.96 krad(Si). The transfer curve and transconductance
changes of SiC induced by Gamma irradiation are shown in
Fig. 4. The threshold voltage of SiC MOSFET shifts to the left
about 0.14 V under gamma irradiation, and the transconduc-
tance peak increases slightly. Under the equivalent total ion-
izing dose, the degradation trend of SiC MOSFET in gamma
irradiation and proton accumulation irradiation is consistent,
and the gate and breakdown characteristics of SiC MOSFET
do not change.
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Fig. 4. Electrical characteristics of SiC MOSFET under gamma irradia-
tion: (a) transfer characteristics; (b) transconductance.

On the other hand, based on the neutron pulse reactor of
the Northwest Institute of Nuclear Technology, we carry out
experiments on equivalent 1 MeV neutron displacement dam-
age effect of SiC MOSFET under different bias conditions, ¢!
the cumulative neutron fluence reaches 1 x 10'* n-cm~2, the
experimental results are shown in Fig. 5. The threshold voltage
of SiC MOSFET is not degraded under static bias and turn-on
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bias, while the threshold voltage of SiC MOSFET is shifted to
the right under drain bias, and the degradation trend is opposite
to that under proton irradiation. Combined with the results of
the gamma experiment and equivalent 1 MeV neutron irradia-
tion experiment, the effect of proton cumulative irradiation on
the performance of SiC MOSFET is mainly due to ionization
radiation damage.
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Fig. 5. Electrical characteristics of SiC MOSFET under the equivalent
1 MeV neutron irradiation: (a) transfer characteristics; (b) transconductance.

3.2. Deep level transient spectrum test

Deep level transient spectroscopy (DLTS) is an effective
method to analyze deep level defects in semiconductor de-
vices, which can be used to analyze the changes in deep level

12 T T T T
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defects induced by proton irradiation in SiC MOSFETs. The
deep level defects of SiC MOSFETS are tested before and after
irradiation using the deep level transient spectrum instrument
produced by Phystech company. In the DLTS test, the temper-
ature range is 50 K—450 K, the gate electrode is connected to
the positive electrode, the source electrode is connected to the
negative electrode, and the drain electrode is connected to the
ground. The pulse time is 1 ms, the cycle time width is 4 ms,
the reverse voltage is 0 V, and the pulse voltage is 6 V in the
DLTS test.

1.0 . T T T
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0.2 A
0

300
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T T
100 200

Fig. 6. DLTS signal spectrum of SiC MOSFET before and after proton
irradiation under different radiation bias conditions.
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Fig. 7. Arrhenius curve of SiC MOSFET before and after proton irradiation under different bias conditions: (a) drain bias; (b) gate bias;

(c) turn-on bias; (d) static bias.

DLTS signal spectra of SiC MOSFETs under different
bias conditions are shown in Fig. 6. DLTS signal spec-
trum results show that the defect type of SiC MOSFET

C3M0065120D is mainly ON2 (E. — 1.1 eV) center, which
exists on the surface of C implanted SiC and oxide-SiC in-

terface, and still exists after high temperature annealing at
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1800 °C.["7-191 According to the DLTS signal spectrum, the
Arrhenius curves of devices before and after irradiation under
different bias conditions are obtained through further process-
ing, as shown in Fig. 7. The defect energy level, defect capture
cross section o, and defect concentration Nt of SiC MOSFET
extracted from the Arrhenius curve are shown in Table 3. After
proton irradiation under different bias conditions, the defect
energy level of SiC MOSFET fluctuates to some extent, but
the defect type does not change. The concentration and the
capture cross section of the defects increase after proton irra-
diation under different bias conditions. Under the gate bias,
the concentration and capture cross section of the defect in-
crease more obviously than those under the other three kinds
of radiation bias, which results in a more obvious threshold
voltage shift and transconductance change of SiC MOSFET
as shown in Fig. 2. The theoretical calculation results of the
researchers show that, the main defect type in the defect cen-
ter ON2 (E. — 1.1 eV) is carbon inversion—carbon vacancy pair
(Csi Vo).[19-221

Table 3. Information about defects of SiC MOSFET under different bias
conditions.

Gate bias, Turn-on bias, Static bias,

before and after before and after before and after before and after

Drain bias,

Energy  E.—1.131, E.—1.106, E.—1.169, E.—1.142,
(eV) E.—1.087 E.—1.011 E.—1.184 E.—1.256
o L11x107',  1.18x 107",  4.61x107'°, 3.17x107'°,

(em?)  6.92x10710  1.26x10710  843x10°10  7.85x10°10
Nr 1.92 x 104, 1.51 x 10, 1.61 x 10, 1.81x 10",

(em™3)  3.55x 10! 7.42 x 104 6.77 x 104 2.76 x 1014

The deep level transient spectrum test results of SiC
MOSFET before and after gamma irradiation are shown in
the Fig. 8. Under equivalent ionizing dose, the DLTS signal
of SiC MOSFET before and after gamma irradiation is con-
sistent with that of proton irradiation. The defect type of SiC
MOSFET does not change before and after gamma irradiation,
but the defect concentration and defect cross section of SiC
MOSFET increase to some extent. The types of defects in-
duced by cumulative proton irradiation and gamma irradiation
under the same equivalent ionizing dose are also the same, and
the variation of defects before and after irradiation shows the
same trend. No matter whether under gamma irradiation or
proton accumulation irradiation, the ionizing radiation dam-
age cannot produce displacement defects such as vacancy or
gap atoms, but the holes generated by ionizing radiation are
trapped by the interface state traps at the interface of SiO;
and SiC due to low mobility, resulting in the DLTS test re-
sults showing that the defect concentration and defect capture
cross section of SiC MOSFET increase, and the defect type

does not change.
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Fig. 8. DLTS test result of SiC MOSFET before and after gamma irradi-
ation: (a) DLTS signal spectrum, (b) Arrhenius curve.

4. Analysis and discussion
4.1. Monte Carlo simulation of proton transport

When 20 MeV protons incident on SiC MOSFET, in ad-
dition to the energy loss caused by direct ionization, it also
includes the energy loss induced by secondary particles gener-
ated by nuclear reaction. Proton energy loss includes ioniza-
tion energy loss and non ionization energy loss. The ionization
energy loss (IEL) can reflect the ionization damage degree of
SiC MOSFET, while the non-ionization energy loss (NIEL)
reflects the displacement damage effect. Based on the Monte
Carlo method, we use the GEANT4 simulation tool?324 to
carry out the proton irradiation simulation of SiC MOSFET.
Figure 9(a) shows the device model and parameter informa-
tion used in the GEANT4 simulation. Figure 9(b) shows the
transport process of protons inside the device. The blue line
represents the movement track of protons, and the red line
represents the movement track of secondary electrons. In ad-
dition, protons will also react with device materials to produce
secondary heavy ions. The transport of protons and secondary
particles in devices and the formation of ionization energy loss
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and non ionization energy loss on their tracks.

Proton

0T

Al 3 pm

SiO, 0.9 pm

Si 0.3 um
Oxide layer 0.04 pm

SiC 5 um

Fig. 9. GEANT4 simulation: (a) SiC MOSFET device model; (b) trans-
port of 20 MeV protons in SiC MOSFETs.

Through Monte Carlo simulation, the ionization energy
loss and non-ionization energy loss of protons and their sec-
ondary particles in the device are calculated as shown in
Fig. 10. The ionizing energy loss caused by proton incident in
the device is more than two orders of magnitude higher than
non-ionizing energy loss. The main reason for the change in
the electrical performance of the device is the ionization en-
ergy loss. The total dose effect corresponding to ionization
energy loss has the strongest influence on SiC MOSFETs un-
der the gate voltage bias.>>! As the non-ionization energy loss
is small, we obtain that the change of defect concentration and
defect capture cross section of the device in the DLTS test are
mainly due to the ionization energy loss. When SiC MOSFET
is working, the current flows from the drain to the substrate,
the epitaxial layer, and from the channel to the source region.
The defects in the oxide layer and the oxide-SiC interface se-
riously affect the electrical properties of devices.
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Fig. 10. Distribution of ionization energy loss and non-ionization energy
loss in SiC MOSFET induced by 20 MeV proton.

Under the static bias condition, there is no electric field
inside the device. Under the other three bias conditions, the
oxide layer and the epitaxial layer of SiC MOSFET have dif-
ferent electric fields. The existence of electric fields will af-
fect the recombination and movement of electrons and holes,

thereby affecting the formation of defects. From the experi-
mental results, the existence of an internal electric field leads
to more serious degradation of SiC MOSFET. At the same
time, because SiC MOSFET is a vertical device, the elec-
tric field inside the device under drain bias is mainly concen-
trated in the epitaxial layer, while when the gate has bias volt-
age, there is a strong electric field inside the oxide layer and
near the oxide-SiC interface, which results in the strongest
change of defect concentration and defect capture section of
SiC MOSFET under the same proton fluence.

When the cumulative fluence reaches 1 x 10'* n-cm~2,
the non-ionizing energy loss induced by equivalent 1 MeV
neutrons is shown in Fig. 11. The active area of SiC MOS-
FET is about 0.021 cm?, and the maximum value of NIEL in
the SiO, oxide layer is less than 10~' MeV-cm?-mg ™!
the accumulated neutron fluence reaches 1 x 10'* n-.cm™2. In

when

SiC material, the NIEL peak appears at the interface of the ox-
ide layer and SiC material, and the NIEL decreases gradually
with the increase of depth. The NIEL induced by an equivalent
1 MeV neutron with a cumulative fluence of 1 x 10'* n-.cm—2
is much larger than that of 20 MeV proton with a cumulative
fluence of 2 x 10'! p-cm~2. However, according to the test re-
sults of electrical properties, the degradation of transfer prop-
erties of SiC MOSFET only appears under drain bias when the
equivalent 1 MeV neutron fluence reaches 1 x 10'* n.cm~2.
Combined with the experimental and simulation results of
equivalent 1 MeV neutrons, it is shown that SiC MOSFET
has a strong resistance to displacement damage, and on the
other hand, it is also shown that NIEL has little influence on

the proton radiation damage of SiC MOSFET.
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Fig. 11. Distribution of non-ionization energy loss in SiC MOSFET in-

duced by 1 MeV neutron.

Combine the active area of SiC MOSFET, when the cu-
mulative proton fluence reaches 2 x 10! p-cm™2, the pro-
ton fluence vertically incident from the active region is about
4.2 x 10° p-cm™2.
depth inside the device can be calculated by

The ionization damage dose D per unit

ExgLNp

= __BLTP 2
6.24 x 10* @
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where the unit of D is rad, Ejgp is the ionization energy loss
per unit depth, and its unit is MeV-cm?-mg~!. Np is proton flu-
ence per unit area, and its unit is p-cm~2. The calculated ion-
ization damage dose of 20 MeV proton in the device is about
1.3 krad. At the same time, we use GEANT4 to simulate and
calculate the internal ionization damage dose of devices under
several typical proton energies, as shown in Fig. 12. With the
increase of proton energy, the ionization damage caused by
direct ionization of protons and secondary particles decreases,
which means that the proton radiation effect in SiC MOSFETSs
is weaker under the irradiation of higher energy protons. Un-
der low bias voltage, the single event effect cross section of
SiC MOSFET is low,®! but the accumulated proton fluence is
high, which may also lead to a negative shift of threshold volt-
age, or even lead to channel opening, affecting the evaluation
of the proton single event effect in SiC MOSFET. The ioniza-
tion damage induced by proton needs to be evaluated when it
is used to study the single event effect of SiC MOSFET.

Si0, Sic
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Fig. 12. Tonization energy loss of protons with different energies in SiC.

4.2. Effect of bias condition on SiC MOSFET

The internal structure and material composition of SiC
MOSFET are obtained by reverse analysis. Based on the
reverse analysis results, the TCAD model of SiC MOSFET
is constructed. The specific model and production batch of
SiC MOSFET are consistent with SiIC MOSFET used in the
Ref. [13], so the structure and parameters of the TCAD model
of SiC MOSFET constructed by us are consistent with those
in the Ref. [13]. In the simulation, we do not consider the

(a) JCut at 2 =0

ettt g

electric thermal model, and other physical models are consid-
ered. The TCAD model of SiC MOSFET is shown in Fig. 13.
The TCAD model of SiC MOSFET contains 5 cells. The gray
part represents the source metal, the red—brown part represents
Si0,, the white part surrounded by SiO; represents the gate
electrode, and the yellow part represents the epitaxial layer.
The substrate is below the epitaxial layer, and the bottom of
the substrate is the drain electrode of the SiC MOSFET.

0
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Fig. 13. TCAD model of SiC MOSFET.

We apply different voltages to the electrodes of SiC
MOSFET according to experimental bias conditions. The two-
dimensional distribution and one-dimensional distribution of
the electric field in SiC MOSFET under different bias condi-
tions are shown in Fig. 14. Under the drain bias, there is a
large electric field in the epitaxial layer of SiC MOSFET and
the oxide layer. The electric field in the oxide layer makes
the holes induced by ionization radiation damage in the oxide
layer move away from the interface between the oxide layer
and SiC, while the electric field in the epitaxial layer promotes
the holes in the epitaxial layer to move towards the interface
between the oxide layer and SiC. Under gate bias, the direction
of the electric field diffuses outward from the gate electrode.
The higher electric field is mainly concentrated in the oxide
layer, the holes in the oxide layer move toward the interface
between the oxide layer and SiC, and the electric field in the
epitaxial layer is small. Under the turn-on bias, there is an
electric field in the oxide layer with the same direction as that
under the gate bias, while the electric field in the epitaxial layer
is small because the drain voltage is small and the current is
formed in SiC MOSFET.

Si0, & SiC
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Fig. 14. The internal electric field distribution of SiC MOSFET under different bias conditions: (a) two-dimensional distribution; (b) one-

dimensional distribution cut at x = 0.
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As shown in Fig. 14(b), the peak electric field intensity in
the oxide layer of SiC MOSFET caused by drain bias is nearly
three times than that of the oxide layer under turn-on bias, and
the difference between the peak electric field intensity of the
oxide layer under drain bias and that under gate bias is small.
However, combined with the results of the electrical charac-
teristics test and defect test, the degradation of SiC MOSFET
under drain bias and turn-on bias is similar, while the degrada-
tion under gate bias is the most serious. The ionizing radiation
damage induced by a proton in SiC MOSFET is affected by
the intensity of the electric field of the oxide layer and SiC
epitaxial layer, and also by the direction of the electric field.

5. Conclusion

Based on the Xi’an 200 MeV Proton Application Facil-
ity, the radiation effect of SiC MOSFETs with different bias
conditions under 20 MeV proton irradiation is studied. When
cumulative proton fluence reaches 2 x 10'! p-cm™2, the elec-
trical properties of SiC MOSFETs irradiated under drain bias,
gate bias, turn-on bias and static bias have changed, mainly
reflected in the negative shift of threshold voltage and the in-
crease of the peak of transconductance. The threshold volt-
age shift of SiC MOSFETs is the most serious under the gate
bias. The gate leakage current and breakdown voltage of SiC
MOSFETs do not change significantly after irradiation. DLTS
test results show that the proton radiation effect increases the
defect capture cross section and defect concentration of SiC
MOSFET, and the defect type does not change. Among the
four bias conditions, the change of defect capture cross section
and defect concentration before and after proton irradiation is
the largest under gate bias. The degradation trend and defect
change of SiC MOSFET under proton cumulative irradiation
and equivalent gamma total ionizing dose are the same. Based
on the Monte Carlo simulation, we carry out a proton trans-
port simulation in SiC. The ionization energy loss of 20 MeV
protons and their secondary particles in the SiC MOSFET ox-
ide layer and SiC layer is more than two orders of magnitude
higher than the non ionization energy loss, the proton radia-
tion effect mainly causes ionization damage to devices. With
the increase of proton energy, the ionization energy loss in-
duced by proton radiation in SiC MOSFET becomes smaller
and smaller. By comparing the internal electric field of SiC
MOSFET at different bias voltages, the proton radiation dam-
age of SiC MOSFET is affected by the intensity and direc-
tion of the electric field in the oxide layer and epitaxial layer.
When conducting proton single event effect research on some

devices with low single event effect cross section, the influ-
ence of radiation effect at high proton fluence on single event
effect analysis needs to be evaluated.
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