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Degradation Mechanism Analysis and Modeling
of SiC MOSFETs Under 60Co Gamma Ray Total

Ionizing Dose Irradiation
Runding Luo , Yuhan Duan , Tao Luo, Yifei Chang , Wenhua Shi, Xiaoyan Xu, Jianjun Zhuang ,

Guoqi Zhang , Fellow, IEEE, and Jiajie Fan , Senior Member, IEEE

Abstract— The degradation mechanisms of silicon car-
bide (SiC) VDMOSFET and trench metal oxide semi-
conductor field effect transistor (MOSFET) in a 60Co
gamma irradiation environment were investigated. The
degradation of electrical characteristics of SiC MOSFET
in different working states after irradiation with different
total ionizing doses (TIDs) was explored. The defects
induced during the irradiation process were studied in
annealing experiments conducted after irradiation. The
reasons for the degradation of SiC MOSFET caused by
TID were revealed, and a prediction model of threshold
voltage (Vth) shift was proposed and verified through TCAD
simulation. The Vth, breakdown voltage (BV), ON-resistance
(Ron), input capacitance (Ciss), output capacitance (Coss),
and reverse transfer capacitance (Crss) were measured
at different irradiation doses and annealing conditions.
Experimental results indicated that the degradation of
both Ron and Ciss was primarily caused by the Vth shift.
As the doses increased, the shift in Vth gradually reached
saturation. Similar trends to VDMOSFET were observed
in trench MOSFET but with greater sensitivity to TID.
In addition, MOSFETs biased at zero voltage exhibited
lower shifts in Vth compared with those under high gate
bias conditions. Furthermore, the increase in defects in
the gate oxide during irradiation and annealing processes

Received 8 March 2025; accepted 25 April 2025. Date of publication
15 May 2025; date of current version 23 June 2025. This work was
supported by the National Natural Science Foundation of China under
Grant 52275559. The review of this article was arranged by Editor
M. Meneghini. (Runding Luo and Yuhan Duan contributed equally to this
work.) (Corresponding author: Jiajie Fan.)

Runding Luo, Yuhan Duan, Tao Luo, Yifei Chang, and Wenhua
Shi are with Shanghai Engineering Technology Research Center
of SiC Power Device, School of Intelligent Robotics and Advanced
Manufacturing, Fudan University, Shanghai 200433, China (e-mail:
22210860004@m.fudan.edu.cn; 22110860002@m.fudan.edu.cn;
23210720219@m.fudan.edu.cn; 22210860070@m.fudan.edu.cn;
swh@sichainsemi.com).

Xiaoyan Xu and Jianjun Zhuang are with Changzhou Galaxy Century
Microelectronics Company Ltd., Changzhou 213022, China (e-mail:
xuxy@gmesemi.cn; tec@gmesemi.com).

Guoqi Zhang is with the Department of Microelectronics Engineering,
Delft University of Technology, 2628 CD Delft, The Netherlands
(e-mail: G.Q.Zhang@TUDelft.nl).

Jiajie Fan is with Shanghai Engineering Technology Research Center
of SiC Power Device, School of Intelligent Robotics and Advanced
Manufacturing, Fudan University, Shanghai 200433, China, and also
with the Research Institute, Fudan University, Ningbo 315336, China
(e-mail: jiajie_fan@fudan.edu.cn).

Digital Object Identifier 10.1109/TED.2025.3566690

were calculated. Finally, a model predicting Vth shift path
was established, and its accuracy and limitations were
determined. This study provides valuable insights into the
effect of TID on SiC MOSFETs.

Index Terms— Irradiation, oxide trap, silicon carbide
(SiC) metal oxide semiconductor field effect transistor
(MOSFET), threshold voltage shift path model, total ionizing
dose (TID).

I. INTRODUCTION

BECAUSE of its wide bandgap, high breakdown electric
field, and excellent thermal conductivity, silicon carbide

(SiC) is considered one of the most suitable semiconductors
for high-temperature and high-power-density devices [1],
[2], [3], [4]. SiC metal oxide semiconductor field effect
transistors (MOSFETs) exhibit higher switch frequency, lower
energy loss, and lower temperature resistance than those
of Si-based MOSFETs [5], [6], and are gradually being
commercialized in applications such as dc–ac inverters and
on board chargers (OBCs) for electric vehicles [7], [8]. Power
devices operating in space or nuclear power plants must be
able to withstand electrical stress and space radiation during
long-term operation. With a bandgap of 3.2 eV, about three
times that of silicon (Si), 4H-SiC exhibits a lower density of
radiation-induced defects under similar irradiation conditions
compared with Si. The crystal displacement energy of 4H-SiC
is as high as 22 eV, whereas that of Si is only 15 eV. The higher
displacement energy of 4H-SiC increases its hardness against
neutron radiation. Therefore, SiC MOSFETs are deemed to
have significant potential for applications in nuclear reactors
and spacecraft, where robust radiation hardness is essential [9],
[10], [11], [12].

However, high-energy particles and radiation in the space
environment can still induce degradation, such as total ionizing
dose (TID) effects, leading to the deterioration or even
failure of devices. The dose rate corresponds to the altitude
of the spacecraft. Generally, for spacecraft with a five-year
operating cycle, the radiation dose to the components can
reach 1 krad(Si) to 5 Mrad(Si). The interface barrier of
SiC/SiO2, 2.7 eV, is lower than the interface barrier of Si/SiO2,
3.1 eV [13], which causes electrons to exhibit more violent
Fowler–Nordheim tunneling into the oxide, resulting in an
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increase in gate leakage current. In addition, the defect types
and density of the SiC/SiO2 structure limit the suitability
of SiC MOSFETs for space operations. Usually, two of
the reasons for the degradation of SiC MOSFETs are the
fixed charge in the gate oxide during irradiation and the
increase in interface state density at the interface between
the gate oxide and the semiconductor as the irradiation dose
accumulates [14], [15]. Therefore, the irradiation resistance
of MOS structures with fewer interface states, created by
annealing in a nitrogen oxide atmosphere, has been studied.
Although annealing in nitrogen monoxide or nitrogen dioxide
atmospheres can significantly improve mobility, the severe
TID caused by the introduction of additional hole traps
near the interface leads to more severe degradation of the
threshold voltage. [16], [17]. In addition, the degradation of
SiC MOSFET after irradiation can be partially recovered,
which may be related to the elimination of defects caused
by thermal neutralization of trapped charges and passivation
of defects [18]. Moreover, the radiation hardnesses of power
devices with different structures, represented by double-
diffused MOSFETs (DMOSFETs) and DMOS integrated
with junction barrier Schottky (JMOS), were compared [19].
To meet the high-reliability requirements of SiC devices in
power applications, it is necessary to measure and evaluate
the failure rate. The atmospheric neutron-induced degradations
in SiC power MOSFETs are investigated by spallation
neutron irradiation Deki et al. [20] and Akturk et al. [21].
The SEB failure rate of SiC MOSFET was measured
and calculated [22]. The measurement and modeling of
system reliability in radiation environments have also been
reported [23]. There are reports that improving the TID
tolerance of MOSFETs through layout styles, the hexagonal
cell has better tolerance than rectangular under the same
conditions [24]. The long-term reliability of devices under the
TID effect has also been studied [25]. However, there is still
a lack of prediction models for the degradation of different
structural devices in irradiation environments.

This study compared both the radiation tolerance and
the recovery effects after annealing of VDMOSFET and
trench MOSFET. The reasons for the degradation of SiC
MOSFETs caused by TID effects were explained. According
to the TID test standard MIL-STD-883, Si unipolar power
devices are required to undergo high-temperature annealing
(HTA) to accelerate the release of interface states after high-
dose irradiation [26]. This process is done to prevent the
contribution of interface states to irradiation degradation from
being underestimated. Therefore, HTA and high-temperature
gate bias annealing (HTGBA) were performed after irradiation
in this study to evaluate the effects of interface states and
interface traps on SiC MOSFET. Analyzed the reasons why
trench MOSFETs are more sensitive to TID effects, including
gate oxide thickness, gate oxide control ability over the
channel, and gate oxide reliability. The sensitivity of parasitic
parameters of trench MOSFET and VDMOSFET to the TID
effect has also been compared and explained. This study also
calculated the defects generated by irradiation, predicted the
degradation of devices with different structures under different
irradiation doses, and verified the accuracy of the proposed

Fig. 1. Cross section of (a) VDMOSFET and (b) trench MOSFET.
(c) Irradiation chamber. (d) Devices under test and the driver circuit are
used to power the tested devices in the irradiation environment.

model through both TCAD simulation and experiments. This
study can provide helpful guidance to evaluate the service life-
time and reliability of SiC MOSFETs used in space operations.

II. TESTED DEVICES AND EXPERIMENTAL METHODS

This section overviews the structures and characteristics of
the SiC MOSFET devices tested in irradiation experiments and
provides a detailed description of the experimental conditions
during irradiation and annealing.

A. Tested Devices and Test Setup
Representative VDMOSFETs and trench MOSFETs were

selected as the tested devices commercially available 1200 V
SiC MOSFETs from two manufacturers. Fig. 1(a) shows
the cross-sectional views of SiC MOSFET power devices
with different structures used in the TID experiments, where
Fig. 1(a) and (b) represent VDMOSFET and trench MOSFET,
respectively. The gate oxide thickness of the VDMOSFET is
37 nm, while that of the Trench MOSFET is 54 nm.

All samples were stored in dry ice and returned to room
temperature (25 ◦C) for irradiation and testing. To demonstrate
that the increased interface state caused by the 168 h high-
temperature gate bias (HTGB) is not the reason for the
recovery of Vth, a set of MOSFETs underwent 168 h of
HTGB aging before irradiation (gate voltage bias: 18 V,
ambient temperature: 150 ◦C). The electrical characteristics
of the samples are listed in Table I. The testing conditions for
Ciss , Coss , and Crss were VDS = 1000 V, Vgs = 0 V, and
f = 100 kHz.
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TABLE I
ELECTRICAL PARAMETERS OF TESTED DEVICES

B. Irradiation Source and Irradiation Bias
The radiation tests were carried out using gamma rays

provided by a cylindrical cobalt-60 (60Co) radiation source
at a dose rate of 50 rad(Si)/s. Three groups of MOSFETs
were exposed to total doses of 300, 600, and 1000 krad(Si),
respectively. Fig. 1(d) shows the experimental setup during
irradiation.

The temperature in the irradiation chamber was always set
as 25 ◦C. The VDMOSFETs and trench MOSFETs were
divided into two groups: one group was irradiated with a
gate voltage bias Vgs = 18 V, while the other group was
irradiated with the gate voltage bias set to 0 V. In addition, the
drain–source voltage for both groups was maintained at zero.

C. Annealing Experiments
Three annealing experiments, each including 12, 24, 48, and

168 h of annealing, were carried out. Experiment (1) room
temperature annealing (RTA): The MOSFETs were placed in
a constant temperature box with a temperature of 25 ◦C and a
humidity of 50%. Experiment (2) high-temperature annealing
(HTA): Annealing was carried out at 175 ◦C. The high
temperature accelerated annealing to evaluate the temperature
effect. The electrodes of the DUTs in experiments 1 and 2 were
grounded. Experiment (3) HTGBA: Annealing was completed
at 175 ◦C and Vgs = 18 V. All irradiated VDMOSFETs
and trench MOSFETs had undergone annealing. In addition,
a group of samples without irradiation was designed in
an HTGB experiment with Vgs = 18 V and 175 ◦C. All
measurements of the DUTs are taken after the samples have
returned to room temperature.

III. ANALYSIS, MODELING, AND VALIDATION OF
EXPERIMENTAL RESULTS

This section presents the experimental results and analyzes
the reasons behind the results. The degradation of various
electrical characteristics under irradiation is induced by a
decrease in Vth, which is mainly due to the additional fixed
charge in the gate oxide. Furthermore, by modeling the
relationship between the increased fixed charges and the
irradiation doses, the degree of Vth shift at different doses is
predicted, and the feasibility of the degradation model and
conclusions are finally verified through TCAD simulation.

A. Degradation Mechanism Analysis and Comparison
After short-circuiting the gate and drain, the voltage is

scanned until the drain current reaches 5 mA, and this voltage

is extracted as the threshold voltage. Fig. 2(a) and (b) shows
that positive gate bias voltage results in a larger Vth shift
in VDMOSFET, and the shift increases with the increasing
radiation dose until it approaches saturation, reflecting the
cumulative effect of radiation dose. Even if it continues to
accumulate to ultrahigh doses, the Vth shift still shows a
saturated state [27]. At low doses, there are traps for captured
carriers in the gate oxide, and as time progresses, some
traps are filled by charge carriers. The rate of trap capture
of carriers slows down. With increasing dose, the speed
of Vth shift slows down. Similar results are obtained with
the trench MOSFET. When Vgs = 18 V, the probability of
recombination of electrons and holes excited by the TID effect
decreases, and more holes in the gate oxide are accelerated
toward the SiC/SiO2 interface, causing a higher trap charge
generation rate. If the voltage continues to increase, the hole-
trapping cross section will decrease, and a sufficiently high
electric field will lead to a reduction in the Vth shift [28].
VDMOSFET benefits from a smaller gate oxide thickness
compared with trench MOSFET, resulting in less fixed charge
accumulating in the gate oxide due to radiation. These
characteristics make it easier to excite defects in the oxide
of trench MOSFETs and weaken the control ability of the
gate over the channel subsequent to the TID effect. This
makes the Vth degradation of VDMOSFET less sensitive to
ionizing radiation effects compared with trench MOSFET.
When Vgs = 18 V, the Vth of the trench MOSFET decreased
by 13.42 V and the VDMOSFET decreased by 3.05 V after
irradiation. In addition, as the annealing time increases, the Vth
of VDMOSFET and trench MOSFET show a weak recovery
trend. The hole trap at the SiO2/SiC interface and oxide traps
in the oxide layer accumulate energy over time until the energy
is sufficient for the transition. As shown in Fig. 2(c) and (d),
the recovery phenomena of HTA and HTGBA are more
obvious. The Vth curve of VDMOSFET is drawn with a dashed
line, while the trench MOSFET is drawn with a solid line.
This phenomenon is caused by both large electrical stress and
high temperatures, with electrons entering the oxide through
more intense thermionic emission tunneling to eliminate trap
charges.

Normally, the Vth shift is considered to be associated
with changes in interface state density, interface trap charge,
and the addition of fixed charges. The variation in interface
state density before and after irradiation and annealing
was calculated by extracting the slope of the sub-threshold
current [29], [30]. This method is commonly used for
evaluating the interface state density of SiC/SiO2. The
midgap voltage shift is used to calculate the change in fixed
charge [31]. Fig. 3 shows the sub-threshold current before and
after different doses of irradiation and annealing.

When Vd = 10 V, Vg is scanned with a scan interval of
0.14 V. The scanning range of Vg is shown in Fig. 3. The
red boxes in the figure indicate the part of the current that is
sub-threshold current. The curve outside the red box indicates
that the device is not conducting and will enter saturation.
The slope of the sub-threshold portion of the device with the
largest Vth shift was fit and the interface state density change
was calculated. To eliminate the interference of HTGB on the
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Fig. 2. When (a) Vgs = 0 V and (b) Vgs = 18 V, the shift of Vth for
VDMOSFET and trench MOSFET during the irradiation, when (c) Vgs =

0 V and (d) Vgs = 18 V, the shift of Vth for MOSFET during the annealing
processes.

Fig. 3. Sub-threshold current of (a) VDMOSFET with Vgs = 18 V.
(b) VDMOSFET with Vgs = 0 V. (c) Trench MOSFET with Vgs = 18 V
and (d) trench MOSFET with Vgs = 0 V.

interface density of states, the slight interference of HTGB on
the interface state with a duration of 168 h was verified by the
HTGB control experiment.

In Table II, Dit is the interface state density, Nit is the
interface trap, and Nox is the fixed charge. The interface state
density and interface traps after irradiation are represented
by D′

it and N ′

it, respectively. The interface states follow an
exponential distribution for Ec−Et < 0.4 eV and a nearly
uniform distribution from 0.4 to 1.0 eV. The interface traps
are uniformly distributed between 0.4 and 1.0 eV. The defect
concentration and Vth changes listed in the table are compared
with those of unannealed devices after irradiation. The changes
in interface state density of the devices listed in Table II reveal

TABLE II
DEGRADATION OF ELECTRICAL PARAMETERS AND CHANGES IN

DEFECTS AFTER ANNEALING

a weak influence of TID effects on the SiC/SiO2 interface
state density when Vgs = 18 V, Dose = 1000 krad(Si),
and annealing time = 168 h. In the VDMOSFET, when
the Nox decreases by 5.4e11 cm−2, the Dit only decreases
by 1.0e10 eV−1∗cm−2. The Vth recovery attributable to the
decrease in Dit is roughly 2% of the recovery caused by the
reduction in Nox. This corresponds to a slight degradation in
the time-dependent dielectric breakdown (TDDB) character-
istics of SiC MOSFETs undergone TID effects, which is in
agreement with the findings of a previous study [25].

Fig. 4 illustrates the capacitor–voltage (CV) shift corre-
sponding to different doses of irradiation and annealing pro-
cesses. To measure the gate capacitance (Cg), Vd = Vs = 0 V,
an ac small signal (Vac = 0.02 V) with a frequency of 1 MHz
was given to the gate. Vg was scanned from −20 to 20 V at
intervals of 0.1 V. During irradiation, the CV characteristics
shifted toward the negative direction of the X -axis, indicating
the increase in positive fixed charges in the gate oxide. This is
associated with the capture of holes by traps in the gate oxide.
The specific impact of the increase in fixed charges on the
Vth during irradiation and annealing processes was calculated
through the amount of CV characteristic shift, as listed in
Table II. The increase in fixed charges during irradiation leads
to a Vth decrease, which is almost equal to the measured
decrease in Vth. Therefore, under experimental conditions, the
shift in interface state density and interface trap charge on
the Vth during irradiation and annealing processes is minimal.
The interface state density and interface trap charge can be
ignored, and the degradation of the Vth is solely determined
by the increase and decrease in fixed charges. There are two
reasons for this. First, most of the holes excited by the TID
effect are captured by oxide traps during the transition to
the SiC/SiO2 interface, resulting in fewer holes reaching the
interface. Second, Si-H dangling bonds have a probability of
reacting with particles to produce interfacial states.

Fig. 5(a) reveals the slight degradation of breakdown
voltage (BV) due to ionizing radiation effects and the weak
recovery of BV during the annealing process. Since the Vth of
some MOSFETs has shifted to negative values, the devices
have become depletion MOSFETs. To ensure the channel
turn off, a gate voltage of −12 V is applied during BV
measurement. Fig. 5(b)–(e) shows the degradation of ON-
state characteristics in the two MOSFETs after different
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Fig. 4. CV of (a) VDMOSFET with Vgs = 18 V. (b) VDMOSFET with
Vgs = 0 V. (c) Trench MOSFET with Vgs = 18 V and (d) trench MOSFET
with Vgs = 0 V.

doses of irradiation. When Vg = 8 V, Vd scans at intervals
of 0.04 V starting from 0 V. The output characteristics
exhibit an upward shift. Similar to the trend of Vth, the
upward shift becomes more pronounced as the irradiation dose
increases. The negative shift of Vth leads to an increase in the
concentration of inversion layer charge carriers under the same
gate voltage. The enlargement of the cross-sectional area of
the inversion layer determines the degree of upward shift in
the ON-state characteristics. Fig. 5(f) illustrates the degradation
effects of Ron during the radiation. The degradation of Ron
exhibit similar trends to those of Vth. As the dose increases,
the degree of Ron degradation saturates. A TID simulation
was conducted to consider insulator SiO2 as a semiconductor
with extremely high bandgap width. Three TID simulations
were conducted at room temperature, each with a dose
rate of 50 rad(Si)/s, reaching total doses of 300, 600, and
900 krad(Si), respectively.

As shown in the TCAD simulation in Fig. 6, the shift
in Vth increases the conductive channel area and carrier
concentration under the same Vgs when not fully conductive,
thereby reducing Ron. The more the Vth shifts, the more the
Ron decreases. The Id versus Vd curve exhibits an upward
trend with increasing doses due to the TID effect weakening
the control of the gate. Annealing partially restores control,
regressing the curve somewhat.

Not only the dc characteristics mentioned above, but also
the ac characteristics of power devices are degraded by the
TID effect. The curve of parasitic capacitance versus Vd

is helpful for assessing the reliability and losses of SiC
power devices. Fig. 7(a)–(c) presents Ciss , Coss , and Crss

of the devices before and after irradiation and annealing
processes, respectively. Coss and Crss are insensitive to TID,
but a significant increase in input capacitance may lead to
mismatches between the MOSFET and gate driver, causing
systemic failures. Similar to the degradation results of Vth and

Fig. 5. (a) Shift of BV of VDMOSFET and trench MOSFET after
irradiation at different doses. The ON-state characteristics of the
MOSFETs recover after different doses of irradiation. (b) VDMOSFET,
Vgs =0 V. (c) VDMOSFET, Vgs = 18 V. (d) Trench MOSFET, Vgs = 0 V,
and (e) trench MOSFET, Vgs = 18 V. (f) Shift of Ron of VDMOSFET and
trench MOSFET after irradiation at different doses.

Fig. 6. When Vgs = 1 V, (a1) device structure of VDMOSFET and (a2)
conductive channel area after irradiation at different doses. (b1) Device
structure of trench MOSFET and (b2) Conductive channel area after
irradiation at different doses.

Ron, gate voltage during irradiation accelerates the degradation
of Ciss . In addition, a more pronounced degradation is
observed in trench MOSFET compared with VDMOSFET.

The composition of three capacitances is jointly given
by (1)–(3) [32]. Since the small changes in Crss , changes in the
Ciss are determined solely by Cgs . Cgs is given by (4), where
changes in the Vth lead to variations in the depletion layer
depth beneath the oxide under high bias conditions, affecting
the depletion region capacitance. Depletion layer depth
decreases, and Cde increases. Furthermore, the introduction of
fixed charges in the oxide during the radiation process alters
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Fig. 7. Ciss of (a) VDMOSFET and (b) trench MOSFET during the
irradiation. The Coss of (c) VDMOSFET and (d) trench MOSFET during
the irradiation. The Crss of (e) VDMOSFET and (f) trench MOSFET
during the irradiation.

the capacitance storage capability of the gate oxide, leading
to an increase in Cox. The combined variation of these two
capacitances results in an increase in Cgs . The changes in Cde
and Cox are caused by the interface state and the fixed charge
of the gate oxide, and an intuitive manifestation of the changes
in the interface state and the fixed charge is the shift of Vth.
In summary, all of the changed characteristic parameters are
causally related to the variation in Vth. Therefore, predicting
the degradation of Vth during the TID is informative

Ciss = Cgs + Cgd (1)
Coss = Cgd + Cds (2)
Crss = Cgd (3)

Cgs = Cox +
CpwellCde

Cpwell + Cde
. (4)

In (1)–(4), Cgs is the capacitance between the gate and the
source, Cgd is the capacitance between the gate and the
drain, Cds is the capacitance between the drain and the source,
Cox is the oxide capacitance, Cpwell is the P-well region
capacitance, and Cde is the depletion region capacitance. The
degradation of Cox and Cde is related to fixed charges and
interface density of states. It is effective in directing the
perception of changes in fixed charges and interface density
of states through the degradation of Vth. Therefore, predicting
the degradation of Vth during the TID will be important and
informative.

B. Threshold Voltage Degradation Modeling and
Prediction

In the above section, it is demonstrated that the shift in Vth
during the irradiation is primarily caused by the increase in
positive fixed charges in the gate oxide. Therefore, accurate
prediction of the fixed charges generated in the gate oxide
during irradiation would enable the prediction of the Vth shift.
The continuity equation for holes is given by the following
equation:

∂p
∂t

+
∂ jp

∂x
= G − R (5)

where p is the hole concentration, jp is the current density,
jp = p(x)µp E , µp is the hole mobility, G is the hole
generation rate, R is the hole recombination rate, expressed
by R = p(x)τp, τp is the hole lifetime, and Htrap represents
the holes captured by the trap. During the irradiation, the hole
generation rate G is related to the density of the irradiated
material, the type of rays, and the dose rate, and it can be
expressed by the following equation [26]:

G =
ρox

1.6 × 10−10 Eergox
F(E)

d D
dt

(6)

where ρox is the density of SiO2, Eergox is the energy
required to produce an electron-hole pair during ionization
in SiO2, and D is the dose during the irradiation. The
yield is g0 = ρox/1.6 × 10−10 Eergox F(E), which is a value
related to the electric field intensity in oxide. It represents
the probability of carrier recombination generated during the
irradiation. In the dual composite model that simultaneously
considers sufficiently dense and relatively sparse situations,
the approximation (7) of the F(E) [33], [34] is

F(E) =

(
E + EC

E

)−m

(7)

where Ec is the critical electric field that separates carriers,
satisfying Ec = χµ, where χ is the geometric mean of the
absolute electronegativity of Si and O atoms, and m is a
constant. For the 60Co used in the irradiation experiment of
this study, Ec = 0.65MV/cm, and m = 0.9. At a steady state,
∂p/∂t = 0 and the combination of (5)–(7) can be obtained.
Under the influence of gamma irradiation, the current density
jp can be expressed by the following equation:

jp = g0 F(E)µpτp E
[

1 − exp
(

−
tox

µpτp E

)]
d D
dt

(8)

where E is the electric field intensity in SiO2 and tox is
the gate oxide thickness. In this study, it is considered that
the electric field intensity in SiO2 is uniformly distributed.
By mathematical approximation, when the applied voltage
is 0 V, µpτp E/tox → 0 and jp → g0 F(E)µpτp E/tox d D/dt .
When the external electric field is large, because of the
small thickness of the gate oxide, µpτp E/tox → ∞, and
jp → g0 F(E)toxd D/dt . In the modeling, five following
approximations are made, including.

1) Due to the fact that the neutral traps have a much smaller
capture rate for charge carriers compared with hole trap
charges, the capture of charge carriers by neutral traps
is neglected.
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2) The distribution of traps in the gate oxide is assumed to
be continuous.

3) The gate oxide is treated as an infinitely large flat plate,
disregarding the edge effects of the gate oxide.

4) The fixed charge value near the SiC/SiO2 interface is
considered constant and does not vary with the dose.

5) Under positive gate bias or zero gate bias, the hole
density at the boundary near the SiO2/gate metal side
is assumed to be 0. These approximations are made
to simplify the model and facilitate analysis, and they
enable the establishment of a continuity equation for
hole traps

∂ Nhox (t)
∂t

= σptox jptox [Nhox − Nhox (t)] (9)

where σptox represents the trap’s cross-sectional area for
capturing holes in the gate oxide, expressed in terms of the
cross-sectional area of the gate oxide; jptox denotes the hole
current density in SiO2; and Nhox is the surface density of hole
traps at the SiC/SiO2 interface. When the dose rate remains
constant, substituting (8) into (9) yields as follows:

Nhox (D) = Nhox + Nhox exp
[
−σptox g0 F(E)µpτp E[

1 − exp
(

−
tox

µpτp E

)]
D

]
. (10)

In summary, the Vth shift caused by gamma rays can be
expressed as follows:

1Vot =
−qtox

εox

{
Nhox + Nhox exp

[
−σptox g0 F(E)µpτp E[

1 − exp
(
−

tox
µpτp E

)]
D

] }
(11)

where q is the electron charge and εox is the dielectric constant
of SiO2.

Fig. 8 compares the Vth shift experimentally measured and
the predicted results by the proposed model. When the electric
field intensity is high, the results predicted by the model are
in good agreement with the experiments. Since there are only
three doses in the experiment of this study, to supplement
the data and better verify the model, this study verified
the correctness of the model through TCAD simulation.
TCAD simulations rely on Mobility Models, Recombination
Models, and Bandgap Narrowing Models, among others. The
irradiation process also demands physical models such as
Gamma Irradiation Models and Trap Distribution Models. The
dose rate in the Gamma Irradiation Model is set to 50 rad(Si)/s,
the source rise time (DoseTSigma) is 90 s, and the irradiation
times are set from 2000 to 22 000 s with a step size of
1000 s. Fixed charges and interface traps follow an exponential
distribution. It is indicated that when the dose is low and the
electric field intensity is 0, the model cannot accurately predict
the Vth shift at this time because the influence of interface
trap charges is ignored. Since the trench, MOSFET reaches
the saturation state later than the VDMOSFET when the gate
bias is not loaded. At this time, there is a deviation between
the model and the test value caused by interface trap charges.

Fig. 8. Vth shift prediction, measured data, and simulation of SiC
MOSFETs under irradiation environment.

IV. CONCLUSION

In this study, the TID effects on SiC VDMOSFET and
trench MOSFET were investigated under the condition of
gamma-ray irradiation at doses of 300, 600, and 1000 krad(Si).
The reason why trench MOSFETs have poorer TID tolerance
has been revealed. The results can be concluded as: first,
the degradation trends of Ron and Ciss were similar to the
degradation trend of Vth, which can be attributed to the shift
in Vth increases the conductive widening of the channel caused
by the degradation of Vth. The Cox of the trench MOSFET is
more sensitive to the TID effect. Next, HTA and HTGBA were
performed to demonstrate the minimal impact of interface
traps on SiC MOSFET degradation. Furthermore, interface
states were found to be insensitive to TID for SiC MOSFETs.
The defects affecting the TID tolerance of SiC MOSFETs
were identified as fixed charges in the gate oxide. Finally,
a prediction model was developed to establish the relationship
between fixed charges in the gate oxide and the dose. For
devices biased with gate voltage, the fixed charges in the
gate oxide exhibited an exponential relationship with the dose.
Generally, this study provides insights into the TID tolerance
of SiC MOSFET power devices, which is helpful for the
application of such devices in space operations and nuclear
power plants.
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