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The energy deposition and electrothermal behavior of SiC metal–oxide–semiconductor field-effect transistor (MOS-
FET) under heavy ion radiation are investigated based on Monte Carlo method and TCAD numerical simulation. The
Monte Carlo simulation results show that the density of heavy ion-induced energy deposition is the largest in the center of
the heavy ion track. The time for energy deposition in SiC is on the order of picoseconds. The TCAD is used to simulate the
single event burnout (SEB) sensitivity of SiC MOSFET at four representative incident positions and four incident depths.
When heavy ions strike vertically from SiC MOSFET source electrode, the SiC MOSFET has the shortest SEB time and
the lowest SEB voltage with respect to direct strike from the epitaxial layer, strike from the channel, and strike from the
body diode region. High current and strong electric field simultaneously appear in the local area of SiC MOSFET, resulting
in excessive power dissipation, further leading to excessive high lattice temperature. The gate–source junction area and the
substrate–epitaxial layer junction area are both the regions where the SiC lattice temperature first reaches the SEB critical
temperature. In the SEB simulation of SiC MOSFET at different incident depths, when the incident depth does not exceed
the device’s epitaxial layer, the heavy-ion-induced charge deposition is not enough to make lattice temperature reach the
SEB critical temperature.

Keywords: SiC MOSFET, Monte Carlo method, TCAD, single event burnout, lattice temperature
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1. Introduction
Compared with silicon materials, SiC materials have

the characteristics of high breakdown electric field, high
thermal conductivity, high electron density, and high elec-
tron mobility.[1–4] The application of SiC power devices in
aerospace electronic equipment can significantly reduce the
overall weight of electronic equipment and switching power
consumption with respect to silicon-based power devices. The
existence of multiple radiation sources in the space environ-
ment will affect the normal operation of electronic equipment.
In experiment, it was found that radiation particles may cause
off-state leakage current to increase and single event burnout
(SEB) to occur in SiC power devices.[5–10] Different degra-
dation phenomena are related to the device’s bias voltage and
the linear energy transfer (LET) of heavy ions. The SEB sim-
ulation researches of SiC power devices have also been con-
ducted. Witulski et al.[11] found in the TCAD simulation that
when the LET value is greater than 20, the SEB threshold is
relatively insensitive to LET, and proposed that the opening
of the parasitic bipolar transistor inherent in SiC MOSFET
leads to SEB. McPherson et al.[12] proposed that ion-induced
energy pulses of different magnitudes are regarded as a com-
mon mechanism responsible for catastrophic SEB and degra-
dation in SiC MOSFETs and JBS diodes, the co-existence
of high current and high voltage leads to the strong energy
pulses in the device. Lattice heating was not considered in

Refs. [11,12], and the single-event-effect model parameters
used in the two papers do not take the influence of ion trans-
port process into account. Ball et al.[13] used Monte Carlo
simulation to obtain a clear picture of energy deposition and
resulting charge carrier production in SiC. And in the TCAD
electrothermal simulation, there exists a significant difference
in device temperature response to heavy ion strikes between
simple approximations used for modeling radiation and those
backed by a high-fidelity Monte Carlo radiation simulator. Ex-
isting studies are not enough to analyze the SEB sensitivity of
SiC MOSFETs.

In this paper, the spatiotemporal distribution of the charge
deposition caused by heavy ions in SiC material is obtained
by Monte Carlo simulation. Furthermore, the charge distri-
bution obtained by GEANT4[14] Monte Carlo simulation is
introduced into the device radiation effect model. In the de-
vice’s numerical simulation, the susceptibilities and sensitive
areas of single-event burnout at different heavy-ion strike po-
sitions and different bias voltages are simulated and analyzed
for SiC MOSFET with TCAD.

2. Radiation transportation simulation
When high-energy heavy ions are incident on the semi-

conductor material, Coulomb interactions between the heavy
ions and the material will occur. The secondary electrons
are generated during the inelastic collision of heavy ions[15]
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and will be further ionized when the secondary electrons’ en-
ergy is large enough. Electron–hole pairs are generated dur-
ing the transport of heavy ions and secondary electrons and
are mainly distributed near heavy ions’ trajectories. Based on
the Monte Carlo method, GEANT4 software is used to simu-
late the transportation and energy loss process of heavy ions
and secondary electrons in SiC. The GEANT4 software is a
physical simulation software developed by CERN, which has
been widely used in many fields involving particle and mate-
rial interaction.[14,16]

According to the device structure of SiC MOSFET, heavy
ions pass through Al, SiO2, and Si sequentially in Monte Carlo
simulation and then enter into SiC epitaxial layer and sub-
strate. As shown in Fig. 1, each layer’s thickness is 2.9 µm,
0.82 µm, 0.36 µm, 10 µm, and 170 µm, respectively. The
energy of heavy ion Xe is 1217 MeV, its LET in SiC is
62.39 MeV·mg/cm2. The two-dimensional distribution of the
energy deposition density of Xe ions in SiC is shown in Fig. 2.
The maximum incidence depth of Xe ions in SiC is about
60 µm. The energy deposition density is the largest in the cen-
ter of the heavyion track. In the direction perpendicular to the
ion track, the farther the area from the center of the heavy-ion
track, the smaller the energy deposition is.

Si 0.36 mm

Al 2.9 mm

SiO2 0.82 mm

SiC epitaxial layer

Ion strike

SiC substrate

Fig. 1. Schematic diagram of SiC MOSFET.
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Fig. 2. Distribution of energy deposition density in SiC.

The time-dependent cumulative energy deposition pro-
duced by heavy ions in SiC is shown in Fig. 3. In the sim-
ulation, the time is recorded when heavy ions strike on the
upper surface of SiC. As time goes on, the energy deposition
in SiC material increases exponentially. Heavy ions lose part

of their energy when passing through Al, SiO2, and Si, and
most of the energy is deposited in SiC. In about 2×10−12 s,
heavy-ion energy is exhausted, the secondary electrons in SiC
also stop moving. The initial energy of Xe ions is 1217 MeV,
and the energy deposited in SiC is about 1152.84 MeV. The
spatial distribution and time parameters of energy deposition
obtained by Monte Carlo simulation will be used in TCAD
numerical simulation.
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Fig. 3. Time distribution of energy deposition in SiC.

3. Device numerical simulation
3.1. TCAD model setup

The device model of SiC MOSFET was constructed us-
ing TCAD simulation tools, the rated voltage and breakdown
voltage of SiC MOSFET were 900 V and 1236 V, respectively.
The gate voltage was 0 V in the subsequent simulations. In the
simulation, Our main concern is the electrothermal effect of
SiC MOSFET. The thermal conductivity, thermal resistance,
and heat capacity parameters related to the electrothermal ef-
fect were modified according to the experimental results in
the literature.[17,18] The thermal conductivity, thermal resis-
tance, and heat capacity, respectively, follow the following
formulas:[12]

k(T ) =
611

T −115
, (1)

χ(T ) = a+bT + cT 2, (2)

CL = a+bT + cT 2 +dT 3, (3)

where T is the lattice temperature of SiC, other parameters
used in TCAD simulation are given in Table 1.

Table 1. TCAD simulation parameters.

Parameter Value
4H–SiC bandgap= 3.26 eV

N− epi doping, depth 5.5×1015, 10 µm
Body doping, depth 5×1018, 0.9 µm

N+ drain doping 1×1019

Thermal resistivity a =−0.18822 cm·K/W,
b = 1.6367×10−3 cm/W,

c =−1.6941×10−20 cm/(W·K)
Heat capacity a = 1.5778 J/(K·cm3),

b = 3.5332×10−3 J/(K2·cm3),
c =−1.5447×10−6 J/(K3·cm3),
d = 2.6052×10−10 J/(K4·cm3)

018501-2
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The schematic diagram of simulating heavy ions perpen-
dicularly incident on the SiC MOSFET is shown in Fig. 4.
The cell structure of SiC MOSFET is symmetric, so the half
cell structure of the device is selected for heavyion simula-
tion in this work. In order to balance the on-resistance voltage
and the breakdown voltage, the epitaxial layer of SiC power
device varies in a range of 5 µm–15 µm in the application
field of medium and low voltage.[7] According to the exist-
ing substrate thinning technology, the substrate thickness of
SiC MOSFET can be less than 200 µm. The four positions
in Fig. 4 are the four representative heavy-ion incident posi-
tions we selected. The first position indicates that the particles
directly struck into the device from the epitaxial layer, the sec-
ond position indicates that the particles pass through the chan-
nel and then enter into the epitaxial layer. The third position
indicates that the particles enter through the source electrode,
the channel region, and the epitaxial layer. The fourth position
indicates that the particles enter from the body diode region of
the device. At the same time, to explore the SEB sensitive area
of SiC MOSFET, according to the maximum incident depth of
Xe ion in SiC, the single event effect induced by Xe ion at four
incident depths of 6 µm, 10 µm, 15 µm, and 3 µm were stud-
ied. The single event effect model parameters were obtained
by Gaussian fitting of the particle transportation simulation re-
sults. When constructing the model, we refined the grid of the
heavy ion track region.

Substrate 170 mm 

Width 5 mm 

Ion track depth

Ion strike position

6 mm

15 mm

10 mm

30 mm

1 2 3 4

Gate
Source

PP

N+ N+

N-

N+

Drain

Epi 10 mm

Fig. 4. TCAD simulation results of SiC MOSFET.

3.2. SEB sensitivity of MOSFET at different heavy-ion in-
cidence positions

The melting point of SiC is generally in a range of
2900 K–3100 K.[12] In this simulation, it was assumed that
its melting point is 3000 K, which is regarded as the critical

temperature Tc for SEB of SiC MOSFET. In the SEB sensitiv-
ity simulation of SiC MOSFET iat different incident locations,
the depth parameter of heavy-ion incidence is 60 µm, which is
the Monte Carlo simulation result. In Ref. [19], SiC MOSFET
reached a burnout condition and failed under the irradiation
of Xe ion with energy of 1217 MeV. Figures 5 and 6 show
the time and space distribution of the device lattice tempera-
ture when heavy ions strike from different positions. When
the drain voltage is 800 V, SEB will occur when heavy ions
strike from four positions. Affected by the incident position
and drain voltage, the time to reach the critical temperature
varies in the order of ps and ns. It takes the longest time to
reach the critical temperature when heavy ions strike from po-
sition 2, the shortest SEB time occurs when incident position is
position 3. When the leakage voltage was 300 V, the device’s
lattice temperature can reach the critical temperature only at
position 3. Based on the changes in the device’s lattice tem-
perature under different voltages with time, position 2 and po-
sition 3 are the weakest incident position and the strongest in-
cident position of SEB, respectively. When the incident strike
comes from position 3, the gate–source junction of SiC MOS-
FET reaches the critical temperature first. When heavy ions
strike from the other three positions, the substrate–epitaxial
layer junction is the first area to reach the critical temperature.
On the one hand, the local extremely high temperature affects
the intrinsic properties of SiC. On the other hand, the high
temperature may be transferred into the gate oxide layer and
source electrode, affecting the performance of SiC MOSFET.
The occurrence of high temperature at the electrode contact
will cause the device’s electrical performance to degrade.[20]
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Fig. 5. Time-dependent lattice temperature when heavy ions strike from dif-
ferent positions.

As shown in Fig. 7, we have extracted the current distribu-
tions and the electric field distributions inside the device at dif-
ferent incident positions when the lattice temperature reaches
the melting point. The power density, which is equal to the
current density multiplied by the electric field, can reflect the
power dissipation in the local area of SiC MOSFET.[13] Ex-
cessive power dissipation in a local area will cause the SiC
lattice to melt. When heat is transferred into the SiC–metal in-
terface and the metal contact, at the SiC–metal interface there
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occurs the lattice eutectic melting or the metal electrode melt-
ing. Combining with Fig. 6, we can see that the area where the
power dissipation occurs corresponds to the area where the
critical temperature occurs. The distribution of current and the
distribution of electric field is different from each other when
the incident position of heavy ions changes. If a strong electric
field and a large current exist in a local area of the device at
the same time, excessive power dissipation will be generated
in this area.

The distributions of time-dependent electric field, current
density, and lattice temperature are extracted when heavy ions
are incident from position 1 as shown in Fig. 8. Driven by 800-
V drain voltage, the electron–hole pairs generated along the

heavy ion track recombine and move in the device, the current

density in the source region and in the drain region gradually

increase. At 260 ps, a strong electric field and a large current

density occur at the substrate–epitaxial layer junction. The

lattice temperature of SiC MOSFET first reaches the critical

temperature in this area. It takes picoseconds to nanoseconds

time for the lattice temperature of SiC to reach the critical tem-

perature, while the time of device burnout is generally on the

order of microseconds. The occurrence of excessive power

dissipation under a specific drain voltage and the appearance

of the corresponding lattice temperature are the cause of SEB

in SiC MOSFET.
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Figure 9 shows the spatial distributions of device lattice temperature at different drain voltages. As the drain voltage de-
creases, the region in the device that first reaches the critical temperature shifts from the gate–source junction to the substrate–
epitaxial layer junction. It can be seen from Fig. 6, in the middle and low drain voltage range, burnout occurs mainly at the
substrate–epitaxial layer junction. In Fig. 5, only when the incident position is position 3, can the device reach the critical tem-
perature during the first lattice temperature rise stage. When heavy ion strikes from the other three positions, the SEB appears at
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the second peak of the lattice temperature change. At the four heavy-ion incidence positions, the time-dependent lattice temper-
ature has two temperature peaks. The first temperature peak appears at the gate–source junction, and the second one occurs at
the substrate–epitaxial layer junction. If the values of all lattice temperature peaks are less than the critical temperature, burnout
will not occur. The lattice temperature peak is related to the heavy-ion incident position, the magnitude of the drain voltage, and
the LET value.
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Fig. 8. Electric field intensity, current density, and lattice temperature varying with time, with heavy ions striking from position 1.
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3.3. SEB sensitivities of SiC MOSFET at different
heavyion incident depths

According to the distribution of Xe ion charge deposition
density in SiC, calculated in the second part, the SEB simula-
tions at four heavyion incident depths were carried out. The
changes of the device lattice temperature with time under dif-
ferent incident depths are shown in Fig. 10. When the incident
depths are 10 µm and 6 µm, the lattice temperature under two
drain voltage conditions cannot reach the critical temperature.
According to the description in Fig. 1, the epitaxial layer thick-
ness of SiC MOSFET is 10 µm. When the incident depth of
heavy ions does not exceed the epitaxial layer’s thickness, the
lattice temperature is not high enough to reach the SEB critical
temperature.
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Fig. 10. Lattice temperatures varying with time at different incident depths.

Figure 11 shows the time-dependent spatial distributions
of the device lattice temperature when the heavy-ion incidence
depth is 15 µm at a drain voltage of 800 V. The time point of
8×10−11 s corresponds to the first peak of the device lattice
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temperature in Fig. 10, which does not yet reach the critical
temperature, and the time point of 3.11×10−10 s corresponds
to the time when the device reaches the critical temperature.
As shown in Fig. 11, the first peak of lattice temperature ap-
pears at the gate–source junction of SiC MOSFET. This is
the burnout area when the heavy ions strike from position 3
with 30-µm and 60-µm incident depths. When the incident
depth is 15 µm, the lattice temperature in the gate–source
junction is lower than the critical temperature. The burnout
position finally appears at the substrate–epitaxial layer junc-
tion. The simulation results show that as the incidence depth
of heavy-ions decreases, the SEB sensitivity of SiC MOSFET
decreases. The SEB sensitive area of SiC MOSFET cannot be
simply judged as the epitaxial layer.
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4. Conclusions
By the Monte Carlo method, the spatiotemporal distribu-

tion of heavy-ion-induced energy deposition in SiC MOSFET
is obtained. Using the TCAD numerical simulation, combined
with Monte Carlo simulation results, the sensitivity of SEB in
SiC MOSFET is analyzed. The coexistence of a large current
and a strong electric field will cause excessive power dissi-
pation and lead the lattice temperature of a local area of the
device to exceed the melting point of SiC. The scenarios that
heavy ions incident vertically on the SiC MOSFET at four dif-
ferent incident positions are simulated. When heavy ions are
incident from the above source electrode, the device lattice
temperature changes most obviously. the gate–source junction
areas and the substrate–epitaxial layer junction area are both
the initial areas in SiC MOSFET that reach the SEB critical

temperature. The charge deposition in the epitaxial layer re-
gion of SiC MOSFET is not high enough to make the device’s
lattice temperature reach the SEB critical temperature.
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