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We investigate the impact of high-energy O ions on the occurrence of single-event burnout (SEB) in silicon carbide
(SiC) metal–oxide–semiconductor field-effect transistors (MOSFETs) under various bias conditions. Through a combina-
tion of SRIM, GEANT4, and TCAD simulations, we explore the role of secondary ions generated by nuclear reactions
between high-energy O ions and SiC materials. These secondary ions, with significantly higher linear energy transfer
(LET) values, contribute to electron–hole pair generation, leading to SEB. Our results show that the energy deposition and
penetration depth of these secondary ions, especially those with high LET, are sufficient to induce catastrophic SEB in
SiC MOSFETs. The study also highlights the critical influence of reverse bias voltage on SEB occurrence and provides
insights into the failure mechanisms induced by nuclear reactions with high-energy O ions. This work offers valuable under-
standing for improving the radiation resistance of SiC-based power devices used in space and high-radiation environments,
contributing to the design of more reliable electronics for future space missions.

Keywords: heavy ion, silicon carbide metal–oxide–semiconductor field-effect transistor (SiC MOSFET), nu-
clear reactions, single-event burnout (SEB)
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1. Introduction
Silicon carbide (SiC), as a third-generation wide bandgap

semiconductor material, has garnered significant attention for
its advantages such as a wide bandgap, high thermal conduc-
tivity, and high electron mobility.[1] These properties have
made SiC widely used in high-voltage power semiconduc-
tor devices. Under the same rated voltage conditions, SiC
power devices are only about one-tenth the volume of their
silicon counterparts. With these performance advantages, SiC
power devices have become highly anticipated for space ap-
plications, where there are stringent requirements for weight
and size of electronic components.[2,3] While previous stud-
ies have shown that SiC power devices have strong resistance
to total ionizing dose (TID) effects and displacement damage
(DD), the sensitivity to single-event effects (SEEs) remains
a critical limitation for the application of SiC power devices
in space radiation environments.[4–7] Space radiation, which
primarily comes from galactic cosmic rays (GCRs) and so-
lar energetic ions (SEPs), contains high-energy protons and
heavy ions, both of which induce SEEs in spacecraft electron-
ics. High-energy protons and heavy ions in space are known
to cause single-event burnout (SEB) in power semiconductor
devices, representing a significant risk to the safe operation of

spacecraft in orbit.[8,9]

In ground-based accelerator studies of single-ion effects
on SiC power devices, most irradiation experiments employ
high linear energy transfer (LET) heavy ions (such as LET
> 37 or 75 MeV·cm2·mg−1) to explore the failure mech-
anisms of SiC power devices under single-ion effects.[10]

Existing research results detail several SEEs observed in
SiC power metal–oxide–semiconductor field-effect transistors
(MOSFETs) exposed to heavy ions with varying LETs, includ-
ing latent gate damage, single-event leakage current (SELC),
and SEB. All evaluated MOSFETs exhibited latent damage to
the gate oxide from ions with LET greater than approximately
10 MeV·cm2·mg−1. Irradiation at higher drain–source volt-
ages can lead to an increase in IDG that is measurable during
the ion beam run. The IDG leakage degradation mode is less
prominent under irradiation with lower LET. At still higher
VDS, all tested devices showed increasing IDS leakage degra-
dation. This can result in the degradation of the breakdown
voltage and an increase in the off-state drain leakage current.
The threshold voltage for this type of SELC was found to be a
LET of about > 10 MeV·cm2·mg−1.[11] However, heavy ions
in GCRs span a range of elements from low to high atomic
numbers. Low-Z ions, such as O, although having a lower
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LET in device materials, are prevalent in GCRs and are diffi-
cult to directly induce device failure. However, high-energy O
ions can generate high-energy secondary ions through nuclear
reactions. These secondary ions, with higher LET, can excite
a large number of electron–hole pairs in the material.[12]

Existing research has primarily focused on high-energy
protons and atmospheric neutrons interacting with the SiC lat-
tice, generating secondary ions that can induce SEB in SiC
MOSFETs and diodes.[13–16] Earlier studies have also detected
SEB in Si-based power MOSFETs caused by nuclear reac-
tions between incident heavy ions. Experiments using ions
like 520 MeV Kr and 3536 MeV Xe have shown significantly
different SEB threshold voltages despite having similar LET
values. Further analysis reveals that Xe ions, due to nuclear
reactions with Si atoms, generate excess charge, leading to
a lower SEB threshold. These results suggest that for high-
voltage devices with larger sensitive volumes, traditional LET-
based SEB threshold testing may be insufficient.[17] However,
there is a lack of experimental research and mechanism re-
garding the SEB induced in SiC MOSFETs by low-LET, high-
energy heavy ion nuclear reactions. Research into the effects
of high-energy O ions provides a more realistic simulation of
radiation effects for SiC power devices in space environments.
Therefore, studying the SEB degradation process and failure
mechanisms of SiC MOSFETs induced by nuclear reactions
with high-energy O ions is crucial.

In this work, we investigate the effects of high-energy
O ions (18O6+) on the off-state SiC MOSFETs. The differ-
ences in the irradiation response of the devices under different
biasing conditions are analyzed. Using SRIM and GEANT4
simulations, we find that secondary ions generated during nu-
clear reactions between the incident O ions and the device
materials have sufficient range to penetrate the entire epitax-
ial layer of the SiC MOSFET. This range is one of the key
parameters in understanding SEEs in SiC MOSFETs. Fur-
ther TCAD simulations show that secondary ions with LET
> 10 MeV·cm2·mg−1, produced by high-energy O ions, are
sufficient to induce SEB in the device. This study provides
a deeper understanding of the role of secondary ions in the
SEB process and offers insights into improving the radiation
resistance of SiC-based power devices used in space and high-
radiation environments.

2. Experiment setup and results
The device under test (DUT) used in this study was pro-

vided by the Nanjing Institute of Electronic Devices. Specif-
ically, the DUTs are SiC MOSFETs with rated parameters
of 1200 V–15 A. Figure 1(a) shows the physical picture of
the SiC MOSFET after removing the epoxy resin packaging
layer from the device surface, and Fig. 1(b) presents the cross-

sectional scanning electron microscopy (SEM) image of the
DUT.

(a) (b)

Aluminum source metal

N+ source

P+ well Gate oxide

N-epi layer Service mode

Fig. 1. (a) Physical picture of the SiC MOSFET. (b) Cross-sectional SEM
image of the DUT.

Heavy ion irradiation experiments were conducted at the
Heavy Ion Research Facility in Lanzhou (HIRFL), located
within the Institute of Modern Physics, Chinese Academy
of Sciences, in the High Energy Radiation Effects experi-
mental terminal (HERE). In this study, high-energy O ions
with an initial energy of 60 MeV/u were used. The resid-
ual energy when the O ions reached the DUT surface was
1033.25 MeV. The LET of the O ions at the device surface
was 0.59 MeV·cm2·mg−1, and the range of the O ions in the
SiC material was calculated to be 4.71 mm using the SRIM
2013 software.[18] The experiment was conducted under at-
mospheric conditions and at room temperature (∼ 298 K).

During the heavy ion irradiation experiment, the Keithley
2651A and Keithley 2657A power supplies were used to mon-
itor and record the gate leakage current (IGS) and drain leak-
age current (IDS), respectively. To ensure that the DUT was in
the off-state and to make it most sensitive to heavy ion radia-
tion, the SiC MOSFET devices were biased with the gate and
source grounded (0 V), while 650 V and 700 V reverse bias
voltages (VDS) were applied to the drain during irradiation.

During irradiation experiments, the process was ter-
minated when the cumulative ion fluence reached 1 ×
105 ions·cm−2 or when the device leakage current exceeded
the preset current limit (10 mA). The ion flux was maintained
at approximately 1000 ions·cm−2·s−2 throughout the irradia-
tion period. To minimize the impact of device-to-device vari-
ability, two sets of repeated experiments were conducted un-
der each bias condition. Figure 2 shows the results of IDS for
the device as a function of the irradiation time (ion fluence).
The IDS of both DUTs increased periodically with the pulse
of the O ion beam and rapidly returned to the pre-irradiation
state once the beam was stopped. No degradation in electrical
performance was observed for the device under 650 V reverse
bias.

However, when the reverse bias voltage was increased to
700 V, catastrophic SEB occurred in both devices under O
ion irradiation. Figure 3 presents the IDS results for the de-
vices under 650 V and 700 V bias conditions. When the IDS

reached 10 mA, it indicated that the device had experienced
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SEB. These experimental results highlight that the reverse bias
voltage during O ion irradiation is a critical factor in the catas-
trophic failure of SiC MOSFETs. SEB occurs only when the
bias voltage exceeds a certain threshold, which aligns with
findings reported in the literature.[19]
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Fig. 2. The IDS responses of O ions irradiated DUTs under 650 V bias.

0 100 200 300 400 500

Time (s)

Flux=1000 ions⋅cm-2
⋅s-1

Fluence=1.0×105 ions⋅cm-2

18O6+ LET=0.59 MeV⋅cm2
⋅mg-1

I
D

S
 (

1
0

-
2
 A

)

DUT-1 VDS=650 V

DUT-2 VDS=650 V 

DUT-3 VDS=700 V

DUT-4 VDS=700 V 

1.0

0.8

0.6

0.4

0.2

0

Fig. 3. The IDS responses of O ions irradiated DUTs under 650 V and
700 V bias.

High-energy heavy ions incident on SiC MOSFETs inter-
act with the device materials through both ionization processes
and nuclear reaction processes. High-energy ions transfer en-
ergy to electrons in the material through direct collisions, caus-
ing excitation or ionization of the material’s electrons. The nu-
clear reaction process involves collisions between heavy ions
and atomic nuclei in the device material, which results in the
generation of secondary ions.

According to the SRIM software calculations, the LET
value of the 1033.25 MeV O ions in SiC material is only
0.59 MeV·cm2·mg−1, which is insufficient to directly trigger
SEB in the DUTs.[20] Therefore, we conclude that the SEB ob-
served in the SiC MOSFETs in this experiment is highly pos-
sibly caused by the ionization effects of secondary ions, which
are generated through nuclear reactions between high-energy
O ions and the device materials.

3. Simulations and results
The combination of GEANT4 and TCAD simulations

plays a crucial role in understanding the SEB phenomenon in
SiC MOSFETs, especially when induced by secondary ions
generated through nuclear reactions between high-energy O
ions and device materials. GEANT4 is an advanced simula-
tion toolkit for ion transport and interaction, providing a de-
tailed model of how high-energy ions interact with the SiC
material, including secondary ion generation.[21,22] This helps
in accurately characterizing the secondary ions’ energy spectra
and LET profiles, which are critical in predicting their poten-
tial to induce SEB. On the other hand, TCAD simulations of-
fer a powerful tool for modeling the electrical behavior of the
device, particularly in understanding how the generated sec-
ondary ions induce electronic excitations and carrier genera-
tion in the device’s active layers.[5] By integrating both sim-
ulations, we can obtain a comprehensive view of the physical
and electrical processes that lead to SEB, allowing for more
accurate predictions of device behavior under space radiation
environments.

3.1. GEANT4 simulation and results

Using GEANT4 software, we simulated the secondary
ions generated by the incident 1033.25 MeV O ions on a SiC
MOSFET device. This simulation provided detailed insights
into the interaction mechanisms between the high-energy O
ions and the materials that make up the device. Figure 4 il-
lustrates the various material layers within the SiC MOSFET
through which the O ions pass. These interactions are par-
ticularly critical in the induction of SEEs, especially SEB, in
power semiconductor devices.

Al (3 mm)

18O6+ 1033.25 MeV 

SiO2 (1 mm)

Poly silicon (0.3 mm) 

Oxide layer (0.05 mm)

SiC (20 mm)

Fig. 4. GEANT4 simulation of a SiC MOSFET device model.

To accurately model the nuclear reactions caused by the
incident O ions, we utilized the G4IonINCLXXPhysics and
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G4HadronInelasticQBBC models, which are designed to han-
dle the nuclear interactions between high-energy heavy ions
and the atomic nuclei in the device material. These mod-
els are particularly adept at simulating inelastic hadron in-
teractions and the nuclear reactions that generate secondary
ions such as protons, neutrons, and lighter ions. The
G4IonINCLXXPhysics model, specifically tailored for heavy
ions, simulates the interactions of the incident ion with the
target material, while the G4HadronInelasticQBBC model ac-
counts for the interaction of secondary heavy ions with the
material, providing a more comprehensive view of the nuclear
processes at play.[21]
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Fig. 5. (a) Energy distribution of secondary ions. (b) LET distributions
of secondary ions.

The secondary ions induced by the O ions’ interaction
with the SiC MOSFET materials include a range of elements,
specifically ions with atomic numbers between 2 (helium)
and 16 (sulfur). With regard to these secondary ions, it is
highly likely that the electron–hole pairs generated through di-
rect ionization lead to the occurrence of SEB, and contribute
significantly to the overall ionization and carrier generation
within the device. The energy distribution of these secondary
ions, depicted in Fig. 5(a), reveals a broad range of energies,
which influence the extent of damage they can cause in the
device. Figure 5(b) shows the LET distribution of these sec-

ondary ions within the SiC material, illustrating the varying
degrees of energy deposition that occur as the secondary ions
propagate through the device. The LET is a critical factor in
determining the potential of these secondary ions to induce
damage.

There is a significant variation in the LET values among
different secondary ions. The range and LET distribution of
secondary ions (such as Na to S) in the SiC material were cal-
culated using SRIM and are shown in Fig. 6.
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Fig. 6. Range and LET distribution of secondary ions in SiC material.

Ions such as He to Ne have LET values below
1 MeV·cm2·mg−1, which are insufficient to trigger SEB in the
device. However, ions like Si, P, and S exhibit much higher
LET values, all exceeding 8 MeV·cm2·mg−1, and their range
is sufficient to penetrate the entire epitaxial layer of the de-
vice. These high LET ions are more likely to induce SEB in
SiC MOSFETs.

3.2. TCAD simulation and results

The high-energy O ion irradiation experiments reveal that
catastrophic SEB occurs in SiC MOSFETs when the drain bias
voltage exceeds a critical threshold. GEANT4 and SRIM sim-
ulation results demonstrate that the secondary ions generated
via nuclear reactions possess sufficient range to penetrate the
device’s epitaxial layer. To further elucidate the mechanism by
which secondary ions influence SEB, the effect of their LET
was investigated using TCAD modeling.

The device structure is depicted in Fig. 7, while Table 1
provides a comprehensive description of the simulation pa-
rameters employed.

Table 1. The device parameters used in the simulation.

Parameters Unit Values

P region width (W ) µm 3.0
P region depth (X j) µm 1.0

N− epi layer thickness (Tepi) µm 10.0
Epi buffer layer thickness (Tbuffer) µm 0.8

N+ substrate thickness (Tsub) µm 2.0
Gate oxide thickness (TOX) µm 0.05
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Source

Gate

Fig. 7. SiC MOSFET cell structure.

The 3D-TCAD simulator was used to construct the de-
vice model, which includes a 10 µm epitaxial layer and a
2 µm substrate. As shown in Fig. 7, a 0.5–1 µm buffer layer
was introduced during the device manufacturing process to
mitigate the propagation of defects from the substrate to the
epitaxial layer. Consequently, the simulation model incorpo-
rated the actual process parameters, including a 0.8 µm epitax-
ial buffer layer between the epitaxial layer and the substrate.
The simulation integrated several physical models, including
band structure and carrier models, mobility models, carrier re-
combination models (such as Auger recombination and im-
pact ionization), Shockley–Read–Hall (SRH) recombination,
and thermodynamic models. Additionally, a heavy-ion model
was used to simulate the transient behavior of heavy ions upon
incidence.

Six different LET values of secondary ions were chosen
to explore the SEB threshold induced by secondary ions. The
specific parameters are listed in Table 2.

Table 2. The device parameters used in the simulation.

Parameters Unit Values

LET 1 MeV·cm2·mg−1 1.1
LET 2 MeV·cm2·mg−1 3.7
LET 3 MeV·cm2·mg−1 5.5
LET 4 MeV·cm2·mg−1 9.9
LET 5 MeV·cm2·mg−1 14.8
LET 6 MeV·cm2·mg−1 16.7

The spatial distribution of the current density helps to elu-
cidate how the ion-induced currents can lead to localized heat-
ing and potential failure mechanisms, such as SEB. By pre-
senting these simulation results, we aim to provide a clearer
understanding of how current density variations following ion

impact affect the overall reliability and performance of the de-
vice.

The electric field of the epitaxial layer at a bias voltage of
700 V influences the behavior of the electron–hole pairs gener-
ated by ion incidence. Due to the shutdown state of the device,
the electric field causes these charge carriers to be collected,
resulting in a high current density peak along the ion incident
path. Figure 8 shows the spatial distribution of the total current
density within the device, illustrating how the current density
evolves as a function of depth after ion impact.

Width (mm)

-5 0 5 10

0

2

4

6

8

10

Total current density
      (A⋅cm-2)

0

6.2Τ106

1.2Τ107

1.9Τ107

2.5Τ107

Spatial distribution of total current density

D
e
p
th

 (
m
m

)

Fig. 8. Spatial distribution of the total current density.
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Fig. 9. Electric field caused by heavy ion incidence over time.

Using TCAD simulations, the variation of the ion-
induced electric field peak within the SiC MOSFET under
high voltage bias conditions was analyzed, as shown in Fig. 9.
The sensitivity to SEEs involves considering the combined ef-
fects of the incident ion’s LET and the reverse bias voltage.
When studying the changes in the device’s electrical charac-
teristics due to heavy ion irradiation, it is generally assumed
that breakdown is more likely to occur in regions where the
electric field is concentrated.[2,23–25] The simulation results in-
dicate that the ion-induced electric field peak inside the device
increases sharply as the LET value rises. After 10 ps of ir-
radiation with heavy ions having LET > 10 MeV·cm2·mg−1,
the peak electric field induced by high LET ions was signifi-
cantly higher than that induced by the other four LET groups.
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This increase in peak field results in a higher concentration of
charge carriers accumulating at the device interface, thereby
enhancing the electric field.

For different LET values, the simulation also examined
the variation of ion-induced power density with respect to the
device depth, as shown in Fig. 10. It has been demonstrated
that while both high current density and high electric fields are
of concern, it is the localized ion-induced effects that simul-
taneously elevate both, leading to significantly high localized
power densities. This relationship is expressed by[26]

Power density = 𝐽 ·𝐸, (1)

where power density (W/cm3) is calculated as the dot product
of current density (A/cm2) and the electric field (V/cm).
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Fig. 10. Distribution of power density within the device as a function of
depth.

Throughout the entire simulation process, the power den-
sity distribution within the SiC MOSFET increased with
higher LET values. Under LET > 10 MeV·cm2·mg−1, after
ion irradiation, the power density along the ion trajectory in-
side the device reached approximately 7.5× 1012 W/cm3. In
contrast, for ions with lower LET, the maximum power den-
sity along the ion trajectory inside the device was only about
5×109 W/cm3.

The high electric field in the epitaxial layer, coupled
with the ion-induced current, leads to excessively high power
density, causing device breakdown and thermal runaway.[5]

Therefore, the secondary ions which exhibit the LET dis-
tribution rather than a single energy, play a crucial role
in the initiation of SEB. The secondary ions with LET >

10 MeV·cm2·mg−1, as shown in Fig. 6(b), are the primary
contributors to SEB in the device. All secondary ions that are
shown to have sufficient range in the SiC and have a maximum
LET value greater than 10 MeV·cm2·mg−1 have the potential
to cause catastrophic SEB of the SiC MOSFET, further sup-
porting the device failure caused by the secondary ion. When
a high-energy secondary ion strikes a SiC power MOSFET, it
deposits energy in the semiconductor material, leading to the

generation of a large number of electron–hole pairs along its
track. The density of these generated charge carriers can be
several orders of magnitude greater than the epitaxial doping
concentration of the device. For instance, for an ion with a
LET of 10 MeV·cm2·mg−1, the peak electron (or hole) den-
sity can reach 1 × 1019 cm−3, which is significantly higher
than the 5× 1015 cm−3 epi doping in a 1200-V device. This
high concentration of charge carriers effectively creates a low-
resistance path between the source and drain regions of the
MOSFET. Due to the creation of this conductive path by the
ion strike, a high localized current can flow between the source
and drain, particularly when the device is in the OFF-state and
is subjected to a high voltage. The simulations described in
the article model this scenario with the drain biased at a cer-
tain voltage and the source and gate grounded, which aligns
with heavy-ion testing conditions. The ion track acts as a low-
resistance channel allowing substantial current to flow. The
ion strike also causes a redistribution of the internal electric
fields within the power device, resulting in the formation of
high electric field regions. The simultaneous presence of high
current density and high electric fields in these localized ar-
eas leads to excessive localized power density dissipation. The
TCAD simulations indicate that this power dissipation reaches
its peak within about 10 ps following the ion strike.[26]

In summary, the microscopic physical processes of SEB
in SiC power MOSFETs are characterized by the rapid gener-
ation of a large number of charge carriers due to an ion strike,
the formation of a conductive path leading to high localized
currents, the redistribution of electric fields creating high-field
regions, and the resulting excessive localized power dissipa-
tion occurring within tens of picoseconds.

This simulation analysis demonstrates how the LET of
secondary ions affects the power density distribution within
the SiC MOSFET, providing valuable insights into the SEB
that may occur during high-energy heavy ion exposure. The
magnitude and location of this power dissipation, particularly
at the epi and drain interface, are correlated with the SEB
threshold of the devices. Devices with higher breakdown volt-
age ratings, achieved through thicker and more lightly doped
epitaxial regions, exhibit a reduction in this ion-induced power
dissipation, contributing to their increased SEB tolerance.

4. Conclusion and perspectives
This study highlights the critical role of high-energy O

ions in inducing SEB in SiC MOSFETs through nuclear reac-
tions that generate secondary ions with sufficient LET to pene-
trate the device’s epitaxial layer. Our findings indicate that re-
verse bias voltage is a key factor in triggering SEB, with high
voltages necessary for catastrophic failure. Simulations using
GEANT4 and TCAD show that secondary ions with LET >
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10 MeV·cm2·mg−1 lead to significant ion-induced power den-
sities within the device, causing thermal runaway and device
breakdown. These insights deepen our understanding of the
SEB mechanism and underscore the importance of secondary
ions in the failure process. Further research should focus on
exploring the impact of other low-LET heavy ions present in
space radiation environments, such as those found in GCRs
and SEPs, to better simulate the full range of radiation effects
on SiC power devices. Additionally, design improvements,
such as radiation-hardened SiC MOSFETs, could reduce the
vulnerability of these devices to SEB. Testing in space or un-
der simulated conditions is crucial to validate the findings and
guide future space missions, ultimately enhancing the radia-
tion resilience of SiC-based power electronics for space appli-
cations.
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