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a b s t r a c t

We investigate the effect of the electronic stopping power on defect production due to ion irradiation of
cubic silicon carbide using molecular dynamics simulations. We simulate 20 keV and 30 keV Si and C
ions, with and without the electronic energy loss. The results show that the electronic stopping effects
are more profound in the case of C irradiation, where the ratio of the electronic energy loss Se to the
nuclear energy loss Sn is much larger compared to the ratio for Si ions. These findings indicate that this
ratio plays a role in the effect of the electronic stopping on ion irradiation.

Published by Elsevier B.V.
1. Introduction

Silicon carbide, SiC, is an important material for nuclear, high
temperature and electronic applications. Due to its high thermal
conductivity, chemical stability and good radiation response it has
been studied extensively [1e5]. A number of molecular dynamics
(MD) studies on primary radiation damage in SiC [6e12] have given
useful information on defect production and clustering in SiC. Ab
initio and MD simulations in SiC have been used to investigate
diffusion mechanisms and energy barriers, and a number of studies
have looked into defect and cluster evolution and growth [13e20].

In this work, we investigate the effect of the electronic stopping
on intermediate energy ion irradiation in cubic SiC. For low energy
irradiation events, the energy transfer to the target material hap-
pens primarily via the nuclear stopping power. For intermediate
energy events, the energy loss from the projectile is partitioned
between transfer to the nuclei of the target material and to the
electrons. The energy transfer to electrons takes place via the
electronic energy loss. While the nuclear energy loss results in
defects and defect clusters though collision cascades, the energy
loss to the electrons results in the slowing down of atoms that are
moving with velocity above a certain cut-off. In other words, this
ula).
stopping power, the electronic stopping, is the result of the inter-
action of the projectile with the electrons. Work on metallic sys-
tems [21e26] has shown that the electronic stopping affects the
number of surviving defects and defect clustering. The effects of the
electronic stopping are becoming more understood in metallic
systems. However, recently, there have been efforts for better un-
derstanding of these effects in band gap materials [27e31]. Addi-
tionally, it has been previously shown that the electronic stopping
in high energy radiation damage MD simulations in cubic zirconia
[32], an insulating material, results in a smaller number of defects
and smaller damage range. While the effect of the electronic
stopping has been investigated in metallic systems, there is no
systematic investigation of the electronic stopping in bandgap
materials and these effects are not well understood. With this
study, we aim to show the significance of taking into account the
electronic stopping, as a fundamental process that takes place in
primary radiation damage, which is being ignored. Here, we
investigate the effect of the electronic stopping on the number of
surviving defects in 20 keV and 30 keV Si ion and C ion cascades in
SiC, by performing MD simulations with and without the electronic
stopping taken into account.
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Fig. 1. Average number of defects as sum of interstitial and vacancies in (a) 20 keV Si
and (b) 30 keV Si PKA cascades in SiC. The total number of defects and the defects for
each atom species are given for cascades with and without electronic stopping. The
error bars represent the standard error over fifteen cascade events.
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2. Simulation methods

For the MD simulations, we used the Large-scale Atomic/Mo-
lecular Massively Parallel Simulator (LAMMPS) [33] code. While
most commonly a Tersoff interatomic potential for SiC [34] and a
modified embedded atom method (MEAM) interatomic potential
have been used [35], we used the Gao-Weber interatomic potential
[36] joined to the ZBL (Ziegler-Biersack-Littmark) [37] repulsive
potentials for short distances [38]. A recent study of Samolyuk et al.
[38], which compares these three potentials, demonstrated that the
Gao-Weber potential (joined with ZBL potentials for short dis-
tances) provides a more realistic description of cascades in SiC. The
Gao-Weber potential is based on the Brenner potential formalism
[39], which is based on the Tersoff potential and includes additional
parameters to account for the chemical environment of the atoms.

The systems have size 541 �A � 541 �A � 541 Å and periodic
boundaries. Prior to irradiation, the systems’ energy was mini-
mized, and consequently the systems were equilibrated in the
isothermal � isobaric ensemble (NPT) ensemble at 300 K for 50 ps,
using 1 fs timestep. For the irradiation, 20 keV and 30 keV Si and C
primary knock-on atoms (PKA) were used. We performed fifteen
irradiation simulations for each PKA for each irradiation condition,
with and without electronic stopping, at random velocity di-
rections, using a variable timestep, which evolves with the dy-
namics of the system during the cascade formation and system
relaxation, with a maximum value of 1 fs. The timestep is reset so
no atom moves further than a distance of 0.1 Å based on current
atom velocities and forces, between 10�5 ps and 10�3 ps. The same
fifteen velocity directions are used in the simulation set with and
without electronic stopping. The PKAs are initiated near the (0,0,0)
corner of the MD box, directed towards the center of the box. The
irradiation simulations without electronic stopping were per-
formed in the microcanonical (NVE) ensemble. To include the
electronic stopping in the irradiation simulations, the two-
temperature model [40,41] algorithm within LAMMPS was used,
which includes the electronic stopping and the electron-phonon
interactions in simulations of ion irradiation. The two-
temperature model consists of two parts: a) the electronic stop-
ping and b) the electron-phonon interactions. Here, we only use the
electronic stopping mechanism and do not activate the electron-
phonon coupling energy transfer. The electron-phonon in-
teractions in bandgap materials are more complex compared to
metallic materials, as it is more difficult to excite electrons.
Therefore, unless very large energies are used, i.e. large enough to
excite the electrons, the two-temperature model in its current
implementation is not appropriate for describing electron-phonon
interactions in bandgap materials, such as SiC. For the electronic
stopping, a modified equation of motion is used (Eq. (1)) to calcu-
late the atom trajectories and forces:

mi
vvi
vt

¼ FiðtÞ � gsvi (1)

wheremi and vi is the mass and the velocity of atom i and gs is the
electronic stopping parameter. The electronic stopping has the
form of a friction term in the equation of motion and it is applied
only to atoms with velocities larger than a specified cut-off v0.
Therefore, the energy loss of an atom with velocity vi, because of
the electronic stopping during DðtÞ, is (Eq. (2)):

DUi ¼gsv
2
i DðtÞ (2)

Then, the energy loss of the atoms with kinetic energy in the
lattice due to the electronic stopping is (Eq. (3)):
DUl ¼DðtÞ
X
i

gsv
2
i (3)

where the sum is over the atoms that move with velocity larger
than the cut-off velocity. In metals, the cut-off velocity is assumed
to correspond to 10 eV [42] or to energy twice the cohesive energy
of the system [40,43]. For insulators, it has been shown that the cut-
off energy is related to the band gap of the material [27,28]. In our
simulations, we have used cut-off velocity that corresponds to an
energy twice the band gap, similar to previous work [32]. The
relaxation time for the electronic stopping is ts ¼ mi

gs
and can be

calculated based on the electronic stopping power, Se, obtained
from ‘‘The Stopping and Range of Ions in Matter’’ (SRIM) code [44].
For 20 and 30 keV Si ions in SiC, ts was calculated to be 0.40 ps,
while for 20 and 30 keV C ions in SiC, ts is 0.29 and 0.28 ps,
respectively. Both the Se and Sn values are obtained from the
stopping and range tables of the SRIM code.

For the defects analysis, theWigner-Seitz method was used, and
for the cluster analysis the second nearest neighbor criterion is
used [12,13,19].
3. Results and discussion

Fig. 1 (a) and (b) show the average number of total defects, the
average number of Si defects and the average number of C defects,
as the sum of interstitials and vacancies, in SiC due to 20 keV and
30 keV Si PKAs, respectively. The defect count both in cascades with
and without electronic stopping is presented. The error bars
represent the standard error over fifteen cascade events. For 30 keV
Si ion cascades, the effect of the electronic stopping in the defect
production is becoming more apparent, with the total number of
defects for 30 keV Si in SiC decreased when the electronic stopping
is applied. The difference between the Si defects with and without
electronic stopping is small, while the electronic stopping seems to
affectmore the C atomdefect production. Overall, for both energies,



Fig. 3. Average number of defects as sum of interstitial and vacancies in (a) 20 keV C
and (b) 30 keV C ion cascades in SiC. The total number of defects and the defects for
each atom species are given for cascades with and without electronic stopping. The
error bars represent the standard error over fifteen cascade events.
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and in both irradiation cases, the number of C defects is about 1.7
times the number of Si defects due to the smaller threshold
displacement energy for C atoms compared to Si atoms [8].

In Fig. 2 (a) and (b), the surviving number of interstitials and
vacancies for the two different species of atoms are presented, for
20 keV and 30 keV Si PKAs, for cascades with and without elec-
tronic stopping. The silicon interstitials and vacancies are noted as
Siint and Sivac, respectively. Cint and Cvac are used for the carbon
interstitials and vacancies, respectively. For the 20 keV Si cascades,
the electronic stopping does not affect the Siint and Sivac, while the
Cint and Cvac values seem to be more sensitive to the electronic
stopping. This can be seen more clearly in Fig. 2 (b), where the
number of carbon interstitials and vacancies, Cint and Cvac, pro-
duced in 30 keV Si cascades is smaller when the electronic stopping
is applied, compared to cascades where the energy transfer to the
electrons is ignored. The effect of the electronic stopping on the
silicon interstitials Siint produced in 30 keV Si cascades is small,
while at this energy, the electronic stopping affects more the
number of Sivac vacancies.

The number of defects produced in 20 keV and 30 keV C PKA
cascades are shown in Fig. 3 (a) and (b). Here, the average number
of total defects, the average number of Si defects and the average
number of C defects in SiC due to 20 keV and 30 keV C ions are
shown, respectively, for cascades, both with and without electronic
stopping. As seen in Fig. 3 (a), the electronic stopping results in a
smaller number of defects in 20 keV C ion cascades. As the energy
increases, the effect of the electronic stopping on the number of
defects at the end of the cascade is more profound, as seen in Fig. 3
(b). This is consistent with previous studies on the effects of the
electronic stopping on the number of surviving defects
[21,22,32,45].

The number of silicon interstitials Siint and silicon vacancies Sivac
and the number of carbon interstitials Cint and carbon vacancies
Cvac in 20 keV and 30 keV C ion cascades in SiC, with and without
electronic stopping, are shown in Fig. 4 (a) and (b). For both 20 keV
and 30 keV ion energy, the electronic stopping has a larger effect on
the number of carbon defects, both the Cint and Cvac, compared to
the silicon defects. We observe that the error bars overlap more for
the carbon ions. Even though we have avoided low defect density
directions, the ion energies used here result in formation of more
subcascades for C, which affects the error bars. The lower mass and
larger velocity of C ions result in a larger overlap of the error
compared to silicon.

For silicon PKA cascades in SiC, the ratio of the electronic energy
loss Se to the nuclear energy loss Sn is 0.4 and 0.6, for 20 keV and
30 keV energy, respectively. This means that the nuclear energy loss
is about twice the electronic energy loss, and therefore, the
Fig. 2. Number of silicon interstitials and vacancies and carbon interstitial and vacancies in 2
bars represent the standard error over fifteen cascade events. (For interpretation of the refe
article.)
electronic stopping has a small or negligible effect on the number of
surviving defects, as shown in Figs. 1 and 2. For carbon ions, the
ratio of the electronic energy loss Se to the nuclear energy loss Sn is
1.7 and 2.5, for 20 keV and 30 keV energy, respectively. Additionally,
the mass of carbon is smaller than the mass of silicon, therefore the

cut-off velocity v0 ¼
�
2E0
m

�1=2
, where E0 is the cut-off energy, is

larger for the carbon ions. Because of this velocity-mass relation-
ship for a given PKA energy, the C atoms, with smaller mass than
the Si atoms, will have a larger velocity. Thus, for C atoms, we have
both higher velocity and higher cut-off velocity compared to Si
atoms. Therefore, the electronic stopping is more effective for car-
bon ions compared to silicon PKAs, resulting in a smaller number of
defects when the electronic stopping is accounted for, as shown in
Figs. 3 and 4.

Fig. 5 (a) and (b) show the size distribution of interstitial and
vacancy cluster for 20 keV Si cascades in SiC, with and without the
electronic stopping taken into account. Similarly, the interstitial
0 keV Si and 30 keV Si cascades in SiC, with and without electronic stopping. The error
rences to colour in this figure legend, the reader is referred to the Web version of this



Fig. 4. Number of silicon interstitials and vacancies and carbon interstitial and vacancies in 20 keV C and 30 keV C cascades in SiC, with and without electronic stopping. The error
bars represent the standard error over fifteen cascade events. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 5. (a) Interstitial and (b) vacancy cluster count in fifteen 20 keV Si ion cascades in SiC, with and without electronic stopping. (c) Interstitial and (d) vacancy cluster count in
fifteen 30 keV Si ion cascades in SiC, with and without electronic stopping.
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and vacancy cluster distribution for 30 keV Si ion cascades with and
without electronic stopping are shown in Fig. 5 (c) and (d). Overall,
a larger number of isolated interstitials than isolated vacancies are
produced due to Si PKAs in SiC, and larger vacancy clusters are
found than interstitial clusters, regardless of the electronic stop-
ping. For Si PKA cascades, the number of single interstitials and
single vacancies are not affected significantly by the electronic
stopping, with a difference of about 1.6%e3.3%, and 7.6% for the
isolated vacancies due to 20 keV Si PKAs. In the cascades where the
electronic stopping is taken into account, the number of small and
medium interstitial clusters and vacancy clusters is smaller than
when the electronic stopping is ignored. For Si PKA cascades, the
electronic stopping results in a smaller number of large clusters
(except for the vacancy clusters due to 20 keV ions); however,
larger clusters are found when the electronic stopping is ignored.
The largest interstitial cluster found in 20 keV and 30 keV Si cas-
cades consists of 13 and 19 interstitials, respectively, when the
electronic stopping is not considered. When it is considered, the
largest interstitial clusters found have sizes 10 and 14, for 20 keV
and 30 keV Si, respectively. The sizes of the largest vacancy clusters
found in cascades without the electronic stopping are 38 and 54, for
20 keV and 30 keV Si PKA energy, respectively. When the electronic
stopping is active, the largest vacancy clusters consist of 28 and 35
vacancies, for 20 keV and 30 keV Si ion energy, respectively.

The interstitials and vacancy cluster distributions in fifteen
cascades, with and without the electronic stopping and according
to their size, for 20 keV C PKA in SiC are shown in Fig. 6 (a) and (b),
and for 30 keV C ion in SiC, are shown in Fig. 6 (c) and (d). Similarly
to the Si PKAs, more isolated interstitials are produced than isolated
vacancies, for both energies, and larger vacancy clusters than



Fig. 6. (a) Interstitial and (b) vacancy cluster count in fifteen 20 keV C ion cascades in SiC, with and without electronic stopping. (c) Interstitial and (d) vacancy cluster count in
fifteen 30 keV C ion cascades in SiC, with and without electronic stopping.
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interstitial clusters are produced, regardless of the electronic
stopping. When the electronic stopping is taken into account in the
cascades, a smaller number of point defects is produced. The total
numbers of isolated interstitials and isolated vacancies in 20 keV C
cascades are 17.7% and 16.7% smaller when the electronic stopping
is included. Similarly, for 30 keV C PKA energy, the numbers of
isolated interstitial and isolated vacancies are 16% and 19.2%
smaller when the electronic stopping is activated. Overall, a smaller
number of small and medium size clusters are produced when the
electronic stopping is included. When the electronic stopping is
active, more large interstitial clusters are found in 20 keV C cas-
cades and more large vacancy clusters are found for both energies.

Overall, the electronic stopping results in a smaller number of
surviving defects, and the effect is more profound for the carbon
defects. Additionally, the effects of the electronic stopping are more
significant for the C PKA, and with increasing energy. For the C PKA,
a smaller number of isolated defects are produced, and more large
defect clusters are found. These findings indicate that the electronic
stopping affects the defect production due to ion irradiation, and
the ratio of the electronic energy loss Se to the nuclear energy loss
Sn is important for understanding the contribution of the electronic
stopping to the damage production and defect cluster formation.

4. Conclusions

We performed molecular dynamics simulations of 20 keV and
30 keV Si and C PKAs in cubic SiC, with and without the electronic
stopping taken into account. Our findings indicate that a smaller
number of defects is produced when the electronic stopping is
taken into account, particularly for C PKAs. We observe that larger
vacancy clusters than interstitial clusters are formed for both en-
ergies, regardless of the electronic stopping. The effects of the
electronic stopping is more profound for C PKAs, where the ratio of
the electronic energy loss Se to the nuclear energy loss Sn is 1.7 and
2.5 for 20 keV and 30 keV energy, respectively, which is more than
four times larger than the corresponding ratio for 20 keV and
30 keV Si ions. In C cascades, when the electronic stopping is taken
into account, a smaller number of single defects is formed, and a
smaller number of small and medium size clusters and a larger
number of large cluster are found. Overall, the results presented
here indicate that the electronic stopping in intermediate energy
ion irradiation can affect the response of the atomic structure to the
energy deposition. In self-irradiation of SiC, the response of the
microstructure to Si and C ions differs for the same energy, as they
have different ratios of Se=Sn, and different mass. This reveals that
the ratio of Se=Sn plays a role on the effects of the electronic stop-
ping in the damage production under ion irradiation, as observed
experimentally in Si ion irradiated SiC [46]. Further investigation of
the effects of the electronic stopping on damage production in
primary radiation damage in SiC is needed, such as for different
energies and for overlapping events in order to understand its ra-
diation response.
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