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a b s t r a c t

Silicon carbide is widely used in radiation environments due to its excellent properties. However, when
exposed to the strong radiation environment constantly, plenty of defects are generated, thus causing the
material performance downgrades or failures. In this paper, the two-temperature model (2T-MD) is used
to explore the defect recovery process by applying the electronic energy loss (Se) on the pre-damaged
system. The effects of defect concentration and the applied electronic energy loss on the defect recov-
ery process are investigated, respectively. The results demonstrate that almost no defect recovery takes
place until the defect density in the damage region or the local defect density is large enough, and the
probability of defect recovery increases with the defect concentration. Additionally, the results indicate
that the defect recovery induced by swift heavy ions is mainly connected with the homogeneous
recombination of the carbon defects, while the probability of heterogeneous recombination is mainly
dependent on the silicon defects.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Silicon carbide (SiC) possesses quite a few excellent physical and
chemical properties, such as high thermal conductivity, high
chemical stability, good radiation resistance, wide energy gap [1].
Based on these superiorities, SiC is widely recognized as a kind of
potential material that can work in radiation conditions. SiC pos-
sesses various polytypes, as we all know, hexagonal (2H-, 4H-, and
6HeSiC) and cubic (3CeSiC) configurations [2]. Since these poly-
types own different properties, hexagonal configurations SiC are
semiconductor materials used in electronic devices; cubic SiC is a
kind of ceramic material used as the structural components in
fusion reactors [3], cladding material for gas-cooled fission reactors
and inert matrix for the transmutation of plutonium and other
transuranic [4] on account of its small capture cross-sections for
cosmic rays and neutrons. Electronic devices fabricated from hex-
agonal SiC can work reliably and efficiently at elevated tempera-
tures and in highly radioactive environments [5].

On the heels of the high energy ion irradiation, interaction be-
tween incident ions and target materials will take place, leading to
energy transfers from the projectile to both target nuclei and
e).

by Elsevier Korea LLC. This is an
electrons. The incident ions with high kinetic energy are slowed
down by exciting electrons along the ion track, reversely, elastic
collision with atoms turns into the dominant retardation mecha-
nism at lower ion energy (keV) [6]. Generally, these two processes
are quantified by the electronic and nuclear stopping respectively,
representing the loss of energy per unit length of the ion trajectory.
The nuclear energy loss (Sn) leads to atomic displacements and
collision cascades, producing defects and defect clusters. Relatively,
the electronic energy loss (Se) results in the excitation of the
electronic system, and subsequently part of this energy return to
the atomic system via the electron-phonon (e-p) interactions [7].

Over the past 20 years, there have been a large number of
simulations on displacement damage with classical molecular dy-
namics (MD) simulations. And a large number of vital information
on the defect production and early radiation processes due to Sn
have been obtained [8e12].However, the simulation about ioniza-
tion effects hasn’t been adequately understood until now [13]. It is
because the inelastic interactions, non-equilibrium processes, and
material-dependent behavior must be taken into account with the
participation of the ionization effects on the process of radiation.
But there are increasing experiments carried out about the defect
annealing and damage recovery of SiC due to the Se these years
[14e20]. With respect to the damage recovery, Zhang Y et al. [21]
performed two-step irradiation in perfect SiC crystalline where
defects were first created in the material by low energy particles
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and subsequently irradiated with swift heavy ions (SHI) with en-
ergy larger than several hundred MeV (Se >20keV, nm�1)
[22e24]. And they argued that the energy transferred to the elec-
tron system of SiC by energetic ions via inelastic ionization can
effectively anneal pre-existing defects and restore the structural
order. Besides, no ion tracks have been captured in the semi-
conductor SiC, and SHI irradiation has been found to yield either no
structural damage [25] or only point defects [26]. What’s more,
Zhang Y et al. [21] also draw attention to ionization effects at a
lower energy regime (Se z 5 � 10keV,nm�1), where both Sn and
Se should be taken into consideration. M.Backman et al. [6] simu-
lated the effect of 870 MeV Pb (Se ¼ 33keV,nm�1) impacts on
different models with uniform concentration structural defects in
3CeSiC at room temperature, and they found the significant re-
covery of point defects as well as recrystallization at the
amorphous-to-crystalline interface of an amorphous layer. But the
relationship between the recovery of defects induced by single
primary knock-on atoms (PKA) and the Se is still unknown, which is
indispensable for understanding the mechanism of defect recovery
induced by different Se.
2. Methods

In this simulation, two-step irradiation was performed on
6HeSiC, in which a single PKA (with kinetic energy 2 keV, 3 keV,
4 keV, and 5 keV) was firstly injected and subsequently irradiated
with high energy ions at room temperature. All the radiation pro-
cesses were simulated by DL_POLY [27].

Equilibration of the systems under the constant pressure and
temperature (NPT) ensemble with a constant time step preceded in
the irradiation. For the classical MD simulation, the constant vol-
ume and energy (NVE) ensemble was used. The cascade simula-
tions employ a variable time step to describe the irradiation
dynamics. Atom Si was chosen as the primary knock-on atom (PKA)
for its mass is higher than C, which would transfer more energy
when the collision happened. And Si was injected from the center
of the top layer, along with the [4 11e95] direction (just off Z-di-
rection) for minimizing the possibility of the tunneling effect in the
Fig. 1. The cylindrical in the center represents the electronic energy deposition after
ion pass through the system in the Z direction. The thermostat is applied around the
system except for Z boundary.
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cascade formation. As shown in Fig. 1, to avoid the translation of the
system after the implantation of PKA, the mass center of the whole
system must be kept constant and the linear momentum of each
atom should be zero at each step of the simulation [28]. Subse-
quently, SHI passed through the center of the system in the z-di-
rection (five events for each case), and the cylinder represents the
thermal spike deposited along with the ion track due to Se. A layer
of the MD box boundaries with 5 Å width is attached to a modified
Langevin thermostat [29], so that the velocities of atomswithin this
layer are scaled to the target temperature equal to 300 K, imitating
the energy dissipation. The interaction between the atoms is
modeled using the hybrid Tersoff/ZBL potential [30], since it has
been widely and successfully used to model the MD simulation of
SiC. The simulation size is 12.4� 12.8� 12.1 nm3, containing
roughly 180000 atoms.

Wigner-Seitz method [11] is used to identify the defects, based
on a complete defect-free lattice as the reference center and taking
the space formed by the vertical bisectors of adjacent atom lines as
the reference space, and then compare the position of the atom
output by each step of the cascade collision process with the
original space position. When sites are occupied by zero atoms,
these sites are marked as “Vacancies”. Besides, the sites occupied by
more than one atomwere labeled as “Interstitials”. And those sites
containing one atom but different from the original one are called
“Anti-sites”.

The SHI irradiation process is simulated by using the two-
temperature (2T-MD) model [29,32] within the MD methods. As
Fig. 2 (a) shows, the 2T-MD model splits the system into two
coupled subsystems, the lattice subsystem and the electron sub-
system, between which energy is transferred by electron-phonon
coupling depending on the temperature difference. In the 2T-MD
model, the SHI is slowed down by inelastic collisions with elec-
trons, and the energy deposited into the electronic system is
qualified by Se. Fig. 2 (b) gives a schematic of this simulation setup,
the lattice system is split into discrete coarse-grained lattice ionic
temperature (CIT) voxels, and discretizing the electronic system
into coarse-grained electronic temperature (CET) voxels. Energy
can thus be exchanged between the voxels and subsequently
passed to or from the atoms within each respective CIT. The volume
of each CIT voxel must contain a sufficient number of atoms so that
thermal fluctuations of ions are negligible and an ionic temperature
can be defined: a good general choice is a cube of length 10 Å in
each direction [31]. There is more flexibility in choosing the num-
ber of CET voxels, as long as an integer number of these overlap
with the CIT grid: this simulation divides the MD cell into 12� 12�
12 (eachz10 Å3), a 24� 24� 12 electronic temperature voxel grid
extends over the MD cell in the X and Y direction. The system was
pre-equilibrated for 200ps (with 1 fs timestep) using an NPT
ensemble (300 K), and the SHI irradiation was simulated for 20 ps
(with 1fs timestep).

In the 2T-MD model, the electronic subsystem is connected to
the ions via a modified Langevin thermostat, and the equation (Eq.
(1)) of motion used to describe the trajectories of the ions include
an extended term based on Newton’s law of motion [29,33]: the
friction term and the stochastic force.

mivvi = vt ¼ FiðtÞ � givi þ ~FðtÞ (1)

Where mi and vi represent the mass and the velocity of atom i,
respectively. FiðtÞ is the force acting on atom i due to the interaction
among the surrounding atoms at time t. The energy loss to the
electron is included via a friction termwith damping coefficient gi.
~FðtÞ (Eq. (2)) is the stochastic force, representing the energy from
the electronic subsystem to the atoms by electron-phonon



Fig. 2. (a) Schematic of thermodynamic coupling and processes in 2T-MD, (b) simulation setup for swift heavy ion impact [31].
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coupling. And the magnitude of the force is related to local elec-
tronic temperature (Te) by the fluctuation-dissipation theorem,

C~Fðt0Þ:~FðtÞD¼2kBTegidðt0 � tÞ (2)

and it has a mean value of zero. The evolution of the electronic
temperature (Te) is calculated by the heat diffusion equation, (Eq.
(3))

CerevTe
.
vt¼VðkeVTeÞ� gpðTe � TaÞ þ Aðr; tÞ (3)

Where Ce is the heat capacity Ce ¼ 1Jcm�3K�1 [34], ke the elec-
tronic thermal conductivity ke ¼ CeDe with De ¼ 2cm2s�1 [34], Te
and Ta are the electronic and atomic temperatures, respectively.
And electron-phonon coupling constant gp is expressed as:

gp ¼
3NkBgp
DVmi

¼ CeDe

l2
(4)

Where the electron-phonon mean free path l is 5.2 nm [35], cor-
responding to the bandgap of 6HeSiC (3.03eV). The timescale for
energy loss due to e-p interactions is:

tp¼mi

gp
(5)

or from Eq. (4)

tp¼ 3nkB
gp

(6)

Where n is the number of atoms per volume, tp is 0.402ps from Eq.
(6).

The Aðr; tÞ is a source term corresponding to the energy
deposited by SHI, via a spatial Gaussian and temporal exponential
distribution with the mean absorption radius of 0.2735 nm using
Bohr’s principle of adiabatic variance [36] and a characteristic
deposition time of 1 fs. [37,38].
3. Results and discussion

As mentioned above, there are two steps during the whole
simulation process, displacement cascade and ionization effects by
SHI. In the first step, PKA Si was injected into the system, after 12ps,
the point defects became stable and were counted for the reference
values in the later process. In the second step, SHI passed through
the center of the system in the z-direction, and the energy depos-
ited from SHI is quantified by the electronic stopping power (Se)
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which can be calculated by SRIM. In this paper, to learn the effect of
SHI on the defects produced in the first step more effectively, Se is
taken from 10 keV/nm to 30 keV/nm. Fig. 3 (a) shows the average
surviving point defects in four simulation events before [39] and
after SHI injected with different electronic energy loss. In Fig. 3 (a)
the different color represents different energy PKA injected into the
system in the first step, while the dashed line and the points
represent the total point defects before and after SHI injected
respectively, the error bar represents the standard error over five
events for each case. As this figure shows, the overall trends are a
little different between the four cases. When Se is lower than a
certain value (near 25keV,nm�1), the number of surviving point
defects has almost no change in the case of low PKA energy, while
the surviving defects are lower than the reference value (decrease
firstly and then increase) in the case of higher PKA energy. From the
spatial distribution of defects, we found that the defect density in
the center area of cascade raises with PKA energy. Therefore, in this
manuscript, the defect concentration refers not only to the defect
density in the damage region but also the local defect density. And
the defects recovery can only take place when the defects in the
damage region or the local area reach a certain concentration.
When Se is larger than 25keV,nm�1, the point defects will increase
in all cases due to the generation of C defects (VC and IC) in this
energy range as shown in Fig. 3 (b). From Fig. 3 (b), the point de-
fects, mainly related to VC and IC , will be produced after SHI
injected with electronic energy loss larger than 25keV,nm�1 in the
perfect lattice. However, the defects related to Si (containing CSi, SiC,
VSi, ISi) are hardly induced. It is because that the formation energy
of C defects is smaller than Si defects in 6HeSiC [40]. During the
irradiation of SHI, the deposited energy by the inelastic collision
process will raise the temperature around the ion track, intensi-
fying the thermal vibration of the particle. When the deposited
energy is large enough to break the covalent bond, the defects can
be produced. Due to the smaller formation energy, the C defects
dominate the generated defects. The two prime issues can be
summarized: (1) the defects recovery can only take place when the
defects in the damage region or the local area reach a certain
concentration. (2) New point defects will be produced when Se is
larger than 25keV,nm�1, and the majority of new defects are C
defects.

Generally speaking, the reactions among different point defects
after SHI injection contain recombination and knock-out process.
The knock-out process takes place between the interstitial atom
and anti-site atomwhich will result in the defect recovery, and one
moveable interstitial atom will be produced at the same time. The
recombination processes, which contain homogeneous recombi-
nation and heterogeneous recombination [41,42], lead to defect
recovery and the production of anti-site, respectively. In Fig. 4, the



Fig. 3. (a) Average surviving number of total point defects before and after applying different electronic energy loss for the four different irradiation cases, the error bar represents
the standard error over five events for each case. (b) The number of different point defects after SHI injected with different electronic energy loss in the perfect lattice.

Fig. 4. The number of vacancies as a function of Se, the dashed line and points represent the number of vacancies before and after applying Se, respectively. (a)e(d) represent the
different PKA energies in the first step.
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vacancies were counted under four different PKA energies. For
carbon vacancies (VC), it follows the same trend as the total point
defects in Fig. 3 (a), which means that the C defects dominate in the
evolution of point defects. In (c) and (d), the number of VC de-
creases firstly. In Fig. 3 (a), the number of total point defects de-
creases at this time as well, which means the homogeneous
recombination happens. Then, with the growth of energy, the
production of VC gradually gained the upper hand, so VC increased
in the latter half. As for silicon vacancies (VSi), the number of VSi
decreased gradually with the increasing Se, lower than the refer-
ence value all the time. The decrease of VSi is also attributed to the
two kinds of recombination, and it will be explained in detail below.
Besides, the process VSi/VC þ CSi can also take place in 6HeSiC
[43], which will reduce VSi as well.

Fig. 5 shows the evolution of interstitials in different cases. For
the silicon interstitials (ISi), there is no obvious trend due to the low
ISi concentration in the system, but the surviving ISi is lower than
the reference ISi almost over the whole Se range in each case. For
the carbon interstitials (IC), when Se is lower than 25keV, nm�1, its
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quantity fluctuates around the reference value in the case of low
PKA energy as shown in Fig. 5. (a), and its number decreases
gradually with the increase of Se in the case of higher PKA energy as
shown in Fig. 5. (d). Therefore, the defects recovery can only take
place when the defects reach a certain concentration. By comparing
Fig. 5(c) and Fig. 5(d), the IC starts decreasing in Fig. 5 (c) for Se
larger than 17 keV/nm, and it decreases more profoundly in Fig. 5
(d). From this phenomenon, it can be obtained that the defect re-
covery is easier to occur when the defect concentration is higher,
and there is more defect recovery take place.When Se is larger than
25keV,nm�1, the number of IC increases with Se due to the new IC
defect produced by Se.

Fig. 6 shows the evolution of anti-sites in different cases. It can
be seen that the overall trend of both CSi and SiC increases with Se,
particularly in Fig. 6 (b) and (d). By comparing the evolution of CSi
with VSi, it can be discovered that the decrease of VSi is almost equal
to the increment of CSi when Se is lower than 25keV,nm�1. A
similar result can be found by comparing the SiC with ISi. This
phenomenon reveals that the probability of heterogeneous



Fig. 5. The number of interstitials as a function of Se, the dashed line and points represent the number of interstitials before and after applying Se, respectively. (a)e(d) represent
the different PKA energies in the first step.

Fig. 6. The number of anti-sites as a function of Se, the dashed line and points represent the number of anti-sites before and after applying Se, respectively. (a)e(d) represent the
different PKA energies in the first step.
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recombination depends mainly on silicon defects. On the contrary,
by comparing the surviving total number of point defects with the
carbon defects, the result leads to the decrease of the total number
of point defects closely connected with the decrease in the carbon
defects. And this result reveals that the probabilities of homoge-
neous recombination mainly depends on the carbon defects [44].
2361
Consequently, the defect recovery induced by SHI is mainly con-
nectedwith the homogeneous recombination of the carbon defects.

Fig. 7 presents the temporal evolution of the lattice temperature
with time for different Se, the different curves show the lattice
temperature along the y dimension of the MD box. And the effects
of different Se on the pre-defects can be reflected by the lattice



Fig. 7. Evolution of the lattice temperature with time for (a)15 keV/nm (b) 20 keV/nm (c)25 keV/nm (d)30 keV/nm Se. The different curves show the lattice temperature along the y
dimension of the MD box.
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temperature. As seen here, it can take up to 4 ps for the lattice
system to completely cool down to the target temperature (300 K).
From Fig. 7, the peaks of lattice temperature and the time to reach
peak are different at different radii from the center in a simulation,
but the curve’s shape is the same under different Se.
4. Conclusion

In order to learn the effect of Se on the defects induced by single
primary knock-on atoms (PKA), the 2T-MD model was used to
obtain the evolution of point defects after the injection of SHI. In
the simulation, four PKA energies were taken to explore the in-
fluence of defect concentration on the defect recovery. The results
indicate that almost no defect recovery takes place until the defect
concentration is large enough, and the recovery of defects becomes
more remarkable with the increasing defect concentration. Besides,
the number of total defects is calculated under different Se, and the
results indicate that the local heating due to the high electronic
stopping of SHI can lead to the recovery of defects when Se is under
a certain value (near 25keV,nm�1). Meanwhile, there are more
point defects produced by SHI than the amount of recovery when
Se is larger than this value. Additionally, the evolution of different
kinds of defects is investigated. The results indicate that the evo-
lution of VC and IC is similar to the evolution of total point defects
under different Se. Moreover, when Se is lower than this value (near
25keV,nm�1), the decrease of VSi and ISi is almost equal to the
increment of CSi and SiC, respectively. Consequently, the defect re-
covery induced by SHI is mainly connected with the homogeneous
recombination of the carbon defects, while the probabilities of
heterogeneous recombination is mainly dependent on the silicon
defects.
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