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Large-scale ab initio molecular dynamics simulations of ion-solid interactions in SiC reveal that
significant charge transfer occurs between atoms, and defects can enhance charge transfer to surrounding
atoms. The results demonstrate that charge transfer to and from recoiling atoms can alter the energy
barriers and dynamics for stable defect formation. The present simulations illustrate in detail the dynamic
processes for charged defect formation. The averaged values of displacement threshold energies along
four main crystallographic directions are smaller than those determined by empirical potentials due to

charge-transfer effects on recoil atoms.
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The interaction of energetic ions with solids can lead to
the modification of mechanical, magnetic, electrical, and
optical properties of materials. Defect creation and damage
accumulation from ion-solid interactions are also impor-
tant to space and nuclear applications. Understanding the
basics of ion-solid interactions has led to significant devel-
opments in state-of-the-art molecular dynamics (MD)
simulations with empirical potentials, and these simula-
tions have dramatically advanced the understanding of
defects and defect processes in a number of metals [1],
semiconductors [2], and oxides [3]. However, these classi-
cal MD approaches do not provide information on the
response in the electronic structure from ion-solid interac-
tions, which represents a computational challenge beyond
classical MD simulations.

Simultaneous electronic and atomic collisions can
change the charge state of existing and newly created
defects [4], affecting both defect creation and clustering.
Defect diffusion mechanisms and corresponding migration
energies also depend strongly on defect charge states,
particularly in covalent and ionic materials [5,6]. It has
been shown that the charge state of preexisting interstitials
can be changed under low-energy electron irradiation,
leading to radiation-enhanced annealing that has been
observed in Si, Ge, diamond, and GaAs [7-10]. Although
radiation-enhanced annealing is a well-known process in
the physics and materials communities, the theoretical
interpretation remains controversial [11,12]. Furthermore,
the dynamic process of charge transfer can produce com-
peting effects in semiconductors and ceramics. A frame-
work for modeling these effects, based on defect
production and defect annealing, has been considered
over the past decade [13], but detailed simulations have
not yet been performed.

Here we employ large-scale ab initio molecular dynam-
ics to investigate defect formation from low-energy recoil
events in 3C-SiC [14]. By considering atomic dynamics
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and electronic structure effects on defect generation,
charge transfer and charge-density redistribution are di-
rectly observed, and defect creation is found to be affected
by charge-transfer processes. SiC was chosen for this ini-
tial study because it represents a well-understood model
system for two-component covalent materials. Further-
more, SiC is of great interest because it has significant
potential for technological applications in nuclear environ-
ments [15] and high temperature optoelectronic devices
[16].

Ab initio molecular dynamics simulations were per-
formed using the SIESTA code [17], based on density func-
tional theory within the framework of the local density
approximation. The exchange-correlation potential pro-
posed by Ceperley-Alder and parametrized by Perdew
and Zunger [18] was used. Troullier-Martins pseudopoten-
tials were used to take into account the effect of core
electrons [19]. Simulations of recoil events were per-
formed in a 1000-atom supercell (S5aq X Say X Sa,) with
I'-point sampling in the Brillouin zone, single-{ basis sets,
and a 90 Ry cutoff for the real space mesh. The conver-
gence of our calculations has been tested, and errors up to
2 eV in threshold displacement energy (E,) are expected,
as compared with those using double-{ basis sets plus
polarization orbitals. To simulate ion-solid interactions,
the SIESTA code has been modified to initiate the primary
knock-on atom (PKA) with kinetic energy (KE) in a given
direction and to include a variable time step (0.001-1 fs)
approach [20]. To determine the final defect configurations
and the energy barriers for defect formation, the relaxation
of the corresponding atomic configurations was carried out
with a 2 X 2 X 2 k-point sampling and double-{ basis sets
plus polarization orbitals. With these parameters, the cal-
culated lattice parameter a, = 4.36 A and the bulk modu-
lus B = 226 GPa were found to be in good agreement with
the experimental values of 4.36 A and 224 GPa [21],
respectively. The formation energies of intrinsic defects
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and defect configurations are also in good agreement with
previous theoretical calculations [22]. A Nosé-Hoover
thermostat was applied to the boundary atoms in both the
equilibrating stage of the crystal and the energy recoil
stage. With this approach, an equilibrium state can be
achieved within 0.5 ps at 100 K. Periodic boundary con-
ditions were applied along three directions. The supercell
was equilibrated at 100 K for a much longer time (~5 ps)
than the time constant of the N-H thermostat to make sure
that the system was well equilibrated before the PKA event
was initiated. The atoms were then allowed to evolve for
about 2 ps after the PKA was initiated. Four high symmetry
directions ([100], [110], [111], and [1 1 1] directions) for
both Si and C sublattices are considered, with four different
simulations for each direction. The results show no signifi-
cant differences in the trajectories, charge variation of the
PKA, and stable defect formation for these low-energy
recoils. In order to clearly present the physics involved,
only the dynamic processes for the C and Si recoil events
along the [111] direction are discussed in detail, but
general conclusions can be applied to C and Si recoils
along other directions.

The atomic configurations in Fig. 1(a) show three stages
in a typical process of defect formation, after a kinetic
energy of 62 eV is transferred to a Si PKA along the [111]
direction. For a recoil event of 60 eV, the Si PKA passes
through an initial energy window (the first tetrahedral
position) consisting of four C atoms, as indicated by the
first gray sphere in configuration (A), and fails to pass the
second energy window, resulting in the PKA atom recoil-
ing to its original position. If the kinetic energy is above E;;
(62 eV), the PKA passes the two energy windows and
directly interacts with a C atom. This process transfers
sufficient energy to the C atom to create a short replace-
ment collision sequence involving two Si and one C atoms,
as shown in configuration (B). A strong back recoil results
in the Si and C atoms returning to their lattice sites, and the
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FIG. 1 (color). (a) Three atomic configurations in a (110) plane
showing defect generation at times of (A) 0.55, (B) 1.02, and
(C) 2.0 ps, where the red and green spheres are Si and C atoms,
respectively, and the Si PKA is represented by a black sphere and
the Si vacancy by a white square. The gray spheres indicate two
tetrahedral positions. (b) Charge-density difference contour plot
for the final atomic configuration (C) in a (110) plane in units of
lel/a,? (a,-Bohr radius).

initially struck C atom pushes the Si PKA atom slightly off
the [111] direction, forming a Si tetrahedral interstitial
surrounding by four C atoms (Sipc), as shown in
configuration (C).

The charge-density difference Ap in the (110) plane that
contains the Si PKA is investigated. The charge-density
contour plot for the final configuration (C) is provided in
Fig. 1(b). The Si tetrahedral interstitial (PKA) forms new
bonds with its nearest C atoms, as shown by the charge
accumulation in the bonding regions. Upon closer inspec-
tion, the distances between the Sitc and its two second-
nearest Si atoms in this plane are found to be approxi-
mately the same, i.e., 2.59 and 2.56 A for the one above the
Sitc and the one below, respectively. However, the Sitc
prefers to form a new bond with the Si atom below (in-
dicated by an arrow). A strong bond formed between the
Sitc and its nearest C atom may facilitate the charge
transfer between the two nearby Si atoms, leading to
charge accumulation in the bonded regions and the forma-
tion of a new covalent bond. Figure 1(b) also clearly shows
that the Si vacancy does not pair with its neighboring
atoms, and the Si vacancy is in a negatively charged state
(relative to a Si atom in 3C-SiC).

To elucidate the role of charge transfer and charge
redistribution on defect dynamics, we have carried out a
detailed analysis of the charge variation of a C PKA.
Figure 2 shows the variation of the calculated Mulliken
charges on the C PKA during a C recoil event of 47.5 eV
along the [1 1 1] direction. Bader charge analysis was also
performed in perfect SiC using the program developed by
Henkelman, Arnaldsson, and Jonsson [23], and the calcu-
lated effective charges for C and Si atoms are 4.523 and
3.477|e|, respectively, in reasonable agreement with the
Mulliken charges of 4.764 and 3.236]e| and the values of
4.887 and 3.113 obtained using the ab initio orthogonalized
linear combination of the atomic orbital method [24]. The
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FIG. 2 (color). Variation of effective charge, gain (+), and loss
(—) of electrons, for the C PKA along the [111] direction,
where the orientations of the atomic configurations are the same
as those in Fig. 1. The blue and yellow spheres represent the C
PKA and secondary Si recoil atom, respectively, and the black
diamonds indicate the charge differences obtained from the
Bader charge analysis.
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charge differences obtained by Bader charge analysis for
several atomic configurations are included in Fig. 2 and
show a similar tendency. The charge is relative to the
effective charge of a C atom in perfect 3C-SiC. Atomic
configuration (A) in Fig. 2 shows that the C PKA initially
moves along the [1 1 1] direction and then directly interacts
with a Si atom [shown as a yellow sphere and denoted as
the secondary recoil atom (SRA)]. The SRA transfers
charge during this process, with a maximum charge trans-
fer of about 0.442|e| to the C PKA and 0.127|e| to the
SRA’s nearest-neighbor C atoms. Although most charge
from the SRA is transferred to the C PKA, the present
results demonstrate that a defect can enhance charge trans-
fer to surrounding atoms. At this stage, the strong repulsive
interaction between the PKA and SRA forces the SRA to
move along the [1 1 1] direction, but the PKA rebounds and
moves in the opposite [111] direction. Atomic con-
figuration (B) shows a metastable state, where the PKA
is in a tetrahedral position. The C PKA transfers a charge of
0.41]e| to three Si atoms (as indicated by the gray spheres)
that are the nearest neighbors to the vacancy. The C PKA
stays in this position for a number of time steps, as shown
by a plateau in Fig. 2, but fails in overcoming the energy
barrier to form a stable interstitial. Consequently, the C
PKA rebounds back along the original [1 1 1] direction and
gains charge from three nearby Si atoms. The PKA passes
through its original position and interacts with the Si SRA
again, as indicated by configuration (C). In this process, the
C PKA loses charge to the same three Si atoms, and the
nearest-neighbor C atoms to the three Si atoms also trans-
fer charge to these Si atoms. However, the striking feature
is that the C PKA transfers 0.42]e| to the SRA even though
the distance between them is about 3 A. The interaction
between the PKA and the SRA once again reverses the
PKA’s direction and forces it to move along the [111]
direction. The SRA returns to its original position during
this process, while the C PKA continuously propagates
along the same direction and eventually passes a window
consisting of four C atoms, as shown in configuration (D).
This process leads to the formation of a C interstitial in a
tetrahedral position surrounding by four Si atoms, as illus-
trated in configuration (E). Further simulation transforms
the C tetrahedral defect into a C-C(100) split interstitial
that is the most stable configuration for C interstitials in
SiC [25]. In configuration (D), the charge gain of the three
Si atoms is similar to that in configuration (B), but the C
PKA also transfers some of the charge to the remaining Si
neighbor atoms. The difference in the charge states of the C
PKA between configurations (B) and (D), as shown in
Fig. 2, is about 0.11 electrons, with more negative charge
in configuration (D). This charge difference may lower the
energy barrier the C PKA passes to form a stable Frenkel
pair.

A series of atomic configurations has been minimized
using the conjugate gradient method to calculate the en-
ergy variation with high precision. The calculated results
are shown in Fig. 3, where the energy is relative to the total

energy of perfect SiC. The energy barrier for the C PKA to
pass the window in atomic configuration (D) is about
3.2 eV lower than that in configuration (B). This clearly
illustrates that the lower charge state of the C PKA in
atomic configuration (D) decreases the energy barrier,
which may provide an explanation as to why the C PKA
does not pass the energy window the first time
[configuration (B)] but does pass the second time. The
dynamic evolution for this C PKA is clearly a charge-
transfer-assisted process leading to stable defect formation.

Similar to the Si PKA event, charge-density contour
plots for atomic configurations (B), (D), and (E) in Fig. 2
are provided in Figs. 4(a)—4(c), respectively. In Fig. 4(a),
the C PKA transfers charge to one of its nearest Si neigh-
bors, as indicated by the arrow, but the SRA Si atom prefers
to form a bond with its nearest Si neighbor, as the charge
begins to accumulate in the bonding regions. One of the C
atoms above also transfers some charge to the nonbonding
regions, forming directional bonds with its neighbor atoms,
with either Si or C atoms. This striking profile is indicative
of defect-enhanced change transfer. In Fig. 4(b), the most
interesting observation is that some charge accumulates on
the C vacancy, mainly transferred from the C PKA. The
charge is mostly distributed in the region between the C
vacancy and its two Si neighbor atoms, suggesting a ten-
dency for pairing of two Si atoms neighboring the C
vacancy. As soon as the C PKA passes the energy barrier,
further charge transfer from the surrounding atoms to the C
vacancy occurs, as indicated by the arrow in Fig. 4(c).
Obviously, this C vacancy is a positively charged vacancy
(relative to a C atom in 3C-SiC). Two neighboring Si atoms
of the C vacancy in a plane parallel to one of the (100)
planes move towards each other, forming a dimerlike bond
with a length of 2.78 A, while the other two are stretched in
a plane parallel to one of the (001) planes with a separation
of 3.23 A. These results indicate the pairing mechanism for
Si atoms neighboring the C vacancy, reducing the ideal 7,
symmetry to a local tetragonal D,,; symmetry, which rep-
resents a significant Jahn-Teller distortion. It is also ob-
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FIG. 3 (color online). Variation of relative energy of the sys-
tem as a function of time step, where there are two energy
barriers corresponding to atomic configurations (B) and (D),
respectively.
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FIG. 4 (color). Charge-density contours (a), (b), and (c) in a
(110) plane for atomic configurations (B), (D), and (E) in Fig. 2,
respectively, where the vacancy and C interstitial are indicated.

served that the accumulated charge is not in the center of
the vacancy, and the strong interaction of the charged va-
cancy with neighbors leads to this distortion. Experi-
mentally, the carbon vacancy has been previously identi-
fied by electron paramagnetic resonance as a positively
charged vacancy in proton-irradiated 3C-SiC [26] and
electron-irradiated 4H- and 6 H-SiC [27], consistent with
these results.

The E, for C and Si atoms along the [1 1 1] direction are
determined to be 47.5 and 62 eV, respectively. The
weighted average E; values for the four main crystallo-
graphic directions are about 25.5 eV for C and 46.2 eV for
Si. These values are smaller than the weighted values for
the same directions determined using Tersoff potential MD
calculations [28] (41 and 63 eV for C and Si recoils,
respectively), and this may be due to the fact that the
PKAs generally transfer their charge to the surrounding
atoms, which alters the energy barriers for the formation of
stable Frenkel pairs, as discussed above.

In conclusion, ab initio MD simulations have been
employed to study ion-solid interactions, to explore
defect-enhanced charge transfer and charge-density redis-
tribution, and to understand the dynamic processes of
charge defect formation. The charge variation of recoil
atoms can alter the energy barrier for stable defect forma-
tion, and the corresponding dynamic evolution is a charge-
transfer-assisted process. In addition, the defects formed
during recoil events can enhance charge transfer to sur-
rounding atoms, and this affects charge-density redistri-
bution. The simulations also provide important insights
into the formation of charged vacancy defects. The C
vacancy is a positively charged defect that exhibits a
significant Jahn-Teller distortion, whereas the Si vacancy
is a negatively charged defect.
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