
PHYSICAL REVIEW B, VOLUME 64, 245208
Ab initio and empirical-potential studies of defect properties in 3C-SiC
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Density functional theory~DFT! is used to study the formation and properties of native defects in 3C-SiC.
Extensive calculations have been carried out to determine the formation of point defects and the stability of
self-interstitials. Although there is good agreement in the formation of vacancies and antisite defects between
the present study and previous calculations, a large disparity appears in the formation of self-interstitials. The
most favorable configurations forC interstitials arê 100& and ^110& dumbbells, with formation energies from
3.16 to 3.59 eV, and the most favorable Si interstitial is Si tetrahedral surrounded by four C atoms, with a
formation energy of 6.17 eV. The present DFT results are also compared with those calculated by molecular
dynamics~MD! simulations using the Tersoff potentials, with parameters obtained from the literature. The
formation energies of vacancies and antisite defects obtained by MD calculations are in good agreement with
those obtained by DFT calculations. However, the MD calculations yield different results for interstitials
energies and structures that depend on the cutoff distances used in the Tersoff potentials. The results provide
guidelines for evaluating the quality and fit of empirical potentials for large-scale simulations of irradiation
damage and defect migration processes in SiC.

DOI: 10.1103/PhysRevB.64.245208 PACS number~s!: 71.15.Pd, 61.72.Ji, 61.82.Fk, 31.15.Ar
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I. INTRODUCTION

Materials and devices based on silicon carbide~SiC! have
been considered as potential candidates for high-tempera
high-frequency, and high-power applications because of t
high thermal conductivity, high electron mobility, high ele
tron saturation velocity, and wide band gap. These excel
properties make SiC suitable for direct process monitoring
the aerospace, petrochemical, food processing, automo
and nuclear industries.1 Experimental results on SiC hav
indicated that point defects may enhance dopant diffus
rates and, thus, affect the overall performance of SiC-ba
semiconductor devices. Therefore, it is clear that defects
a very important role in mediating self-diffusion and the d
fusion of substitutional impurities. SiC has also been rec
nized as a potential cladding material for gas-cooled fiss
reactors,2 structural components for fusion reactors,3 and an
inert matrix for the transmutation of plutonium4 because of
its small neutron-capture cross section, low activation,
good thermal conductivity under irradiation. The defects c
ated by energetic displacement cascades during ion imp
tation or neutron irradiation and their subsequent evolut
give rise to important microstructural changes that aff
many of the macroscopic properties of electronic devices
nuclear components. Determination of defect formation a
energetics is therefore crucial for understanding the respo
of SiC to self-diffusion, diffusion of substitutional impurities
radiation damage, and ion implantation.

There have been many studies of defect energetic
3C-SiC using both theab initio method5,6 and molecular
dynamics~MD!.7 The ab initio calculations by Wanget al.5

used a very small number of atoms to study interstitials. I
believed that a full three-dimensional relaxation was
achieved, particularly with respect to interstitial formation5

Although a supercell of up to 128 atoms was used by To
et al. to determine the properties of native defects in 3C- and
2H-SiC, only a subset of possible defects was investigat6
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Empirical potentials have also been employed to calcu
point-defect properties in SiC.7 However, considerable ambi
guity has been introduced into the literature regarding
formation of native defects, their clustering, and in particu
the stability of interstitial configurations because differe
empirical potentials lead to different results. Although exte
sive efforts have been carried out in order to understand
fundamental issues of ion-solid interactions in SiC,8–11 key
questions about defect properties are yet unanswered.

Density functional theory~DFT! calculations require large
computational efforts compared to the large-scale comp
simulations normally applied to ion-solid interactions. M
lecular dynamics simulations using empirical potentials
commonly employed to study displacement cascades
have been applied to a wide range of materials, includ
metals12,13 and ceramics.8–11,14 However,ab initio calcula-
tions can provide a set of accurate defect formation ener
as well as guidelines for evaluating the quality and fit
empirical potentials. In this study, DFT calculations are us
to study the formation energies of monovacancies, anti
defects, and possible interstitial configurations. Based on
results, the relative stability of various interstitial configur
tions is determined. In parallel, MD simulations using
modified Tersoff potential, with different cutoff distances a
parameters obtained from the literature, have also been
ployed to obtain point defect properties in 3C-SiC. The MD
results are compared with those obtained using DFT
with those obtained by others. In addition, the understand
of native defect properties undertaken in this study
complementary to the extensive MD simulations previou
reported.8–11

II. Ab initio CALCULATIONS

A. Method

The density functional theory calculations are based
the pseudopotential plan-wave method within the framew
©2001 The American Physical Society08-1
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of the local density approximation~LDA !. A parametrized
form of the exchange-correlation potential obtained by Vos
et al.15 is used. This functional is based upon an exact so
tion of the electron gas from the quantum Monte Carlo c
culations of Ceperley and Alder.16 This local density func-
tional is quite robust and contains within its limits earli
functionals based on the high-density limit of the electr
gas obtained by Gell-Mann and Bueckner,17 as a well as the
low-density limit of the electron gas obtained by Wigner18

Experience has shown that local density functionals ag
quite well with experiment in predicting structural param
eters and harmonic constants for a variety of chemical
solid-state systems.19 Even though local density functiona
exhibit systematic over binding, for relative energy calcu
tions the errors are often significantly smaller.20 The valence
electron interactions with the atomic core are approxima
with a generalized norm-conserving pseudopotential de
oped by Hamann21 and modified to a separable form su
gested by Kleinman and Bylander.22 The original pseudopo
tential parametrization suggested by Hamann is too ‘‘ha
for carbon and requires a large number of plane waves
softer pseudopotential, constructed by increasing the core
dii ~r cs50.80 a.u.,r cp50.85 a.u., andr cd50.85 a.u.!, is used
to reduce the number of plane waves needed to describe
carbon pseudopotential. Carbon cluster calculations by B
becet al.23 and Bylaskaet al.24–26have shown that this soft
ened carbon pseudopotential produces reliable results at
sonable plane-wave basis-set sizes. All calculations
performed at theG point. A plane-wave basis set with a cu
off energy of 36 Ry~980 eV! is used to expand the electron
wave functions, but a large plane-wave energy of cutoff
86 Ry ~2340 eV! has been checked in many cases. Basis
errors associated with a small basis are reasonable, with
large basis stabilizing the defects by at most 0.2 eV in
cases. The lattice constant, bulk modulus, and cohesive
ergy obtained using a 36-Ry cutoff energy and these pse
potentials for an eight-atom unit cell of SiC are 0.438 n
2.22 Mbar, and 6.58 eV, respectively, in 3C-SiC, which are
in excellent agreement with experimental data27 and other
DFT calculations.5,28 Typically, the calculations are per
formed in 32-, 64-, and 128-atom unit cells with a fixe
volume ~lattice constant of 0.438 nm!, depending on defec
configurations. In order to test size effects on the defect
mation energy, a 68-atom or 128-atom supercell has b
used to calculate the C1-C^100& dumbbell, and the result
show that the formation energy is 3.16 and 3.09 eV for
and 128-atom supercells, respectively. The error associ
with the two different supercells is on the order of 0.07 e
To avoid any spurious symmetries, the initial atomic co
figurations have been randomized slightly from the id
structure, and all ions in the supercell have been allowe
relax without any symmetry constraints.

The results for vacancies and antisite defects are obta
using a 32-atom supercell, while 64-atom and 128-atom
percells are used to calculate interstitials. The conjugate
dient ~CG! method for Grassman manifolds29 is used to
minimize the wave function of electrons, and the minimu
and metastable structures are optimized using a Broyd
Fletch-Goldfarb-Shanno quasi-Newton algorithm with an
24520
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lytic gradients. The structural optimization is stopped wh
maximum force per atom is less than 131024 a.u.

For a two-element system, there are a number of poss
references to obtain the total energy of a system inab initio
calculations. To simplify this, isolated C and Si atoms~cal-
culated using a large fcc supercell with lattice constant of
a.u.! at the same cutoff energy as the crystal were chose
a reference to evaluate the total energy of the crystal in
ground state. The formation energy for a vacancy can
defined as30

Ef
n5DEn~X!1«, ~1!

and, for an antisite defect,

Ef~XY!5DE~XY!, ~2!

whereX andY represent C or Si species, and« is the nega-
tive cohesive energy in a perfect crystal of 3C-SiC in the
ground state.DE denotes the total energy difference betwe
the crystal containing a defect and the perfect crystal with
same number of lattice sites. To be consistent with the
cancy and antisite defect calculations, the formation ene
of an interstitial is given by

Ef
i ~X!5DEi~X!2«, ~3!

whereDE again is the total energy difference between t
crystal containing an interstitial and that of the perfect crys
with the same number of lattice sites.

B. Formation energies of defects

In 3C-SiC, there are two types of vacancies: name
the C and Si vacancies with four Si or four C atoms
nearest neighbors, respectively. Besides these vacan
there are two types of antisite defects, formed by atoms
cated on the wrong sublattice. These defects are show
Fig. 1~a!, where SiC represents a silicon atom on a carb
site and CSi a carbon atom on a silicon site. For se
interstitial defects, there are ten possible structures, as i
cated in Fig. 1~b!. A carbon tetrahedral interstitial has tw
different configurations, depending on the arrangement
neighbor atoms such that CTS is surrounded by four Si atom
and CTC by four C atoms. The other tetrahedral interstitia
are SiTS, with four Si atoms as nearest neighbors, and SiTC,
with four C atoms. There are four possible^100& dumbbell
configurations. Two are C1-Si and Si1-Si pairs centered on

FIG. 1. Schematic illustration of~a! vacancies and antisite de
fects and~b! the possible interstitials that may exit in 3C-SiC.
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Ab initio AND EMPIRICAL-POTENTIAL STUDIES . . . PHYSICAL REVIEW B 64 245208
Si sites, and the other two are C1-C and Si1-C pairs centered
on C sites, where the superscript plus indicates the inters
atom. The other atom is the atom that initially occupied
site. Besides these tetrahedral and^100& dumbbell configura-
tions, it is also possible to have two^110& dumbbell configu-
rations: namely, C1-C^110& and C1-Sî 110& dumbbells.

The formation energies of vacancies, antisite defects,
interstitials are listed in Table I, together with previousab
initio calculations5 for comparison. The formation energie
of C and Si vacancies are 5.48 and 6.64 eV, respectively,
the formation energies of CSi and SiC are 1.32 and 7.20 eV
respectively. Wang, Bernholc, and Davis5 used a similarab
initio method, but different exchange-correlation potential
calculate a subset of native defects in 3C-SiC. With a 32-
atom supercell, they found that the formation energies
5.9, 6.8, 1.1, and 7.30 eV forVC, VSi , CSi, and SiC respec-
tively. The present formation energies are in good agreem
with their results, which suggests that the effects
exchange-correlation potentials on defect formation are v
small. A large difference appears in the interstitial calcu
tions, particularly associated with the stability of interstitia
The results obtained by Wanget al.5 give generally high for-
mation energies, which may be due to the small numbe
atoms in their calculations~16 atoms for interstitial calcula
tions! and the difficulty in achieving full relaxation. Re
cently, Torpoet al.6 reported onab initio results for native
defects in 3C-SiC, but only a small subset of possible d
fects was studied. According to their calculations, the int
stitials in the tetrahedral sites of CTS and SiTS form high-
energy configurations, and the estimated formation energ
the CTC interstitial is about 7 eV. The present results are
good agreement with their calculations. In the present stu
the most favorable configuration for C interstitials are^100&
and ^110& dumbbells, with formation energies from 3.16
3.59 eV. It is interesting to note that the two atoms in t
^110& dumbbells have undergone a shift along the direct

TABLE I. The formation energy of vacancies, antisite defec
and interstitials calculated byab initio methods.

Defects

Formation energy~eV!

Ab initio
~Ref. 5!

Ab initio
~present work!

VC 5.90 5.48
VSi 6.80 6.64
CSi 1.10 1.32
SiC 7.30 7.20
CTC 11.0 6.41
CTS 8.6 5.84
SiTC 14.7 6.17
SiTS 15.0 8.71

C1-Sî 100& 3.59
C1-C^100& 3.16
Si1-C^100& 10.05
Si1-Sî 100& 9.32
C1-C^110& 3.32
C1-Sî 110& 3.28
24520
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perpendicular to dumbbell’s axis, and the shifting distan
are, for instance, about 0.027 and20.025 nm for C and Si
atoms in a C1-Sî 110& dumbbell, respectively. The loca
atomic structures of the C1-C^100& and C1-Sî 110& dumb-
bells are shown in Fig. 2, where large spheres represen
atoms and small spheres C atoms. The shifts of C and
atoms can be clearly seen in Fig. 2~b!, but no atomic dis-
placements are found along the^001& direction for ^100&
dumbbells@Fig. 2~a!#. In the case of Si interstitials, the mo
favorable configuration is the Si tetrahedral surrounded
four C atoms, with a formation energy of 6.17 eV.

C. Charge density distribution

As described above, the lowest-energy configuration fo
C interstitial is the C1-C^100& dumbbell centered at a C site.
Its charge density in a~001! C plane is shown in Fig. 3
where interstitial atoms are indicated by the solid circl

,

FIG. 2. The defect configurations and atomic relaxation for~a!
the C1-C^100& and ~b! C1-Sî 110& interstitials obtained byab ini-
tio calculations.

FIG. 3. ~a! The charge density~a.u.! contour plot and~b! the
charge density surface distribution on the@001# carbon plane for the
C1-C^100& dumbbell. The positions of two atoms in the dumbb
are indicated by the solid circles.
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Figure 3~a! shows a contour plot of the charge density, wh
Fig. 3~b! represents the surface plot of the charge densit
the ~001! C plane. In this configuration, the C atoms a
displaced along thê100& direction about 0.064 nm, giving
bond distance of 0.129 nm. The bond distance of C1-C
dumbbell is about 32% smaller than the normal Si1-C bond
length of the first neighbor, resulting in the formation of
strong bond. It is also clear from Figs. 3~a! and 3~b! that
more charge density distributes along the bond directi
rather than centered at atoms. The charge transfer from
oms to the bonding region results in a decrease of the t
energy, which gives a decrease in the formation energy of
C1-C^100& dumbbell. It is found that the Si atoms of th
first-neighbor shell relax largely outward, about 18.2% of
bond distance away from their respective lattice sites. Th
atoms of second-neighbor shell in the planes, which con
the dumbbell, relax also slightly outward, about 1.3% of t
bond distance, while the positions of C atoms in the pla
perpendicular to the dumbbell’s axis are the same as t
respective lattice sites, without any relaxation.

Although a strong bond is formed in the case of t
C1-Sî 110& dumbbell centered at a Si site, with a bond d
tance of 0.131 nm, the distortion of surrounding atoms
quite large. The large distortion is due to the small size of
C lattice site. Both the first-neighbor~Si atom! and second-
neighbor ~C atom! shells relax outward about 18.2% an
1.3% of the bond distance away from their lattice sites. T
is consistent with the formation energy of the C1-C ^110&
dumbbell being slightly higher than that of the C1-Si ^110&
interstitial. Turning to the CTS interstitial, its bond length
with surrounding Si atoms is found to be 0.201 nm, which
about 5.7% longer than the normal Si-C bond length.
charge density along the (110̄) plane is plotted in Figs. 4~a!
and 4~b!, where the position of the C interstitial is also ind
cated by the solid circle. These plots, together with th
bond length, clearly show that the CTS interstitial forms a
weak bond, giving a higher formation energy in comparis
with C1-Sî 110& and C1-C^110& interstitials. The relaxation
of the Si atoms in the first-neighbor shell is about 4.6%
the normal bond distance outward, and there is almost
relaxation on C atoms of the second-neighbor shell.

III. MD CALCULATIONS WITH TERSOFF POTENTIALS

A. Method

The Tersoff potentials with different parameter sets31,32

are used in the MD simulations to determine the energe
and nature of defect formation in SiC. The potential is co
posed of repulsive and attractive interactions given by

E5
1

2 (
iÞ j

f c~r i j !@Ai j exp~2l i j r i j !2bi j Bi j exp~2m i j r i j !#,

~4!

wherebi j is the bond order described by

bi j 5x i j ~11j i j
ni !21/2ni. ~5!
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The parameter ofj i j
ni is the same as that given in Ref. 31. Th

cutoff function is given by

f c~r i j j !5H 1, r i j <Ri j ,

0.510.5 cosFp r i j 2Ri j

Si j 2Ri j
G , Ri j ,r i j <Si j ,

0, r i j .Si j ,
~6!

whereAi j and Bi j are constant parameters of Morse pote
tials, andSi j andRi j are the parameters such thatf c(r ) has
continuous values and derivatives for allr and goes from 1 to
0. HereRi j is chosen to include only the first-neighbor sh
of SiC. The standard mixing rules are used such that
parametersl i j andm i j are arithmetic averages, andAi j , Bi j ,
Ri j , and Si j are geometric averages of the correspond
single componenti and j values. One set of parameters f
the Tersoff potentials for SiC is from Devanathanet al.33

These potentials have been further modified to matchab ini-
tio calculations for short-range interactions.33 This set of pa-
rameters and cutoffs, labeled as TPA, has been employe
calculate defect properties,7 displacement threshold
energies33 (Ed), and 10-keV displacement cascades9 in
3C-SiC. Another set of cutoff distances with the same p
tential parameters,34 labeled as TPB, have been used
evaluateEd and to simulate displacement cascades in
energy range from 0.5 to 8 keV.34 However, no information
on defect properties using the TPB parameters was repo
Both sets of cutoff parameters are listed in Table II. T
properties of various point defects have been determined
MD simulations with these potentials. The simulations a

FIG. 4. ~a! The charge density~a.u.! contour plot and~b! the

charge density surface distribution on the@11̄0# plane for the CTS

interstitial. The position of the interstitial is indicated by the so
circle.
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carried out in a cubic box of 1000 unit cells consisting
8000 atoms with periodic boundary conditions and cons
pressure relaxations at a temperature of 0 K.

B. Results and discussion

The formation energies of vacancies, antisite defects,
interstitials calculated using the TPA and TPB potentials,
scribed above, are listed in Table III. It is important to no
that the formation energies ofEf

v(C) and Ef
v(Si) obtained

using TPA MD are 5.20 and 6.31 eV, respectively, which
in excellent agreement with those determined using D
These values are also in good agreement with the calcul
values using TPB MD. Huanget al.7 used the same Terso
potential with similar parameters and cutoffs in Ref. 9
calculate defect properties. They obtained formation ener
for C and Si vacancies of 5.18 and 6.01 eV, respectively.
calculations described above give similar values for form
tion energies of vacancies in 3C-SiC. The difference be-
tweenEf

v~Si! and Ef
v~C! is about 1.11 and 1.16 eV by TP

and TPB, respectively, and about 1.16 eV byab initio calcu-
lations. This demonstrates that the vacancy properties in
can be well described by the Tersoff potentials for both
rameter sets used in this work.

TABLE II. The parameters of the cutoff function employed
the present study.

C-Ca C-Sia Si-Sia C-Cb C-Sib Si-Sib

Ri j ~nm! 0.18 0.220454 0.27 0.220454 0.220454 0.2204
Si j ~nm! 0.21 0.250998 0.3 0.250998 0.250998 0.2509

aThe parameters used in Ref. 7.
bThe parameters used in Ref. 34.

TABLE III. The formation energy of interstitials calculated b
MD methods, where TPA-MD represents the MD calculations w
potential parameters used in Ref. 7 and TPB-MD in Ref. 34.

Defects

Formation energy~eV!

TPA-MD TPB-MD

VC 5.20 5.15
VSi 6.31 6.31
CSi 0.35 0.35
SiC 6.10 5.50
CTC 4.86 8.34
CTS 2.51 6.68
SiTC 15.18 10.52
SiTS 14.64 14.33

C1-Sî 100& 9.03 5.88
C1-C^100& 6.41 5.97
Si1-C^100& 9.10 11.28
Si1-Sî 100& 15.44 10.03
C1-C^110& 6.21 6.50
C1-Sî 110& a 9.39

aUnstable: converts to a C1-C^110& dumbbell.
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For the antisite defects SiC and CSi, the formation energies
given by the TPA-MD simulations are 6.1 and 0.35 eV co
pared with 7.20 and 1.32 eV calculated by theab initio
method in the present study. It can be seen that large di
ences appear in the formation energies of antisite defe
denoting a clear distinction between the two sets of calcu
tions. The larger value given by both MD andab initio cal-
culations for the SiC antisite defect has a simple physic
interpretation in that a small C atom is replaced by a large
atom. This may suggest that the defect properties in SiC
strongly influenced by the relative sizes of the atomic s
cies. Nevertheless, the large energy increase in forming
antisite defect pair, predicted by bothab initio DFT calcula-
tions and MD simulations, implies that the 3C-SiC structure
may be thermally stable against the formation of highly d
ordered structures.

With regard to interstitial properties, it should be not
that there is an extensive study of interstitial properties p
viously in 3C-SiC by Huanget al.,7 using three representa
tive empirical potentials. In the present study, the same
rameters and cutoff distances for the Tersoff potentials h
been employed to calculate interstitials properties, but
results of the previous study7 could not be reproduced here
The formation energies calculated by MD simulations w
TPA and TPB potentials are also listed in Table III.

In general, there is a reasonable agreement between
calculations and the TPB-MD results, but there is a la
disparity between the TPA-MD and DFT studies, particula
for C interstitials. However, it is of interest to note that a
calculations consistently give a lower formation energy for
interstitials than for Si interstitials. For the four possible co
figurations of the C interstitial, the C1-Sî 100& and
C1-C^100& dumbbells shown in Fig. 1~b! are the most favor-
able configurations in the TPB-MD calculations, having t
formation energy of 5.88 and 5.97 eV, respectively. Any co
figuration of the C interstitials that are in tetrahedral po
tions ~TS or TC! appear energetically unfavorable and m
be unstable with respect to conversion back to
C1-C^100& or C1-Sî 100& dumbbells at higher temperature
in the TPB-MD calculations. As described above, the m
favorable configurations for C interstitials obtained by DF
calculations iŝ100& and^110& dumbbells centered at a C site
or a Si site. This disparity in the stability of interstitia
marks a real distinction between MD and DFT calculatio
An analysis of the charge density distribution and the bo
length of the interstitials presented above indicates that b
^100& and ^110& dumbbells form a strong bond, with a bon
length 32% and 15% shorter than the normal Si-C bo
length, respectively, whereas the CTS interstitial forms a
weak bond with Si atoms that are about 5.7% longer than
normal Si-C bond. The charge transfer from atoms to
bonding region results in a decrease of the total ene
which yields the smaller formation energies for^100& and
^110& dumbbells compared to tetrahedral interstitials.

In the TPA-MD simulations, two C tetrahedral interstiti
configurations become energetically favorable, in contras
those determined by theab initio and TPB-MD methods. The
CTS interstitial forms the most stable configuration with th
formation energy of only 2.51 eV, which is much lower tha

4
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other interstitials. The stable interstitials in the DFT a
TPB-MD calculations—namely, C1-Sî 110& and C1-C^110&
dumbbells—become metastable configurations that can
vert to a CTS configuration in the TPA-MD model.

Although there is a large disparity in the formation of
interstitials between the TPA-MD and both the DFT a
TPB-MD results, all calculations are in agreement with
spect to the Si interstitials, giving a generally higher form
tion energy. This is expected because of the size differe
between Si and C atoms. For example, the tetrahedral in
stitial cavity has a small volume with the radius of 0.094 n
compared to the covalent radius of the Si atom~0.118 nm!.
In the TPA-MD model, all Si interstitials are found to b
unstable with respect to conversion to a SiC antisite defect
plus a CTS interstitial, since the formation energy of the latt
pair is about 8.61 eV. This does not occur in the TPB-M
and DFT calculations.

The stability of interstitials is an important issue becau
of its influence on materials properties in several major are
such as mechanical, electrical, and dimensional proper
Our particular interest in this area is to study the creation
point defects in SiC by ion-solid interactions. It is not cle
to what extent a more accurate description of the interato
potential would affect the production of defects by the c
cade process. Devanathanet al.35 employed the TPA-MD
method to study the Si displacement cascades in energy
250 eV to 30 keV in 3C-SiC, and the results show the av
erage number of interstitials generated to be about 50
cascades of 5 keV recoils. In another extensive study of
fect production in 3C-SiC that employed the TPB-MD
method,34 the average number of interstitials produced in
keV cascades is about 49, which is in excellent agreem
with that obtained by Devanathanet al.35 Therefore, it seems
reasonable that a more accurate potential with respect to
taining all physics would not seriously affect in-cascade
fect production and survival, particularly to those at low te
peratures, since the thermal spike in SiC is very short9,10

However, it is expected that the nature of the potential w
have a more significant influence on the mobility of se
interstitial atoms and their clustering. The development
more accurate potentials that match to DFT calculatio
would provide for more accurate MD simulations of defe
migration and cascade annealing processes, which is th
rection of our current research efforts.
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IV. SUMMARY

Both DFT calculations and MD simulations have be
used to study the formation energies and properties of na
defects in 3C-SiC. In general, the formation energies of v
cancies and antisite defects determined by MD simulati
with the Tersoff potentials, regardless of the cutoff distanc
are in good agreement with those determined by DFT ca
lations. Although there is a large disparity for C interstitia
between the TPA-MD and both the DFT and TPB-MD ca
culations, these methods yield very similar results and tre
for the Si interstitials, which have generally higher formatio
energies. DFT calculations show that the most favorable
interstitial configurations arê100& and^110& dumbbells cen-
tered at a C site or a Si site. This may be due to the char
transfer from atoms to the bonding region, resulting in t
formation of a strong bond. In the case of the Si interstiti
the most favorable configuration is the Si tetrahedral s
rounded by four C atoms. However, the TPB-MD calcu
tions give the C1-Sî 100& and C1-C^100& dumbbells as the
most favorable configurations, while the TPA-MD mod
gives the CTS interstitial as the most stable configuration,
marked contrast with the DFT results. Both DFT an
TPB-MD results predict that any configurations of C inte
stitials based on tetrahedral positions TS or TC are energ
cally unfavorable and may be unstable with respect to c
version back to C1-Sî 110& and C1-Sî 100& dumbbells at
higher temperature, respectively.
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