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A classical bond-order interatomic potential function developed by Tersoff has been applied to study the
structural, mechanical, thermal, vibrational, and surface properties of 8-SiC. The potential has been modified
to eliminate the unphysical effects associated with large volumetric deformation. Fundamental bulk properties,
e.g., phonon dispersion curves, thermal expansion coefficient, equation of state, elastic constants, as well as
surface relaxation and reconstruction have been studied. Comparisons with available literature data indicate
that the modified Tersoff potential gives a reasonably good description of the interatomic forces in B-SiC,
including angle-dependent interactions, provided only nearest-neighbor interactions are allowed.

L. INTRODUCTION

In recent years, computer simulations have become an
increasingly powerful tool for studying materials properties
and behavior. While first-principles quantum mechanical
methods generally give the most accurate results, they cannot
be applied to problems such as melting at a grain boundary,’
brittle-ductile transitions in crack tip extension,? and disloca-
tion mobility® which require much larger system sizes or
longer simulations. For these investigations, empirical many-
body potentials can be used to provide useful first results, if
only for scoping purposes.

Among covalent materials, Si has been studied most ex-
tensively because of its technological importance. A recent
review* considering the six most frequently used empirical
potentials of Si concluded that none of these potentials are
totally accurate and transferrable. On the other hand, valu-
able insights into various physical properties can be gained
using these potentials if proper interpretations are made
which take into account the strength and weakness of each
potential model. Thus the use of empirical potential models
can give a first look at properties and behavior which are
otherwise impossible to study by experiments or first-
principles calculations.

SiC is another covalent material with atomic-level and
electronic properties well suited for high power, high fre-
quency, and high temperature applications. In recent years,
the properties of SiC which have been studied in simulations
include amorphous structure,™® grain boundaries,’” structure
and mechanical behavior,® and radiation damage.!! In con-
trast to elemental systems like Si and C, an additional inter-
action between Si and C needs to be taken into account.
Three empirical potentials have been developed for SiC.'>~!4
Tersoff developed a many-body bond-order type of potential
for Si (Ref. 15) and C.!° Later, the same formalism was
adapted for SiC.'? Pearson and co-workers developed a
model consisting of two-body and three-body interactions'
and Baskes developed a modified embedded-atom model
(EAM) type of potential.'* Some applications have been
made already using these empirical potentials.*'!'%° How-
ever, little can be said about the accuracy and transferability
of these models. In particular, the applicability of using these
potentials to study the mechanical behavior of B-SiC under
large deformation has not been investigated.
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In this paper, we present a study of bulk and surface prop-
erties of B-SiC using a modified form of the Tersoff poten-
tial. For surface relaxation and reconstruction, the results ob-
tained using the Pearson potential are also given for
comparison. We first describe the Tersoff potential and dis-
cuss its modification in Sec. II. The results for bulk and
surface properties, namely, phonon dispersion curves, equa-
tion of state, thermal expansion coefficient, elastic constants,
and surface relaxation and reconstruction are presented in
Sec. III. Except for calculations at 0 K, all results are ob-
tained by molecular dynamics simulations. For bulk proper-
ties, we use 216 atoms arranged in a cubic simulation cell
with periodic boundary conditions. The time step we use is
1.45X10™* ps. Typical calculations run for 30 000 steps ex-
cept those for elastic constants calculations which run for
about 100 000 to 300 000 steps. For constant pressure simu-
lations, we use the method of Parrinello and Rahman.!”'®
Discussion and conclusion are given in Sec. IV.

II. TERSOFF POTENTIAL
A. Bond order

The Tersoff potential is based on the bond-order
concept.'® The interatomic potential energy between two
neighboring atoms i and j is written as'?

Vijzfc(rij)[AeXp(_ )\rij)_XBbij exp(— ,U«rij)] (1)

where b;; is the many-body bond-order parameter describing
how the bond-formation energy (the attractive part of V;;) is
affected by local atomic arrangement due to the presence of
other neighboring atoms—the k atoms. It is a many-body
function of the positions of atoms i, j, and k. It has the
form!?

bij=(1+§?})_l/2ni, 2

L= 2 felra) Big(Bije) 3)
k#i,j
where {;; is called the effective coordination number and

8(6;ji) is a function of the angle between Fij and ;ik which
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FIG. 1. (a) Angular function g(#6;;) and (b)
bond-order parameter b;; in Tersoff potential.
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has been fitted to stabilize the tetrahedral structure. The
larger the b;;, the stronger is the bond, and the more attrac-
tive is the interaction between atoms i and j. In this descrip-
tion the bond strength between atoms i and j is determined
not only by the distance r;; but also by the competition from
interactions between atoms i and k through b;;.

The binding between i and k atoms affects the binding
strength of V;; in three ways. First, the larger the distance
rir» the smaller is the competition from atom k. This dis-
tance dependence is described by a quasi-step-function (the
same as the cutoff function f,) in the Tersoff potential. Sec-
ondly, the angle 6, between 7; and ?ij has a particular
effect on strengthening the bond between i and j. If we take
a three-atom triplet as an example, the angular function
g(0;j;) and the angular dependence of b,; are shown in Fig.

1 for r;j=r;=1.87 A (1.87 A is the equilibrium nearest-
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FIG. 2. Coordination number dependence of bond-order param-
eter b;; .
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neighborbond length in B-SiC). The solid lines are obtained
when the center atom i is C and the two j atoms are Si; the
dashed lines are obtained when the center atom i is Si and
the two j atoms are C. One sees that at small angles the
angular functions are large and the corresponding bond-order
parameter is small. This means that two adjacent bonds with
a small enclosed angle are weakened more significantly by
bond ordering than the bonds with large angles enclosed.
Thirdly, given the same distance and angle, the more neigh-
boring k atoms, the weaker is the binding between i and j.
The coordination number dependence of b;; is shown in Fig.
2 given all r;;=r;=1.87 A and all 0;jx=109.47° (the tetra-
hedral angle).

Using the Tersoff potential, we first calculate the equilib-
rium properties of B-SiC at O K. The results are shown in
Table I along with the results obtained from the Pearson
potential, the modified EAM potential, a tight-binding
model,?° and experimental data. The methods of elastic con-
stants calculation will be discussed later in Sec. III. The com-

TABLE I. Comparison of B-SiC properties obtained from the
Tersoff potential (TP), Pearson potential (PP), modified EAM po-
tential (MEAM), tight-binding method (TBA), and experiment
(Expt.). r is the lattice parameter; E is the cohesive energy; and B is
the bulk modulus.

TP PP MEAM TBA Expt.
r (A) 432 4.19 42 4.36 4.36%
E (eV) -6.18 —771 —64 —6.342
B (Mbar) 225  9.90 2.11 2.29 2.25°
C;; (Mbar) 436 10.95 3.72 3.90°
Ci (Mbar)  1.20  9.37 1.57 1.42°

Cu (Mbar) 255  6.06 205  2.56 (unrelaxed)  2.56°

?A. R. Verma and R. Krishna, Polymorphism and Polytypism in
Crystals (Wiley, New York, 1966), pp. 103.
bReference 35.
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FIG. 3. Comparison of (a) cohesive energy
(eV/atom) and (b) pressure of 3-SiC under defor-
mation at 0 K obtained by ab initio calculation
(solid line), universal binding curve (dashed line),
original Tersoff potential (circles, chained line is
to guide the eyes), and modified Tersoff potential
(crosses).
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parisons show that the Tersoff potential describes the equi-
librium properties such as cohesive energy and elastic
constants of B-SiC quite well. (Note that, except for the co-
hesive energy, none of the properties are directly fitted in
developing the potential.) Importantly, the Tersoff potential
predicts accurately the shear elastic constant C44, suggesting
that the angular forces are satisfactorily described by the
model.

B. Cutoff and modification

The Tersoff potential was developed using a fixed short-
ranged cutoff which allows only the nearest neighbors to
interact at zero pressure equilibrium condition. One obvious
drawback of this cutoff is that it cannot describe the energy
difference between B-SiC and its polytypisms such as
a-SiC since they differ only in long-range stacking se-
quence. In addition, we have found unphysical effects due to
the short-ranged cutoff at large volumetric deformation under
pressure. The effects are clearly seen in Figs. 3(a) and 3(b),
which compare the cohesive energy and pressure curves ob-
tained from the Tersoff potential, the universal binding
curve,?! first-principles energy calculation,?” and the modi-
fied Tersoff potential (to be discussed later). The arrows in
Fig. 3(a) indicate the deformed states beyond which the Ter-
soff potential begins to deviate significantly from the first-
principles calculation results and the universal binding curve.
(Corresponding unphysical behavior also show up in the
pressure curve.) In the region in between, the agreement with
both first-principles calculation and the universal binding
curve is good.

At the right arrow, the cutoff function f. ceases to be
unity and begins to take the cosine form (see Ref. 12 for the
expression of f.). This occurs at a state of /ry=1.18 which
is beyond the critical value of r/ry=1.158 predicted by elas-
tic instability analysis.g‘10 This means that the unphysical ef-
fect on the right is irrelevant as far as volumetric deformation
under tension is concerned.

At the left arrow, an abrupt kink appears at r/r,=0.984
which is not far from the zero pressure equilibrium configu-
ration. The abrupt jump in the cohesive energy at the left
arrow is caused by the sudden inclusion of the second-
nearest-neighbor Si-Si interactions. At small deformation,
r/ry>0.984, each atom interacts with four nearest neigh-
bors. Under large deformation, second nearest neighbors be-
tween Si-Si begin to interact with each other. Thus each Si
atom interacts with four C atoms and 12 Si atoms, while
each C still interacts with four Si atoms (the C-C cutoff is
smaller).

To see how the second-nearest-neighbor interactions be-
tween Si-Si cause the abrupt increase of cohesive energy, we
show in Fig. 4 the variation of the effective coordination
number {;;, the bond-order parameter b,;, the interatomic
binding energies V;;, and the atomic potential energies U, .
The atomic potential energies are defined as Ug=3,Vy; ;
and Uc=2;V ;. The cohesive energy of the system can
then be written as E ., =(1/2)(Ug+ Uc). Figure 4(a) dem-
onstrates that the abrupt increase of the cohesive energy
comes from Ug;, not from Uc. This is because for the entire
range studied each C always interacts with four neighbors
whereas the number of neighbors of Si changes from 4 to 12
at r/ry=0.984. For Ug;, the contributions from both Vy;;
and Vg;.c are shown in Fig. 4(b). When r/ry>0.984,
Vsisi=0 and Vg ¢ varies smoothly with compression. Com-
paring Figs. 4(a) and 4(b), one clearly sees that the abrupt
energy increase is due to the first-nearest-neighbor interac-
tion Vg; ¢, instead of the second-nearest-neighbor interaction
Vsisi- The contribution from the latter is actually very small.
However, though the interaction between Si-Si is relatively
weak, it has a significant effect on the first-nearest-neighbor
Si-C interaction. The sharp energy increase means a strong
weakening of the Si-C bond due to the formation of the 12
Si-Si bonds. (“Bond” here is simply defined by the inter-
atomic distance; if the separation is less than the cutoff, a
bond is formed. The stronger the bond, the lower is the en-
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tive pair energies of Vgsic, Vcsis
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ergy.) As shown in Figs. 4(c) and 4(d), the weakening effect
enters through the dramatic decrease of bg; ¢ due to an in-
crease of {g;.c-

Further examination has shown that the extent to which
the 12 Si-Si bonds weaken the Si-C bond depends on the
angles they form with the Si-C bond. Among the 12 angles,
three have a value of 35.26°, another three at 125.26°, and
six at 90°. Because the angular functions shown in Fig. 1
favor small angles, the dominant contribution to the increase
of {g.c comes from those Si-Si bonds with angles of
35.26°. Geometrically, the local interatomic configuration in
the zinc-blende structure is a tetrahedron shown in Fig. 5,
where the angles between the Si-C bond (thick solid line)
and the three Si-Si bonds (thin solid line) are 35.26°. There-
fore, under volumetric deformation with »/r;<<0.984, the ad-
ditional interactions of the Si-Si bonds in the same tetrahe-
dron cause significant weakening of the Si-C bond. The Si-C
bond becomes much more repulsive when the Si-Si interac-
tions are considered.

Si-Si interaction in the zinc-blende structure arises in a
direct way when deformation under compression is consid-
ered. Since the Si-Si cutoff is held fixed, at a certain point
during compression, Si-Si interaction will come into play
and cause an abrupt change of the cohesive energy, pressure,
and elastic constants. Another way that Si-Si can interact is
at finite temperatures. Since the Si-Si cutoff (3.0 A) is very
close to the Si-Si distance (3.05 A) under zero pressure at 0
K, thermal fluctuations can bring the atoms to within the
interaction range. When one takes time averaged quantities
as calculated properties, the effect of Si-Si interaction is in-
cluded. This effect is most clearly seen in the strange behav-
ior of elastic constants at finite temperatures, shown by the
crosses in Fig. 10 below. ‘

To eliminate the problem caused by the inclusion of the
Si-Si interactions, one could in principle incorporate all three
types of interactions, Si-C, Si-Si, and C-C, even at the zero
pressure configuration and refit the Tersoff potential for

B-SiC. Here, we propose a simple, intuitive modification in-
volving using variable cutoffs. The idea is to restrict the in-
teractions to only nearest neighbor as long as the system has
the zinc-blende structure. This is reasonable for covalent ma-
terials since the binding is formed by sp> hybridized orbitals
of nearest neighbors. We therefore scale the cutoffs with the
system volume

\% 173

where R, and V|, are the cutoff and system volume at zero
pressure at O K; R and V are the rescaled cutoff and system
volume in a deformed state. The same rescaling rule applies
to all the cutoff distances involved in the Tersoff potential.
Interestingly, the cohesive energy and the pressure curves
obtained using this modified Tersoff potential agree very
well with the first-principles calculations and the universal
binding curve, as shown in Fig. 3.

Our rescaling does not eliminate the problem of Si-Si in-
teraction caused by thermal fluctuations because the Si-Si

Si

FIG. 5. Local atomic tetrahedron with a C atom at the center.
The angles between the Si-C bond (thick solid line) and the three
Si-Si bonds (thin solid line) are 35.26°.
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TABLE II. Cutoff values (in units of A) for B-SiC at zero pres-
sure and at 0 K.

R c-C SC—C R Si-Si SSi—Si RC-Si SC-Si

Modified 1.93 2.13 2.60 2.80 2.36 2.56
Original 1.80 2.10 2.70 3.00 2.20 2.51

cutoff is too close to the Si-Si separation in the B-SiC struc-
ture. Furthermore, since the cutoffs in the Tersoff potential
are not systematically fitted, by using the rescaling rule, one
has some freedom to choose the cutoffs under zero pressure
and at 0 K. We have chosen a set of cutoffs with the rescaling
rule by fitting the melting temperature of our model to be
around 5000 K, suggested by a Car-Parrinello molecular dy-
namics (MD) study.” The combination of Eq. (4) and the new
cutoffs , listed in Table II, constitutes our modification of the
Tersoff potential. In the following sections, we will present
results of bulk and surface properties of 8-SiC studied using
this modified Tersoff potential.

III. RESULTS AND DISCUSSION
A. Phonon dispersion curves

Phonon dispersion curves of 3-SiC at O K are obtained by
evaluating the force constants dU/dr;,dr;5, where U is the
total potential energy of the system and i,j=1,2,...,N,
a,B=x,y,z. The present results are compared with values
obtained from a tight-binding calculation?® as shown in Table
III. Diagonalization of the dynamical matrix?* yields the dis-
persion curves given in Fig. 6 along with the tight-binding
result?®> and experimental data.?> We see that the acoustic
modes are very well described by the Tersoff potential. How-
ever, the optic modes are underestimated and the order of
transverse and longitudinal modes is reversed for the Tersoff
potential. Also, the optic modes at the I' point are degener-
ate, in contrast to a pronounced splitting clearly seen in the
experimental data and the tight-binding calculation, caused
by the electric field induced by ionicity in SiC.? Since the
Tersoff potential treats 3-SiC as a fully covalent material, it
is intrinsically unable to describe the splitting of the optic
modes at . Therefore the Tersoff potential gives a satisfac-
tory description of the acoustic phonon dispersion curves,
but the optic modes are not correctly described.

B. Equation of state

In this section, we present equation of state results for
B-SiC under hydrostatic compression at room temperature
(300 K). Corresponding results for hydrostatic tension have

TABLE III. Elements of force constant matrix (in units of
eV/A?) between nearest neighbors in B-SiC. D,, stands for D,

D,,, and D,,; D,g stands for D,,, D,,, D,,, D,,, D,,, and
D.,,.
Lee and Joannopoulos Tersoff
(Ref. 23) (Refs. 15,16)
D, —5.66 —17.59
D g —3.08 —3.37
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FIG. 6. Phonon dispersion curves of B-SiC at 0 K and under
zero pressure obtained from tight-binding calculation (solid line),
Tersoff potential (dashed line), and experimental data (circles).

been published elsewhere.® Figure 7 shows the pressure-
volume (P-V) curve compared with two sets of experimental
data obtained by Bassett et al.?” and Yoshida et al.,? respec-
tively. The lines in the figure are fitted functions from the
data using the Birch-Murnaghan equation of state®

P=3ko[(Vo/V)R—=(Vy/1V)3?]
X[1=3(4=k){(Vo/V)*P~1}] )

where V and V are the volumes at zero pressure and under
deformation, respectively, k, is the isothermal compressibil-
ity, and k'’ is the pressure derivative of k. Note that a sim-
pler Murnaghan equation of state,

P=ko/ky[(ro/r)**o—1], (©6)

0.84} S

3N

1 1 1 1 1 1 Q 1
10 20 30 40 50 60 70 80
Pressure(GPa)

FIG. 7. Pressure-volume curves for 3-SiC under compression.
Circles and dashes line are data and fitted function obtained by
Yoshida et al. (Ref. 28); stars and chained line are data and fitted
function obtained by Bassett e al. (Ref. 27); crosses and solid line
are data and fitted function from the modified Tersoff potential.
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TABLE IV. Comparison of bulk modulus k, and its pressure
derivative k| obtained by different studies.

ko(GPa) k)
Present study 219+1 4.11+0.05
Yoshida et al. (Ref. 28) 260x9 29+0.3
Bassett et al. (Ref. 27) 230+4 4.0 (fixed)

is only valid in the low pressure region and it fails to prop-
erly describe the equation of state for the pressure region
examined here. On the other hand, the Birch-Murnaghan
equation of state provides a good description for both low
and high pressure regions. As Fig. 7 shows, all the data can
be fitted by the Birch-Murnaghan equation of state very well.
Comparing the fitted parameters ky and k; from the three
sets of data in Table IV, we find that there is good agreement
between the modified Tersoff potential and the experimental
data. This suggests that the modified Tersoff potential de-
scribes well the homogeneous response of B-SiC to hydro-
static compression.

C. Thermal expansion

So far, we have discussed properties of 3-SiC at low tem-
peratures, 0 K and 300 K. We now consider the temperature
variation of the lattice constant of B-SiC up to 1500° K at
zero pressure. A Parrinello-Rahman MD simulation!” is per-
formed at each temperature to determine the corresponding
zero pressure lattice constant. The results, shown in Fig. 8,
agree with experimental data’® to within 1%. Both simula-
tion and experiment>® data can be fitted to polynomial func-
tions of temperature, giving, respectively,

a(nm)=0.432 53+2.4719X 10797+ 1.5980x 10~ 1072
+1.0706X 107 1473, (7)

a(nm)=0.435 77+ 1.3887X 10797 +7.8494x 10~ 1072

—2.4434X 1071373, (8)
0.438
0.437 B
T
=
§ 0.436
Q
£
©
]
Q. 0435 1
Q
L
£
-
0.434 4
0.433 9
0 200 400 6(.)0 860 10l00 12I00
T(°C)

FIG. 8. B-SiC lattice constant versus temperature. Circles are
experimental data; the solid line is fitted from circles; crosses are
simulation data; and the dashed line is fitted from crosses.
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FIG. 9. Stress-strain curves for elastic constants calculations.
Circles are data for C,;; crosses are for C,,; and stars are for
Cyy and CY,. C24 is calculated without internal strain relaxation.

The linear temperature coefficient, 2a/27, determined from
Eq. (7) and Eq. (8) are respectively 2.5X 10”¢ nm K~! and
1.4X107% nm K~!. This shows that the modified Tersoff
potential produces a sufficiently good thermal expansion co-
efficient.

D. Elastic constants

The structural stability of a crystal when the system is
under no external loading31 is governed by elastic constants.
The comparison of the calculated moduli provides a mean-
ingful test of the interatomic potential function. We have
determined the elastic constants at O K using straightforward
stress-strain relations. For finite temperatures, we have de-
rived fluctuation formulas'® for the Tersoff potential. These
results have not been reported previously to our knowledge.
They have been used in the analysis of elastic instability for
covalent materials.®32

‘We have studied the elastic constants of 8-SiC under zero
pressure up to about 2000 K. The results of the stress-strain
curves at 0 K are shown in Fig. 9. The elastic constants are
determined from the slopes of these curves, e.g.,
C11= 0/ €y, Cu=0,, /€y, Cyy=0,,/2€,, . Note that two
values, Cy4 and C24 , are calculated for the shear elastic con-
stant. C 24 is the shear elastic constant without internal strain
relaxation,33 whereas C,4 is the shear elastic constant with
full internal strain relaxation and therefore corresponds to the
measured experimental value. In our calculation, internal
strain relaxation is carried out by static relaxation, i.e., mov-
ing the Si and C atoms relative to each other until the forces
on each atom vanish. The unrelaxed and relaxed values of
Cy4 are 3.11 and 2.55 Mbar, respectively. For reasons of
symmetry,33 internal strain relaxation does not affect C{; and
C1,. Using the fluctuation formulas, we have confirmed that
at 0 K the Born term gives the same values for Cy;, Cy,
and the unrelaxed shear elastic constant C5, as found from
the stress-strain curves. We will show below that the effect of
internal relaxation is described by the stress fluctuation term
in the fluctuation formula.
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FIG. 10. Temperature variation of elastic constants of B-SiC
obtained from the modified Tersoff potential (circles); results of Li
and Bradt (Ref. 30) (solid line); and original Tersoff potential
(crosses). The dashed line is fitted from the circles and the dotted
line is to guide the eyes. Stars are experimental data of B-SiC at
300 K.

For elastic constant calculations at finite temperatures, we
perform molecular dynamics simulations for typically
50 000 (about 7 ps) steps to calculate the Born terms, and
150 000-200 000 (about 22 to 30 ps) steps to calculate the
stress fluctuation terms. Results of such calculations in the
temperature range of 300 K to 2000 K are shown in Fig. 10.
For comparison, we also show the elastic constants obtained
from the original Tersoff potential and available measure-
ments. No direct experimental data of elastic constants of
single crystal B-SiC at elevated temperatures are available.
The solid lines in the figure are fitted functions using data
obtained from polycrystalline 8-SiC samples.34 On the other
hand, the experimental elastic constants for single crystal
B-SiC at room temperature are available®® and are shown as
stars in the figure. As the comparison shows, significant im-
provement of the elastic constants at elevated temperatures is
achieved by the modified Tersoff potential. For the tempera-
ture range under study, all elastic constants show the ex-
pected thermal softening behavior;*® and they can be well
fitted as linear functions of temperature. Results of the linear
coefficients obtained from fitting are summarized in Table V,
which shows that the modified Tersoff potential predicts sat-
isfactory elastic constants behavior at elevated temperatures.
Combining this result with the equation of state (Fig. 7), we
conclude that the modified potential provides a reasonably
good description of mechanical properties of B-SiC at finite
stress and elevated temperatures.

As shown in the 0 K elastic constants calculations, a sig-
nificant contribution to the shear elastic constant C44 comes

TABLE V. Variation coefficients of elastic constants as a function
of temperature (in units of GPa/°C).

dCy,/dT ~ dCpldT  dCaldT
Present study —0.036 —0.0046 —0.038
Li and Bradt (Ref. 30)  —0.025 —0.011 —0.007

FIG. 11. The Born term, stress fluctuation term, and total elastic
constants of 3-SiC as a function of temperature. Circles are data for
Cy;; crosses are data for C, ; and stars are data for C,, . Notice the
larger values of stress fluctuation term of C,, compared to that of
Cll and C12 .

from the internal strain relaxation. Using the fluctuation for-
mulas, the internal strain relaxation is calculated by the stress
fluctuation term.!® In Fig. 11, we show contributions to the
total elastic constants from individual terms, i.e., the Born
term and the stress fluctuation term. We ignore the constant
kinetic terms here since they are orders of magnitude
smaller. One can see that the stress fluctuation contribution
in Cy4 is much larger than those in C; and C,. This dem-
onstrates that internal strain relaxation is taken into account
by the stress fluctuation term through MD simulations.

E. Surface relaxation and reconstruction

Besides considering only bulk properties, we can test the
transferability of the Tersoff potential by analyzing surface
properties of B-SiC. We have calculated surface energies and
studied (100), (110), and (111) surface relaxation at low tem-
peratures. For surface reconstruction, only the (100) surface
was treated owing to its simplicity and the availability of
experimental and tight-binding results. For (100) and (111)
surfaces, both C-terminated and Si-terminated surfaces are
investigated.

To set up the initial geometry for surface studies, the
minimum number of repeatable stacking layers along each
direction in the zinc-blende structure is used as a layer unit.
The number of layers in each layer unit is 4, 2, and 6, re-
spectively, along the (100), (110), and (111) directions, and
we use 2, 2, and 3 layer units for the studies of (100), (111),
and (110) surfaces, respectively. Along the (100) and (110)
directions, layers are uniformly spaced; along the (111) di-
rection, layers are alternately spaced at two distances of / and
1/3, where [ is the bond length between Si-C. A plane that
cuts through the shorter spacing is called a glide plane, while
a plane that cuts through the longer spacing is called a shuffle
plane. Within each layer, approximately 10-20 atoms are
used. Periodic boundary conditions are applied only along
the two directions (y and z) that are parallel to the surfaces.
Along the direction (x) perpendicular to the surface, atoms
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TABLE VI. Comparison of bond-order parameter b;; as a func-
tion of local coordination number for i=C (first row) and i=Si
(second row).

Shuffle (111)

Bulk [or (110)] (100) Glide (111)
Coord. no. 4 3 2 1
0.8663 0.8917 0.9234 0.9776
Si 0.9368 0.9475 0.9599 0.9776

in the bottom layer unit are fixed in order to model a bulk
material with one free surface at the top. The structures thus
constructed are found to be thick enough since the results
show that almost all the surface relaxation and reconstruction
involve only atoms in the top two layers. All relaxation and
reconstruction studies are performed by molecular dynamics
simulations at 10 K.

The surface energy is defined as y,=(E;—E,)/A, where
E, and E, denote potential energy per atom in the bulk and
at the surface, respectively; A is the exposed surface area per
atom. Physically, vy, is the energy increase due to dangling
bonds. For an unrelaxed surface, vy, is simply determined by
the negative binding energy of the dangling bonds for pair
potentials. However, for the many-body Tersoff potential, the
situation is different. As atoms lose bonds at the surface, the
remaining bonds automatically strengthen themselves even
without relaxation of atomic positions. This is due to the
many-body nature of the potential, where the strength of
each bond is determined by the local atomic configuration
and the bond-order parameter b;; is a function of local coor-
dination number. A summary of b;; at different surfaces is
shown in Table VI, where one clearly sees that the remaining
bonds strengthen themselves as b;; increases when the coor-
dination number decreases at different surfaces. The results
of unrelaxed surface energies of B-SiC are given in Table
VII. The shuffle-(111) surface has the lowest surface energy.
This is to be expected since the shuffle-(111) surface has the
lowest density of bonds. The only experimental value of sur-
face energy reported in the literature to our knowledge is
2180 erg/cm? by Oshcherin,”” which agrees with our result
of 2525 erg/cm? very well.

Since atoms at the surfaces that are ideally truncated are
undercoordinated, they will experience nonzero net forces
and will relax to new equilibrium positions. This is the pro-
cess of surface relaxation. We find that relaxation of (100)
and (111) surfaces only involves vertical displacements of
atoms, whereas both vertical and lateral displacements are
involved for (110) surface. In Table VIII, results of energy
decrease and vertical displacement of atoms during surface
relaxation are summarized. Also shown in the table are re-

TABLE VII. Unrelaxed surface energies of B-SiC calculated us-
ing the modified Tersoff potential.

Planes Energy (erg/cm?)
shuffle (111) 2525
(110) 3093
(100) 4618
glide (111) 8219
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TABLE VIII. Summary of energy decrease and vertical layer
displacements due to surface relaxation of B-SiC. dFE is the energy
decrease per atom; dH, is the averaged atomic displacement from
its bulk position in the nth layer; and dD,,, is the change in per-
centage of interlayer spacing between nth and mth layers compared
to their bulk spacing. Negative (or positive) sign represents inward
(or outward) movement toward (or away from) the bulk.

TP PP TB ab initio
C (100) relaxation

dE (ev/atom) 0.49 0.25 0.34
dH, (A) -0.17 —-015 =-0.17
dD,, (%) -230 —140 —220
dH, (A) 0.04 —0.01 0.07
Si (100) relaxation

dE (eV) 0.09 0.18 0.02
dH, (A) -0.04 —0.07 —0.04
dD 1, (%) -6.2 —8.4 —46
dH, (A) 0.03  —0.02 0.01
C (111) relaxation

dE (eV) 0.83 0.62 0.43
dH, (A) -027 —030 -021
dD,, (%) -512 —612 —524
dH, (A) 0.05 0.08 0.12
Si (111) relaxation

dE (eV) 0.11 0.31 0.03
dH; (A) -0.04 —-0.06 —005
dD 1, (%) -11.8 —205 —11.1
dH, (A) 0.03 0.06 0.02
(110) relaxation

dE (eV) 0.29 0.41 0.21
dH, (A) -017 -0.15 —0.17
dD 1, (%) -230 —140 —220
dH, (A) 0.04 —0.01 0.07

sults obtained using the Pearson potential, tight-binding
calculation,®® and ab initio calculation.’® The vertical dis-
placements given in this table are averaged over all atoms in
the layer. For the energy decrease dE, the Tersoff potential
gives better results for Si (100), Si (111), and (110) surfaces,
while the Pearson potential gives better results for C (100)
and C (111). We believe that this is because the latter has
incorporated some C cluster information in the fitting proce-
dures. For the displacements of dH,, dD, and dH,, the
Tersoff potential consistently gives better results than the
Pearson potential. Also, dH; and dD , from the Tersoff po-
tential are in excellent agreement with the tight-binding cal-
culations. For the (100) and (111) surface relaxation, the C
surfaces exhibit larger inward displacements and gain more
energy than the Si surfaces. For all surfaces, contraction of
the top two layers during relaxation is observed.

For the (110) surface, there are both Si and C atoms in the
top layer and they move differently in the relaxation process.
Though the averaged displacement shows inward relaxation,
the actual displacements of Si and C atoms are different.
Relaxation of the (110) surface is more complicated than that
of (100) and (111) surfaces because it involves atomic dis-
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TABLE IX. Relaxation and buckling of the (110) surface of 8-SiC. dX is the vertical displace-
ment of the top layer atoms and dY and dZ are the lateral displacements of the top layer atoms. dE

is the average energy gain per atom.

TP PP TB ab initio
dE (eV) 0.29 0.41 0.21
C Si C C Si C Si
ax (A) —0.22 0.03 —-0.27 —-0.01 —0.12 —-0.21 —0.05 -0.17
dy (A) 0.00 0.00 0.00 0.00 0.00 0.00
dz (A) —-0.18 0.01 0.21 0.02 0.02 —-0.14

placements in the lateral directions. In Table IX, the results
of relaxation of the (110) surface are summarized and com-
pared with the tight-binding calculation®® and ab initio
calculation.® The calculated energy gain from the Tersoff
potential is in close agreement with the ab initio calculation.
However, the Tersoff potential predicts inward relaxation of
C atoms, and slight outward relaxation of Si atoms, which
are different from the predictions of tight-binding and ab
initio calculations. The latter two methods predict inward
relaxation of both C and Si atoms with larger displacement
for Si atoms. This relaxation process requires proper treat-
ment of electron transfer and charge effects*?® which are
absent in the Tersoff potential. Thus its failure to predict the
correct buckling behavior of the (110) surface is understand-
able. Note that, though the Pearson potential predicts inward
relaxation for both C and Si atoms, the relative amount of
displacement is not correct compared with the tight-binding
and ab initio results.

Another important aspect of surface relaxation involves a
symmetry change in the surface layer relative to the bulk
structure. This is the process of surface reconstruction. Sur-
face reconstruction of (100) surfaces of B-SiC has been stud-
ied by scanning tunneling microscopy (STM)*’ and low-
energy electron diffraction*! (LEED) experiments. Several
reconstruction patterns have been observed. Two typical ones
are the 2X 1 and 2 X2 reconstructions. We have studied the
(100) surface of B-SiC using the Tersoff potential and the
Pearson potential. We first intentionally move the atoms to-
wards the expected reconstruction sites to help the system to
overcome the energy barrier and also make simulations more
efficient at low temperature. Then we allow atoms to relax to
new equilibrium positions by MD simulations. If no recon-
struction is energetically favored, we find atoms move back
to their initial equilibrium positions. In this way we have
observed 2X 1 and 2 X2 dimer formation on both C (100)
and Si (100) surfaces using the Tersoff potential. For the
Pearson potential, no 2X1 dimers are observed on the Si
(100) surface. In Table X, we summarize the results from the
Tersoff potential, the Pearson potential, and the tight-binding
calculation.® From the bond lengths and energy gain, we
find that the 2 X1 reconstruction is favored over the 2X2
reconstruction, which is in agreement with the tight-binding
calculation. However, from the tight-binding calculations,
the bond length of Si dimers (2.16 A) is smaller than the
bond length in diamond cubic Si (2.35 A), and the bond
length of C dimers (1.74 A) is larger than that in diamond C
(1.54 A). For the Tersoff potential, the opposite situation is
obtained. Though the Tersoff potential is able to predict the

low energy 2 X 1 reconstruction successfully, the quantitative
results are not satisfactory. It appears that surface reconstruc-
tion involves significant electronic structure effects, which
cannot be described properly by any empirical potentials.

IV. DISCUSSIONS

Based on the various bulk and surface properties of
B-SiC presented in this paper, we demonstrate that the bond-
order potential developed by Tersoff is able to describe the
angle-dependent forces reasonably well, provided that only
the nearest-neighbor interactions between Si and C are taken
into account. The modified Tersoff potential gives satisfac-
tory results for the acoustic phonon dispersion curves, equa-
tion of state, thermal expansion coefficient, and elastic con-
stants variations with temperature. In our opinion, the
reasons for the success of this potential can be attributed to
its ability to describe well the volumetric variation of the
cohesive energy (as can be seen in Fig. 3) and to its bond-
order nature. It is also noteworthy to recall that the only
specific property of the compound (as opposed to properties
of the elemental constituents Si and C) which enters into the
potential is the heat of formation, and it is used to determine
the strength of the heteropolar bond relative to a simple in-
terpolation. Moreover, the Tersoff potential predicts correct
surface energy for B-SiC, where the shuffle-(111) surface has
the lowest surface energy. It also predicts fair energy gain

TABLE X. Surface reconstruction of the (100) surfaces of
B-SiC. r is the bond length (in units of A); dE is the energy gain
(in units of eV); and dL is the top layer lateral displacement (in
units of A).

dE r dL
2X1 2X2 2X1 2X2 2X1 2X2

C (100)

TP(SiC) 2.42 2.29 1.48 1.49 *+0.79 *+0.78
PP(SiC) 2.97 2.90 1.49 1.49 +0.74 *+0.73
TB(SiC) 2.31 1.74 +0.67

Si (100)

TP(SiC) 0.67 0.63 2.46 2.54 +0.30 +0.26
PP(SiC) No Dimer 0.41 No Dimer 2.49 No Dimer *+0.24
TB(SiC) 1.03 2.16 *+0.45
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and excellent vertical displacements for (100) and (111) sur-
face relaxation. However, due to the absence of proper treat-
ment of electron transfer and the resulting charge effect, the
Tersoff potential cannot account for the correct buckling be-
havior of the (110) surface relaxation and the splitting of the
optic phonon modes at the I' point. Currently, none of the
empirical potentials for SiC deal with the charge effect ex-
plicitly, though the inclusion of Coulomb interaction into the
two-body potential part is possible.??

Although the current modification of the Tersoff potential
is successful to some extent, we believe that it is desirable to
take into consideration the Si-Si and C-C interactions in the
fitting procedure for B-SiC. As we have discovered, the un-
physical effect is the large repulsion between the Si-C bond
due to second-nearest-neighbor interactions at small angles.
Proper fitting of the angular function for the B-SiC structure
could resolve this problem. Incorporating the Si-Si and C-C
interactions in B-SiC in the fitting should give a better de-
scription of the disordered structures of SiC, such as molten
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and amorphous SiC. In the original Tersoff potential, these
states were not considered. In our modification, fitting the
melting temperature of B-SiC implicitly brings in some ef-
fects of the Si-Si and C-C interactions. Also, our scheme of
introducing the variable cutoff can be extended by consider-
ing local cutoffs scaling with local instead of global volume.
The variable cutoffs may be useful for heterogeneous defor-
mation.
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