HTML AESTRACT * LINKEES

THE JOURNAL OF CHEMICAL PHYSICSL122 094508(2005

Application of the Wolf damped Coulomb method to simulations of SiC
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A multibody interatomic potential is developed for bulk SiC using a modification of the @{aif.
summation techniquiD. Wolf, P. Keblinski, S. R. Phillpot, and J. Eggebrecht, J. Chem. PhiA.

8254 (1999] for the electrostatic interaction. The technique is modified to account for the
short-range nonpoint charge effect. The nonelectrostatic interaction is modeled by a simple
Morse-stretch term. This potential is then applie@t8iC to calculate various bulk properties using
molecular dynamics simulations. The simulated x-ray diffraction pattern, radial distribution
functions, lattice constant, elastic constants, and defect energy agree well with experimental data. ©
2005 American Institute of Physid©OI: 10.1063/1.1858860

I. INTRODUCTION in Tersoff potential. The purpose of this paper is to present a
simple multibody potential and its application 8SiC. The
Silicon carbide has long been a subject of intense remajor difference between ours and the Tersoff potential is
search because of its great technological importance in semihat our potential takes into account the electrostatic field by
conducting devices and structural cerantiégo understand introducing partial charge to Si and C atoms. This potential
its properties at microscopic level, atomistic simulation techform can also be transferred to highly ionic systems without
nigues have been widely used. Different computational modany difficulty. Our selection of partial charges on atoms falls
els have been developed to describe bulk, surface, and defegithin the range observed in tkab initio calculations: The
properties of silicon carbide, including the most computa-details of this potential will be described in the following
tionally expensiveab initio calculations’ Recently, Zhao and section. Then the results of model calculation@®SiC will
Bagayoko calculated the electronic structure and chargbe presented in Sec. Ill. All the results are obtained by mo-
transfer in both 3C and 4H SiC under the framework of locallecular dynamics simulations, although under different en-
density functional theor‘;‘/.RuIis, Ching, and Kohyama stud- sembles depending on the specific property considered. We
ied the grain boundary i8-SiC > Although their results are used a 6<6x 6 cubic simulation cell with 1728 atoms in it.
generally very close to experimental observatidapending Periodic boundary conditions are applied to model a bulk
on basis sef one obvious drawback of such calculations isenvironment. All the calculations are run for 30 000 steps
the high computational cost. with a time step of 1 fs except for elastic constants calcula-
Classical simulations, on the other hand, are simplerfions, which are run for 100 000 steps. The radial distribution
much less computationally demanding and yet still a powerfunction, lattice constants, elastic constants, expansion, and
ful tool to study atomistic behavior with reasonable forcedefect energies were calculated and agree well with experi-
fields. In this method, an empirical potential is used to desmental values.
scribe the interactions between atoms. By appropriate param-
etrization of the potential function, one would be able to
calculate and predict various properties of the model system
with reasonable accuraE)One of those empirical potentials
which is suitable for describing SiC is due to Tersbftho  !l. THEORY AND MODEL
constructed a multibody potential based on the concept of
bond order, which has proved quite useful. The Tersoff po- The most critical part in a molecular dynami€8D)
tential and its later modification by Tang and ?ipave calculation is the interatomic potential, which determines the
proved to be able to describe some of the thermal and mé]U&'ity of the simulation. In this work, the interatomic po-
chanical properties of SiC accuratél{.® One of the draw- tential consists of a two-body and three-body term and can
backs of Tersoff potential is that it is only suitable for highly be written as
covalgnt systgms such. as S| C, SiC, and so on, so the trgns— Elotel - £2) 4 £ 0
ferability of this model is limited. On the other hand, even in - '
a highly covalent system like SiC, the Si—C bond is still  The pair term consists of a partial charge electrostatic
partially ionic. Recentab initio calculations suggest that interaction and a Morse-stretch term to describe nonelectro-

electrons are transferred from C atom to Si atom, althougRtatic interactions such as short-range repulsion, covalent in-
the magnitude of charge transfer in the different calculationgeractions, and so on,

ranges from 0.8 per atom to 1.4 per atoni"® Thus the
system is subjected to an electrostatic field, which is missing E@ = EMS + g®l¢, (2)
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EMs=3 > Dofexd yo(1 —1;;/Ro)] _simplicity,_r‘l_is substituted back into the summa_tion at Iong_
i j<i interatomic distance. We use the same cutoff distance as in
Eq. (5) to distinguish the short and long range coulombic
~ 2 exy/2(1-ry/Ro) I}, 3 summation. Thus Eq4) is now
Eele:EZM. (4) gele= E 2 _l+2 E _l (7)
ij<i rij ij<i Il eff ij<i rlj
rij<Re rj=Re

The electrostatic summation in E@) should be treated
with great care. Because of the slow convergence of the The first term in Eq(7) is a finite summation within the
summation, evaluation of the total electrostatic energy hasutoff distance and can be evaluated explicitly; the second
been a major challenge in condensed matter simulations. THerm is an infinite summation and in order to utilize the Wolf
standard Ewald sum technique is the most used to overcongimmation, we first add and then subtract a same term in Eq.
this challenge although its applicability to disordered systent?):
has been questionéd'! Recently, Wolfet al. proposed a

spherically truncated, pairwise* summation and tested it Ee=> > a9 +> > —i +> > 59
for a few model systeni8 as did others™*? This method, i et i< T i g Tl
although mathematically much simpler and computationally rij<Re rij=Re rij<Re
more economic, preserves the high accuracy of Ewald sum o]
and can be extended to disordered systems. In this work, the -> E - (8)
so called Wolf summation will be used to evaluate the elec- i< i
trostatic interaction. After Wolf, the total electrostatic energy "ij<Re
can be written as Obviously, the first and last term in the above summation
N can be evaluated explicitly; the second and third term can be
gele=> > (W combined to use the Wolf summation given in Eg). Also
i=1j j<i Fij note that to avoid any discontinuities in the energy and its
rij<Re derivatives at the cutoff distance, we shifted B).the same
_ qiq erfe(r; /8) way as described in Ref. 10. The total electrostatic energy for
I|mRC #Jr—”— ) a system with effectiv® can be written as
N i
(erfc(Rc/,B) 1 )EN: ) pele_ 2 S ( %% _ i {M B M})
- 1/2 ) 4 : 2ia j#i reff lij  rj—Rel Teft  Tij
e P r.J<Rc
In the above equatio; is the cutoff distance ang is
a parameter that determines the speed of the convergence of += E > (Mm/_ﬁ)
the summation. For detailed discussion on how to chgse 221 j#i Fij
andR;, see Refs. 10-12. rij<Re
A problem with Wolf summation one should note is that . -
the use ofr! summation is questionable. For long range - lim {q.qJ erfc(r”/,B)}) - (erfc(RC/,B)
interaction where the point charge assumption is valid, the —Re Fij Re
interaction can certainly be described by E4). However, 1 1
when dealing with interactions between atoms at or less than + 1,2)2 a . 9)
2Reffc 2Rc ,8

bonding distance, the™* summation is no longer valid be-
cause of the diffuse distribution of charges on atoms, where  The forces between any two atoms can then be written as
point the charge approximation is obviously invalid. One )

way to calculate this short-range electrostatic interaction is to f= S {Qi J(h‘ 1 . erfo(r;;/B)

evaluate the overlap integral between two atoms. It is rather iAi o rﬁ rﬁ
cumbersome except for simple Slater orbitals. A simpler, em- fii<Re
pirical functional form also exists in literature to mimic the 2, )
overlap integraf? In this method, the short-range? inter- L2 exp- ri/B )) _ (& 1
action is substituted by an empirical function as shown in Eq. Bt’? ri rde. R
(6), wherey is a parameter to be determined. We refer to this 2, 2
s “effectiveR" hereafter in this paper: + erfa(Ry/ ) + 2_exp-RJp )>] (10)
Rg B,n_l/Z RC ’
a9 %9, = 49 (6) .
I ( 1 )3 V37 r wherer g, refers to the I|m|_t ofrer Whenr; approachch_.
r + " The energy and force in Eq€) and(10) are not quite
ij

consistent with each other since the energy is not the correct
For long interatomic distance, effectifsummation ap- integral of the force. Thus a system governed by them does
proaches the normaf! summation. Thus for computational not conserve total enerdfAlthough energy conservation is

Downloaded 15 Jun 2005 to 128.6.218.72. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



094508-3 Simulation of SiC J. Chem. Phys. 122, 094508 (2005)

TABLE |. Parameters for two-body interactioR,=12.0x 1078 cm, g5;=1.0,gc=-1.0.

Do Ro B Yi
(X102 ergy Y (X108 cm) (X108 cm) (X1 cmh)
Si-Si 0.025 11.2 4.16 4.8 0.5282
Si-C 3.72 6.85 1.865 4.8 0.4879
c-C 0.023 11.2 4.16 4.8 0.4508

broken, by choosing a large enouBh we could be able to eral methods exist in the literature to calculate the elastic
make the forces arbitrarily close to “true” Coulombic constants for a crystal at finite temperattif 8n this paper,
forces™ In practice, we found that the energy is conservedwe use the so called fluctuation formtflao calculate elastic
fairly well. For MD runs under the microcanonical ensembleconstants of3-SiC. We have derived the fluctuation formulas
(N-V-E), we observed a small downward energy drift lessfor our potential and calculated the zero stress isothermal
than 0.0001 eV/molecule/ps, which is acceptable in MDelastic constants gB-SiC up to 1500 K. For these calcula-
simulations. Other runs were done usiNgp-T simulations.  tions, molecular dynamics simulations were performed for
The three-body potential is adopted from the 100 000 step$100 ps. The reason why we run for such a
Stillinger—WebeJr4 potential which was originally designed long time is due to the poor convergence behavior of C44. As
for Si, but which was used by Feuston and Garofalini tomentioned in the literature, the internal strain relaxation be-
describe the interactions in the more ionic vitreous sittca. tween Si and C sublattices is responsible for the large fluc-
Since the tetrahedral angle in SiC is the same as that in silicayations in C44 while it does not affect C11 and C12 by
this potential is also suitable to study the SiC system. Irsymmetry? In our simulation, the fluctuation term of C11

short, it can be written as and C12 are much smaller than that of C44. Thus we would
) _ be able to get the desired convergence in less than 30 000

SR {)\”—k exp(—y”—C + AC) steps(30 pg for C11 and C12. For C44, even though we run

lp = Tik= for 100 000 steps, the fluctuation is still very high compared

1)\2 to that of C11 and C12. The comparison of fluctuation terms

><(Cosgjik + _> } (1) of C11, C12, and C44 for a calculation at 300 K is shown in

Fig. 3. Note that we could have stopped our simulation
wherei is the central atom with nearest neighbgrandk,  around 50 ps to get a result with similar accuracy.
and g is the angle between; andr; with the vertex ai. To ensure that the crystal is under zero stress, we start
The two-body potential parameters are listed in Table l,our simulation based on the structure obtained by constant
while all three-body potential parameters are listed in Tablgressure runs described above. During the simulation, the
1. atom velocities are rescaled to generate the canonical en-
semble at the desired temperature. By this method, the elastic
IIl. RESULTS AND DISCUSSION constants of3-SiC from 100 to 1500 K were calculated. Al-
. though the experimental elastic constants at high temperature
A. Structure of - B-SIC at 300 K are not available, our calculation showed that at 300 K, the
The x-ray diffraction pattern of &-p-T zero pressure calculated results agree well with experimental values. The
B-SiC crystal at 300 K was calculated and is shown in Fig.results at 300 K are summarized in Table Ill, along with
1, along with that of a perfect crystal. There is no discernibleexperimental values and those calculated by a modified Ter-
change in the peak positions from that of a perfect crystal, asoff Potentiaf The temperature dependence of the elastic
our calculated lattice constant at 300(4.346 A) is only  constants is shown in Fig. 4. For the temperature range in our
slightly smaller than the experimental valie3596 A(Ref.  study, we observed the expected thermal softening behavior
16)]. Also, Fig. 2 shows the radial distribution function at of the elastic constants. Also note that C11 and C44 decrease
300 K which gives a first neighbor Si—C distance of 1.88 A,
in close agreement with experimental value 1.887 A.

simulated results

100 - —— perfect crystal
B. Elastic constants 80
The stability of a crystal under no external stress is gov-
erned by its elastic constants. The calculation of elastic con- = €0
stants provided a good test of the interatomic potential. Sev- 8 40
c
. . 20
TABLE II. Parameters for three-body interaction.
0- !
ré (x10°8 cm) N (X100 ergy v (X108 cm) r . . . r ,
0 20 40 60 80 100
C-Si-C 2.85 5.5 2.3 20
Si-C-Si 2.85 5.5 23

FIG. 1. XRD pattern of simulated and perfect crystal.
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TABLE Ill. Comparison of elastic constants calculated in this work, modi-

121 fied Tersoff potentialRef. 8, and experimental values.
10 1
Modified Tersoff
— 81 (Mbar) This work potentiaf Expt. values
> 61 c11 432 4.2 3.90
4 Cc12 1.46 1.2 1.42
5 C44 2.44 2.55 2.36
1 B 2.41 2.2 2.50
0 . . “Reference 8.

PReference 3.

o) s

0 2 4
Ci
Distance (Angstrom) Reference 20.
FIG. 2. Simulated radial distribution function. termine the equilibrium lattice constant at zero pressure. The

calculated results and experimental values are given in Fig.
with temperature at much higher rate than C12, which is5. Although our results are numerically close to the experi-

consistent with the calculation by Tang and Yip. mental data, our calculation failed to predict the temperature
variance of linear thermal expansion coefficient. In the whole
C. Thermal expansion temperature regime, simulated lattice constants vary linearly

The lattice constant g8-SiC up to 1500 K at zero pres- with temperature. We fitted our data to a third-order polyno-

sure was also calculated. A constant pressure molecular d)'73'a| function of temperature giving
namics simulation is carried out at each temperature to de- a(nm)=0.43347 + 3.3132& 10°°T + 7.247

X107T% - 1.7806X 10 *°T°,

—cCM
§ -0.0164 the linear thermal expansion coefficient is then given by
% 00174 Coefficient of thermal expansion#/a)(da/dT)
@
£ .0.0181 =7.6X 109 K™,
§ 0,019 Experiments showed that the coefficient of thermal ex-
G_‘:f ' pansion starts at around k308 K™ at 100 K and in-
-0.0204— , . _ . ' ' . X creases to 4.5 10 K™ at around 500 K and finally reaches
30 40 50 60 70 80 90 100 110 5.5x 1076 K1 at 1500 K*°
Time (ps) Although our data do not fit perfectly with experiments,
0.002- —C12 especially for the temperature from 100 to 500 K, their ac-
§ curacy is still noticeable considering that our parameters are
b= fitted only for optimized elastic constants.
g 0.001
8]
s D. Defect energy
S 0.0001 ) : . .
3 As a final test of this potential, the vacancy formation
L_% W energy has been calculated. A pair of Si and C atoms has
-0.001 been eliminated from their equilibrium position and thus two

30 40 50 60 70 80 90 106 110 vacancy sites are formed, while maintaining the charge neu-
Time (ps)
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FIG. 3. Comparison of fluctuation term of C11, C12, and C44. Notice that a
much larger scale for fluctuation term was used in C44. FIG. 4. Temperature variance of elastic constants.
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