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Tight-binding calculations of the band structure and total energies of the various polytypes
of silicon carbide
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We present electronic structure and total energy calculations for SiC in a variety of polytype structures using
the NRL nonorthogonal tight-binding method. We develop one set of parameters optimized for a combination
of electronic and energetic properties usingpebasis, and one optimized for electronic properties usisga
basis. We compute the energies of polytypes with up to 62 atoms per unit cell, and find that the hexagonal
wurtzite structure is highest in energy, the 4H structure is lowest in energy, and the cubic zinc-blende structure
is in between, in agreement with our linear augmented plane-wave and other calculations.dpontuke| we
find that the electronic structure of the cubic and hexagonal structures are in good agreement with density-
functional theory calculations only for the occupied bands. 3pé parametrization optimized for the elec-
tronic structure of the zinc-blende and wurtzite structures at the equilibrium volume reproduces nearly per-
fectly both the valence and conduction bands. $pé&ght-binding model also yields elastic constants, phonon
frequencies, stacking fault energies, and vacancy formation energies for the cubic structure in good agreement
with available experimental and theoretical calculations. Using molecular dynamics simulations we compute
the finite-temperature thermal expansion coefficient and atomic mean-square displacements in good agreement
with available first-principles calculations.
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[. INTRODUCTION rotated ABC blocks. All other polytypes can be built up in a
similar way. The basic physics of the polytypes’ energetics
Silicon carbide is an interesting material in three impor-can be modeled by an axial-next-nearest-neighbor Ising
tant respects. From a theoretical point of view, it appears t¢ANNNI) model/® which associates a pseudospin with each
be the prototype polytypic substafagith endless permuta- stacking sequencé+1 for cubic, —1 for hexagonal The
tions of stacking sequences theoretically possible. The polyANNNI model is a good approximation, but it cannot give
types are characterized by a stacking sequence with a lorigsight into the factors that determine the effective coupling
repeat unit along the stacking axis and therefore are naturglarameters, and, as noted in Ref. 8, the mechanism by which
superlattices. It is also the most attractive alternative to silishort-range bare interactions combine to produce effective
con for high-temperature, high-power device applications belong-range ANNNI interactions is implausible, at least for
cause of several inherent material advant&ge$hese ad-  SiC. Early first-principles computational work addressing the
vantages are a large energy band gap, large thermablytype stability question is reviewed in Refs. 9 and 10.
conductivity (close to that of coppér high hardness, and The ground state properties of cubic SiC have been cal-
high saturation value of electron drift velocity. Finally, there culated using density-functional theorfDFT) with the
is body of daté regarding electronic, optical, transport, and plane-wave pseudopotential methidd? The calculated
structural properties, against which theory and calculationproperties, such as equilibrium lattice constant, bulk modu-
can be assessed. lus, and its pressure derivative, agree with the available ex-
The polytypes of SiC differ in the stacking order of perimental data to within a few percent. Similar calculations
double layers of Si and C atoms. More than 200 polytypesiave been done for the 2H form of Si€and the calculated
have been reported to date. Luckily, only a few of them havdattice parameters and bulk modulus are also in agreement
practical importance. These include the cubic zinc-blendavith experiment. The structural and electronic properties of
(zb) structure or 3C, and the 4H and 6H hexagonal formscubic, 2H, 4H, and 6H SiC have been calculated byahe
which appear to have the lowest energy. The 2H foatso  initio pseudopotential methdd.The lattice constants, bulk
known as wurtzitg although rare in SiC, is of interest as the moduli, and their pressure derivatives are found to be similar
extreme hexagonal case. One distinguishes three differefir all the polytypes, independently of the structure of the
layers, denoted by A, B, and C, corresponding to differenpolytype. The wurtzite structure has the highest energy,
positions of the atoms in planes perpendicular todlexis, = whereas the 4H phase is the most stable. The charge asym-
which is the stacking direction. In this notation, the simplestmetry of a Si—C bond, on the boundary separating the zb
polytypes are the 3C with a stacking order ABC and the 2Hfrom the wurtzite phase, together with the closeness of the
with AB. One of the most stable polytypes, 6H SiC, containstotal energies between the cubic and hexagonal polytypes
six SIiC pairs per unit cell and has stacking sequence AB¢within 4.3 meV/atom, should be related to the polytypism
CACB. Noting that an ACB block is nothing but an ABC of SiC. In the hexagonal polytypes, tihé conduction band
block rotated by 60° about the stacking axis, the 6H structurenergy increases, while that of tiepoint decreases as the
can be regarded as an alternating sequence of unrotated atielgree of hexagonal nature becomes more prominent. Thus,
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the conduction band minimum state located atXtmoint for ~ measured value, as is usually the case in LDA, whereas the
cubic SiC changes to thd point and then to th& point for ~ bulk modulus is in excellent agreement with experiment. The
the 2H structure. calculated elastic constants are in good agreement with the
The ab initio pseudopotential method has been used irexperimental values derived from the sound velocities of
calculations of ground state properties of cubic and hexagoeldmanet all®
nal SiC polytypes? Internal relaxations of the atomic posi-  The FP-LMTO method has also been used to carefully
tions result in small changes in the calculated ground stateompare the energetics of different polytyp&slsing a well
properties. Overall agreement of the theoretical values witliested density functional and taking care to converge with
the experimental data is reasonable whether or not atomi@spect to all relevant calculation parameters, Limpijumnong
relaxations are included. The main effects of the relaxationgt al'® found that the 4H, 6H, and 15R structures were
are on the volume per Si—C pair and the ordering of thenearly degenerate. The 15R structure was lowest in energy
polytypes. Experimentally a slight decrease of the unit celland 4H was lower in energy than 6H, but all were essentially
volume with hexagonality is found. Theoretically, this is only within the estimated accuracy. The 3C structure was signifi-
observed by inclusion of atomic relaxations. Inclusion ofcantly higher in energyabout 1 meV/atom and 2H almost
atomic relaxations changes the energetic ordering of th8 meV/atom higher than 3C. The overall ordering is the
polytypes and, hence, the conclusions with respect to theame(for the structures in common, namely, 2H, 3C, 4H,
polytype stability. Without atomic relaxations these calcula-and 6H as that of older work in Refs. 14 and 20, although
tions predict the cubic structure to be stable with respect tohe energy differences do not agree. The results of Ref. 19
the wurtzite one by about 8 meV/atom. The zb structureare in better agreement with the energy differences from the
seems to be also lower in energy than the other hexagon@FT calculations of Chengt al,?* although the ordering of
polytypes 6H and 4H. However, their energy differences arehe polytypes is different. More recent results using DFT
smaller than 1 meV and, therefore, approach the accuracy @fith pseudopotentials and a plane-wave Fsidso show
the calculations. Taking into account the relaxations of theyood agreement with the FP-LMTO calculations in Ref. 19.
cell geometries, the principal ordering of the polytypes is We now discuss previous tight-bindi@B) calculations
changed. However, the difference in the cohesive energies @br SiC. A semi-empirical TB Hamiltonian has been used in
the stable 4H polytype and the most unfavorable wurtzitean electronic structure calculation of cubic SfCA set of
structure approaches 3 meV/atom. semi-empirical expressions for the two-center integrals is
The atomic structures of the hexagonal 6H and 4H polyconstructed for SiC, with an explicit dependence on the
types of SiC have been determined by a combination of higlatomic characteristics. The merits of these semi-empirical
precision x-ray diffraction measurements armdb initio  expressions are demonstrated by the reproduction of the elec-
pseudopotential calculatioA®The lattice parametersand  tronic energy bands of cubic SiC and by the application to
a are determined by means of the x-ray diffraction bonddefect problems. A claim of a self-consistent TB method has
method using Cu I radiation. The measured fluctuations been made in calculations of binding energy, bulk modulus,
are smaller than & 107° with respect to the average value of and effective charge of Si and S#This calculation incor-
the parameter. The calculated lattice constants are small@gctly predicts the wurtzite structure as the stable structure. A
than the experimental values as is usually the case in théecond-neighbor TB scheme has been employed in electronic
local density approximatiofLDA). Nevertheless, the ten- structure calculations of cubic SiC as well as in the numeri-
dency for a better agreement after inclusion of the internatal evaluation of the bound electronic states of isolated and
degrees of freedom clearly shows the importance of th@omplex defects in zb Si€. This scheme predicts reason-
atomic relaxations. Both in theory and experiment, the latticeably well the electronic energy bands of cubic SiC. Further-
parametera decreases with increasing hexagonality. On themore, comparison of the important optical gaps with experi-
other hanct/n, n being the number of bilayers per unit cell, mental and theoretical data shows reasonably good
increases with rising hexagonality. The ratit(na) deviates  agreement. The electronic and optical properties of 3C SiC
from its ideal value in 3C Si@/(na)=y2/3=0.816 with  have also been studied by a combination of first-principles
increasing hexagonality, indicating a stronger distortion ofand TB electronic structure calculatioffs=or the evaluation
the bonding tetrahedra. Far(na), the agreement between of the electronic properties, a pseudopotential DFT method is
theory and experiment is almost perfect when including theused, with appropriate corrections to the eigenvalues of con-
internal relaxations in the calculation. The atomic relaxationgluction states to obtain the correct band gap. The calculated
within the unit cell are derived by means of two different band-structure energies at points of high symmetry are in
kinds of pseudopotentials for 6H and 4H SiC. Structure facexcellent agreement with experimental data. The second
tors, bilayer thickness fluctuations and bond length fluctuacomputational approach is the empirical TB model with a
tions have been compared with the experimental findingsthree-center orthogonalp basis Hamiltonian fitted to repro-
They conclude excellent predictions from the first-principlesduce the band structure calculated by the LDA method. This
calculations. This holds especially for the significant dis-TB parametrization allowed this group to calculate the di-
placements in the hexagonal bilayers, which give importanelectric function and reflectivity. Further wdrkof this group
contributions to the elongation of the bonding tetrahedrorusing TB focused on free-floating and epitaxially strained
parallel to thec axis. The full potential linear muffin-tin or-  Si;_,C, alloys.
bital (FP-LMTO) method has been used to calculate equilib- The above TB scheme fits only the band structure and has
rium, phonon, and elastic properties of 3C $iTheir result  no total energy capability, in contrast to the work we present
for the equilibrium lattice constant is 1% smaller than thehere. We use the NRL-TB methd8ia nonorthogonal tight-

075203-2



TIGHT-BINDING CALCULATIONS OF THE BAND... PHYSICAL REVIEW B 71, 075203(2005

binding method in the two-center representation that uses he = au + 213 , 43 2 2
environmentally dependent parameters that fit both the band o EJ Praibiy™* Mapis™ Xais @
structure and total energy. This method produces good struc- ) , ,
tural energy differences, elastic constants, phonon frequelftherel is the orbital type indexs or p), and i, B, na,
cies, vacancy formation energies, and surface energies for@d xia are fitting parameters. The distance dependence of
large variety of material® Hamiltonians using the NRL-TB  the two-center hopping matrix elements is given by
method have been developed for C, Si, and?&#, and _ 2
’ ! ! ! - ’ + ’ + ’ - ’ y

applied to systems such as amorphous solids and grain Hir(R) = (@07 + bR+ o ReXp- g3 RIF(R)
boundaries that require large unit cells that are difficult to (3
simulate directly using first-principles methods. , . I . .

The remaindyer of E[Jhe ar'gcle ig organized as follows. Inwherel apdl are orbital type |nd.|ces,«,e s an index for the
Sec. Il we describe the functional form of our TB parametri—type of tlnteractlgn between grblta($r, 71:,tt'or 9), and :he
zation and the fitting data set. In Sec. Ill we discuss applicap?]1rame elm“’ﬂ’ ; I o Ic”’ﬂ' a;n i, are L INg parameters.
tions of the TB model to a range of properties such as thér € overlap matrix elements are given by

ground state electronic structure of the various polytypes of S, (R = (8 +ty ,R+qy R+r, R
. . . u I+l I N
SiC, band structure, density of states, and elastic constants. )
In addition, for cubic SiC, we performed molecular dynam- X exp(-uy, Rf(R) (4)

ics (MD) simulations at various temperatures to obtain the )

temperature dependence of the mean-square displacemdff Pairs of atoms of the same type, and by

and of the pressure. In the last section, we summarize the _ 2
e Si7u(R) = (tyr,, + Qo R+ 1y, RD) X expl- U, RI(R)

(5

II. FUNCTIONAL FORM AND FITTING for pairs of atoms of different types, whetig ., Gy, Tyi7 .,
anduyy., are fitting parameters.

In this paper we present electronic structure and total en- The 134 parameters used by the functional form forsihe
ergy results for a TB parametrization usingsp basis. We  basis parametrization are fit to three high-symmetry crystal
also present electronic structure results for a parametrizatiostructures’ The fitting data set includes both the total energy
using aspd basis. Since the functional forms of the param-and band structure for the zb and wurtzite lattices for SiC
eters used in the NRL scheme have already been pres&ntedand the diamond lattice for elemental Si and C. In addition,
we will only give a brief summary here. The total energy of elemental C and Si configurations with a frozenFipoint
the system is written as the sum of the energies of the occlptical phonon were included. The data for each lattice are
pied electronic eigenstates. The onsite Hamiltonian matrifor a wide range of volumes around the energy minimum.
elements vary with the local density associated with eaciThe total energy and eigenvalues of each crystal were com-
atom, allowing the NRL-TB method to use, in the fit, linear puted by the LAPW methdd3° ab initio DFT calculations.
augmented plane-wauy&APW) eigenvalues that have been For the exchange-correlation potential, we used the LDA
shifted so that the LAPW total energy is equal to the eigenfunctional of Perdew and Wari§.The wurtzite lattice data
value sum. Therefore, all of the contributions to the totalincluded the widest range of volumes, from 29.64 to
energy are accounted for in the eigenvalue sum, and the ag3.35 A3, and the zb lattice from 16.91 to 26.18.AThe
dition of a sum of pair potentials, a feature common to mostdiamond lattice structures ranged from 31.78 to 45.390k
TB models, is not needed. elemental Si and from 8.00 to 13.83 for elemental C. The

The energies of the electronic states and the correspondpdparametrization was fitted to only two structures: 3C at a
ing eigenvectors are the solutions of a generalized eigensolume of 20.43 & and 2H at a volume of 40.75383 Since
value equation with Hamiltonian and overlap matrix ele-the spd parametrization is intended for electronic structure
ments parametrized as follows: the basis used to describe th@lculations, we fit only to a corrected LAPW band structure,
Hamiltonian and overlap matrices is a set of srand three  which has been adjusted to match the experimental band gap
p orbitals around each atom, with all interactions betweerby shifting the conduction band states rigidly by 0.079 Ry.

atoms assumed to be in the two-center approximafah. We performed these LAPW calculations for the purpose
local atomic density at atoincontributed by atoms of typ&  of generating the database for the TB fit. However, we wish
is defined as to point out that while there are several pseudopotential and

LMTO calculations for SiC in the literature, there are no

o 22R-Rlf(Ip. — P comprehensive LAPW results except for a study of Ti impu-
Pia Eje I f(|RJ R||)1 (1) rities in Sic_37

where j enumerates atoms of typk R; is the position of . RESULTS
atomi, \; is a fitting parameter, anf{R) is a cutoff function

that is used to limit the range of the parameters. The onsite
matrix element on atom of type | is given in terms of the The LAPW results described in the previous section were
local atomic density as used as a database to construct the TB Hamiltonian. The

A. Structures
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0.025 lations. However, it is clear that the 4H or 6lrhoderately

hexagonalstructures are lowest in energy, 2fdlly hexago-

nal) is probably highest, and 3010 hexagonal stackings

in the middle. It is remarkable that the TB model can capture
the correct ordering by fitting only the cubic 3C and fully
hexagonal 2H phases, given that the energy varies nonmono-
tonically with the degree of hexagonal stacking.

This model correctly predicts the lowest energy state to be
the 4H structure. The highest total energy was obtained for
2H SiC, which may be one explanation as to why this poly-
type, of the ones studied here, is the most difficult to grow.
We have included the hypothetical rhombohedral 9R poly-
type because of its high degree of hexagonal nafitres
66% hexagonal Our TB model correctly predicts the energy
of the 9R structure to be lower than wurtzite, although in
contradiction with previous work, we find that it is also
20'00 20'50 21'00 lower in energy than zb. This small discrepancy may be

| o | caused by a tendency of our TB model to overestimate the

V (ATISIC) energy gains from alternating cubic and hexagonal stacking,

FIG. 1. Total energy vs. volume per SiC pair for a number Ofalst;)' segn in the low energy of the 4H structure relative to the
cubic zb.

The TB calculations predict the equilibrium lattice param-

overall rms fitting error for the total energies of all the fitted e:}eergaTTed rce;nm(tasx (;i!}eg:]:v%;\e?nmﬁggg I|t|h ::hrirﬁx'?aet;llrgelrﬁle
structures is 2.0 mRy. The TB ground state total energies as se.rve that both in theorv and ex erirﬁent the lattice pa-
a function of volume per SiC pair for a range of structures y P P P

are shown in Fig. 1. Convergence of the relaxed energy Witﬁametera of the hexagonal polytypes increases with decreas-

respect tok-point sampling is about &eV per SiC formula ing hexagonality. This trend is in agreement with recent ex-

unit, much smaller than the polytype energy differences. Th‘geHmzzmﬂn%n%Lhes()igmézx?;fejaawﬁﬁ ?ﬁéamsegﬁéiogé gt,ial
minimum energies for each structure are listed in Table I, "’ ' ' P P

along with our LAPW calculations and recent literature DFTiin_ls_ggguﬂcgﬁgﬁsmggr‘Ori’ssﬁgeafeeignfogfgﬁg i': ;(?glﬁalcl'
calculation value$*19.22.38|t js clear from the table that the ’ P y

. . ith the pseudopotential calculation of Ref. 14. The lattice
energy differences between polytypes are quite small an}(liyonstants, bulk moduli, and Raman mode frequencies of Si

that first-principles calculations disagree on the quantitative
values. Even the ordering in energy and the ground stat
structure are not consistent among the different DFT calcu-

0.020 §

0.015

0.010 ¢

E (eV/SIC)

0.005

0.000

polytypes, computed using the TB model.

nd C in the diamond structure, which are also in the fitting
atabase, are described reasonably well.

TABLE I. Relative energiesmeV/SiQ of SiC polytypes com- B. Electronic structure

puted with the TB model, our LAPW calculations, and published

plane-wave pseudopotenti@®P) DFT values. The TB band structure of 3C SiC along directions of high
crystal symmetry is shown in Fig. 2. In comparison with the

Struct. PP LAPW B LAPW band structure, shown on the same graph, our calcu-

4H —2.52-0.93% —2.4¢ 2.4 17 —42 lation correctly predicts the valence band maximum atlthe

6H 1.82-0.630 -2.1¢ -2 A 39 po_im (slightly displag:ed toward)) anq the condu_ction band

' ' ' minimum at theX point of the Brillouin zone. While our TB

93R 32 fit produces nearly perfect agreement with the LAPW va-

8H =25 lence bands, there are serious discrepancies in the conduction

24R =25 band. This is reflected in the rms fitting error for the seven

9R 2.0 -0.9 volumes that we have fitted of 20 mRy for the valence bands

12R -0.9 and 69 mRy for the conduction bands. This is expected since

15R 3.6 3.6 the conduction band has significathtcharacter that is ne-

5H 0.7 glected in oursp TB basis. The TB gap is 1.33 eV, in good
agreement with the LAPW gap of 1.31 eV. Both gaps are

3C 0.0 0.0 0.0 .

a b e much smaller than the experimental value of 2.39*@due

2H 1.87 -0.6575.47 6.0 4.6 46 to the use of the LDA in LAPW theory. The TB band struc-

aFrom Ref. 14. ture is very similar to previous oné;**all of them have the

bFrom Fig. 3 in Ref. 38. same shape with a strong parabolic behavior around the con-

°From Ref. 19. duction band minimum. The indirect energy gaps vary from

dFrom Ref. 22. 1.20 eV in the LMTO calculatioff to 2.59 eV in the quasi-
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TABLE II. Lattice parameters for SiC polytypes, computed with 8 TB model, and comparison with available experimental,
pseudopotentialPP, and LAPW DFT values. The lattice parameteis normalized byn, the number of SiC bilayers per unit cell. The
structure 3C indicates the zinc-blende in a rhombohedral supercell, for comparison with the other structures.

B Exp2 PP LAPW
Struct. a(A) c/n(A) a(A) c/n(A) a(A) c(A) a(A) c(A)
Zinc-blende(30) 4.3432 4.3581 4.365 4.343
4.32%
4.35d
4.29F
Zinc-blende(3C') 3.0711 2.5070 3.0816 2.5162 3.087 2.52¢ 3.071 2.507
3.057 2.496
3.082 2.516
3.034 2.ATE
Wurtzite (2H) 3.0568 2.5106 3.0760 2.5240 3.120 2.51§ 3.057 2.511
3.072 2.52¢
3.03F 2.48C
9R 3.0611 2.5088
12R 3.0635 2.5084
15R 3.0647 2.5088
24R 3.0671 2.5076
93R 3.0659 2.5076
4H 3.0632 2.5078 3.0805 2.5212 3.069 2526 3.063 2.507
3.032 2.48%
5H 3.0650 2.5083
6H 3.0658 2.5076 3.0807 2.5196 3477 2518
3.03% 2.48CF
8H 3.0671 2.5076

@Reference 39, except 4H from Ref. 16.
bReference 11.
‘Reference 12.
dReference 14.
®Reference 15.
fReference 13.

particle one’® In the pseudopotential calculations of Kackell minimum is predicted at thé! point of the Brillouin zone
et al*® and Parket al1* the 3C SiC bands are presented in aand this accounts for the discrepancies near the Fermi level.
hexagonal cell, with indirect gaps 1.27 and 1.24 eV, respecthe TB gap is 3.07 eV, whereas the LAPW one is 2.11 eV.
tively. Compared with the experimental value of 3.33€VWhe un-

The comparison between the TB density of stdf®®S)  derestimation of the LAPW band gap is known to result from

and the LAPW DOS is demonstrated in Fig. 3. The TBhe yse of the LDA in our calculations. The agreement of the
model correctly describes the valence band: positions anglg gap with experiment is fortuitous.

heights of peaks are in very good agreement with the corre- n1ost of the results in this paper depend on the occupied

sponding peaks in the LAPW valence band. However, in th%tates of SiC. However, there are situations such as in studies

g?&?;gtaﬂhb;?gﬁ thirﬁagge?'ﬁ_?ggnczﬁigug otg ?unnoc(iﬁ)unpsle optical properties where there is a need to have an accu-
od ' P rate representation of the conduction band as well as the

show that the strongest contribution to the total DOS comes et value of the ener an. We have addressed this issue
from Sis and Cp bands. gy gap.

The comparison between the TB DOS and the LAPWby adjusting the LAPW gap to the experimental value and

DOS of the hexagonal polytype of SiH) is shown in Fig. fitting a TB Hamiltonian Wi'Fh aspd basis. The rms fij[ting

4, and the corresponding band structures are shown in Fig. $/70rS areé 12 mRy for the eight bands that we have fitted for
In the TB valence band the positions and the heights of théhe 3C structure, and 12 mRy fo_r the 16 bands we have fitted
peaks are in excellent agreement with the correspondinfp’ the 2H structure. The resulting energy bands for the 3C

peaks in the LAPW valence band. However, in the conduc@nd 2H structures at the fitted volumes are shown in Fig. 5.
tion band, peak heights are only in fair agreement. In con©One can see that we now have an almost perfect fit of both

trast to previous calculatio4;*3>-46 the conduction band the valence and conduction bands.
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FIG. 3. Total and partial TB densities of states for 3C SiC. The
top panel shows TBpresults, and the bottom panel shows LAPW

FIG. 2. Band structure along high-symmetry directions in the'esults.
Brillouin zone for 3C SiC(top) and 2H SiC(bottom. Solid lines

are TBspresults, dashed lines are LAPW-LDA results. All energiesnon method. The results, in comparison with experimgnt,

are referenced to the valence band maximum. are plotted in Fig. 6. Results for the acoustic modes are in
_ very good agreement with experiment. Zone-edge frequen-
C. Elastic constants and phonons cies for the optical modes are also in good agreement with

The elastic constants; contain some of the most impor- experiment, although about 150 chiow. The splitting be-
tant information that can be obtained from ground state totalween the transverse and longitudinal optical modes is not
energy calculations. A given crystal structure cannot exist ircaptured by the TB model. This is expected, given that the
a stable or metastable phase unless its elastic constants olsglitting is caused by charge redistribution effects that can
certain relationships. The; also determine the response of only be described by explicit Coulomb terms in the Hamil-
the crystal to external forces and thus play an important paionian. The transverse optical mode at theoint is in very
in determining the strength of a material. The procedure fogood agreement with experiméh@and with previous first-
calculating elastic constants from first-principles calculationsprinciples phonon frequency calculation for Si2-51
is described by Mehét al#® The same procedure is used in
our TB calculations. Briefly, one imposes an external strain
on the crystal and calculates the energy as a function of
strain. Our method correctly gives the experimental value for The interesting energetic properties of the polytypes of
the bulk modulus and elastic constants for 3C SiC, as showBiC are directly related to the stacking fa(®F energetics.
in Table Ill. The agreement between our calculated valueé SF in an otherwise cubic structure is equivalent to a locally
and the experimental data for 3C SiC is quite good given thalhexagonal structure, and vice versa. Therefore, the overall
these are not fitted quantities. As Table Il shows, our resultenergy ordering of the polytypes, where some hexagonality
are comparable in accuracy to the LDA calculations of Refis favored over perfect cubic stackirig.g., 4H is lower in
17. For 4H SiC the agreement with experiment is excellenenergy than 3¢ can be explained if the SF energy in the
as well. We also present as a prediction the elastic constantsibic structure is negative, favoring the spontaneous forma-
for the 2H structure. tion of some hexagonal stacking. The status of 4H as the

The phonon spectrum for the 3C structure along the highlowest energy polytype should be associated with positive
symmetryl’-L direction was computed using the frozen pho-energy SFs. We used our TB model, which was fitted to only

D. Stacking faults
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FIG. 4. Total and partial DOS for 2H SiC. Top panel shows TB ~ FIG. 5. Band structure along high-symmetry directions in the
spresults, and bottom panel shows LAPW resullts. Brillouin zone for 3C SiC(top) and 2H SiC(bottom. Solid lines
are TBspdresults, dashed lines are shifted LAPW LDA results. All

. energies are referenced to the valence band maximum.
the perfect 3C and 2H structures, to calculate SF energies in g

the 3C and 4H structures. Unit cells composed of 12 bilayerg;~ using a periodic supercell approach. We computed the

with and without a SF are relaxed with respect t0 atomiCypqgias of a 216-atom cubic supercell, and the same super-
positions and lattice constant normal to the SF plane usin

h . di h&-ITh | h ISINGe|| with one C or one Si atom removed. Each configuration
the conjugate gradient method.The results are shown In a5 rejaxed with a conjugate-gradient energy minimization

Table 1V, together with DFT calculation results. There is algorithm®2 To use these energies to compute the formation

significant variation in the calculated magnitude of the intrin-, 1.\ of a vacancE. we assume that the SiC solid is in
sic SF formation energy in 3C SiC, as shown in Table Il of 9y Fi

Ref. 53. Our TB calculations show a small negative forma-  1ag| E |iI. Elastic constants and bulk moduli in GPa for 3C,
tion energy, in agreement with direct calculations using DFT4H and 2H SiC polytypes, computed with tisp TB model,
methods:3>*The 4H polytype shows positive formation en- Fp-LMTO, and experiment.

ergy for both geometrically inequivalent SFs, in agreement

with direct DFT calculations, although the magnitude of the 3C 4H 2H
energy is somewhat large. Even the ordering between the B FP-LMTO®  Exp? TB Exp¢ TB
two inequivalent SFs, which involves very small energy dif-
ferences, is in agreement with DFT calculations. Overall, the3 220 223 225 221 221 221
agreement between our TB calculations and DFT results ig,; 386 420 390 476 507 481
quite good, especially considering the fact that there was ng,, 137 126 142 123 108 127
information about isolated stacking faults in the fitting data- 72 52 58
base. 2
C33 521 547 522
Caa 220 287 256 150 159 143
E. Vacancies Cs6 177 177

The properties of materials with significant covalentaReference 17.
bonding such as SiC are often dominated by point defect$The experimental data are derived by Lambresthal. (Ref. 17,
which allow for lattice rearrangement during diffusion, and from the sound velocities of Feldmagt al. (Ref. 18.
can be electronically active. We simulated vacancies in 3CReference 48.
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FIG. 6. Phonon dispersion curves for the 3C structure along the
I'-L direction. Solid lines indicate longitudinal modes and dashed FIG. 7. Relaxed formation enerdgV) for C and Si vacancies
lines indicate transverse modes. Circles indicate TB results and dian 3C SiC, as a function of C chemical potentiad(eV) (or equiva-
monds indicate experimental results from Ref. 18. lently, the Si chemical potentials;).

0 0 0
equilibrium with reservoirs of C and Si at chemical poten- Msic™ HsiS e 'S Mo, (10
tials uc and ug;, respectively. The vacancy formation energy and an equivalent expression fag;. The formation energy
is defined as can be computed in terms of eitheg or ug; (since the two
are relatejl over a range of physically meaningful values
Ef = E’ — Ncue — Nsistsis (6) limited by the stability of the C and Si reservoirs with respect
to the two pure bulk solids.
whereE" is the energy of the configuration with a vacancy, The results in Fig. 7 indicate that C vacancies are lower in
andN¢ andNg; are the numbers of C and Si atoms, respecenergy than Si vacancies throughout the composition range.
tively, in the vacancy configuration. Because the bulk SiCFormation energies vary from 3.1 to 3.6 eV for the C va-
solid is in equilibrium with respect to the two elemental res-cancy and 5.1 to 5.6 eV for the Si vacancy. These values are
ervoirs, the two elemental chemical potentials are relatedn reasonable agreement with the DFT calculations of Furth-
through muller et al, who found C vacancy energies of about 4 to
4.5 eV and Si vacancy energies of 8.5 to 9®¥\wo other
o= e+ psi, (7)  groups®> get similar results using DFT calculations. Both
guote only vacancy formation energiesied= us;, with val-
where ud.. is the energy per formula unit of bulk SiC. The ues of 5.48 and 5.9 eV fdgf and 6.8 and 6.64 eV fdg", in
elemental chemical potentials are constrained because eagsonable agreement with our calculationsEff3.4 eV

reservoir must be stable with respect to the pure bulk solidand Ef'=5.3 ev. . .
giving The geometries of the relaxed vacancies show the distinct

asymmetry between the two atomic species. The Si atoms
around the C vacancy relax outward in a breathing mode,
moving by about 0.02 A. Apparently the potential energy
o gain from bonding through the dangling bonds, the mecha-
Hsi S Mgy (9)  nism that leads to the Jahn-Teller distortion in Si, is not
strong large to overcome the stiffness of the Si—C back-
whereug andu, are the energies per atom of bulk diamond-ponds. The C atoms around the Si vacancy relax much more,
structure C and Si. Combining Eq&)—9) yields the con- moving outward and breaking the symmetry by forming a
straint triangular pyramid with 3.55 A bonds within the base and
3.78 A bonds to the vertex. This allows three of the C atoms
TABLE IV. Relaxed stacking fault energigmJ/n?) computed {0 have three nearly planar bond®nd angles of 118 and

using the TB model, compared with published DFT calculationthe fourth to be between tetrahedral and plaiband angles
of 113°). Presumably this relaxation is driven by the stability

B S pe, (8)

values. ! HOTHS
of the C atoms in planas? hybridization. A full treatment
SE T DET of the vacancy would require spin polarization and the ex-
amination of different charge statélseyond the neutral va-
3C (intrinsic) -4.44 -1.712-3.4 cancy simulated heyebut these extend beyond the scope of
4H(31) 25.4 17.7 this work.
4H(13) 25.6 18.% F. Molecular dynamics simulations
% rom Ref. 52. An important advantage of our TB approach is that we
bFrom Ref. 53. can perform MD simulations reasonably quickly for rela-
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FIG. 9. Pressure as a function of temperature for 3C SiC at the

FIG. 8. Mean-square displacement as a function of temperaturg=0 K equilibrium lattice constant, derived from MD simulations
for 3C SiC, derived from MD simulations using our TB model. ysing our TB model.

Result of DFT is from the quasiharmonic approximation calculation

of Ref. 58. high-symmetry crystal structures of SiC, Si, and C and the

) ~ Raman phonon mode of C and Si, andpal basis TB model
tively large number of atoms and therefore obtainthat was optimized for the electronic properties of the cubic
temperature-dependent quantities. The standard LDA MBp and hexagonal wurtzite structures. We found that the re-
calculations can only be done for very small systems andyting sp Hamiltonian is transferable to a wide range of
therefore they are not reliable. We performed MD simula-polytypes, capturing the nonmonotonic energy variation with
tions for the cubic polytype of SiC. In our simulations, the respect to hexagonal character despite being fitted only to a
system consists of an fcc supercell of 512 atoms. The equag|ly cubic and a fully hexagonal structure. This model also
tions of motion were integrated using a time step of 2 fs forcorrecﬂy describes valence band electronic propeftiesd
2000 StepS, 1000 time StepS for equ”ibration, and 1000 timgtructure and density of Sta]eg'he Spd model reproduces
steps where data were gathered. We performed MD simulgsoth the valence and conduction bands of the cubic and
tions for several temperatures at the TB equilibrium lattice,yyrtzite structures, at the expense of a lack of transferability
constanta=4.343 A, to compute the mean-square displacetq other properties. Thep model reproduces experimental
ments of the atoms and the thermal expansion coefficient. measurements for elastic constants, phonon frequencies,
In Fig. 8, we show mean-square displacement as a funcsacking fault energies, and vacancy formation energies. In
tion of temperature as derived from the simulations. The rezqdition, we performed molecular dynamics simulations at
sults are in good agreement with the plane-wave pseudop@arious temperatures to compute the mean-square displace-
tential DFT calculations of Karctet al.°® who used a ment and thermal expansion coefficient, both in good agree-
quasiharmonic approximation to estimate the mean-squaligent with experiment and previous simulations. It is stressed
displacements since MD was not practical. The agreement igat the NRL-TB method, because of its computational effi-
expected given the intermediate range of temperatures COMBjency, can be very useful in the study of phenomena which
pared, significantly above the Debye temperature but signifirequire the use of large unit cells. In addition to the bulk
cantly below the melting point3100 K).>° The results of the energetic properties of polytypes we presented here, this
thermal expansion coefficient measurements are plotted ifethod can be directly applied to surface properties that can
Fig. 9 in the form of the pressure as a function of temperagominate polytype selectivity during growth. It is hoped that
ture at theT=0 K equilibrium lattice constant. From the fit, with the present set of parameters, the method can be used to

we can extractP/JT, and from that the linear thermal ex- study other complex structural and electronic effects that are
pansion coefficientv=3.8x 10°® K™1. A quasiharmonic ap- experimentally observed in SiC.

proximation derived by minimizing the volume derivative of

the free energycomputed in terms of the phonon frequen-

cies as a function of voluni® gives a very similar value for ACKNOWLEDGMENTS
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