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A systematic study of ground-state properties of cubic and hexagonal silicon carbide polytypes
(3C-, 6H-, 4H-, and 2H-SiC) is reported using well converged density-functional calculations within
the local-density approximation and norm-conserving, fully separable, soft, ab initio pseudopoten-
tials. Equilibrium results are obtained for the lattice parameters, atomic positions, bond lengths
and angles, cohesive energies, and the bulk modulus. The internal degrees of freedom, i.e., atomic
relaxations, are fully taken into account. The results are discussed in comparison with experimental
data. We derive trends with the hexagonality for the molecule volume and the energetic ordering of
the polytypes. Driving forces for the polytypism and the atomic relaxations are discussed.

I. INTRODUCTION

Silicon carbide (SiC) is an interesting semiconductor
for various electronic, optoelectronic, optical, thermal,
and mechanical applications in high-power and high-
temperature devices.! In addition, SiC is one of the few
compounds which form many stable and long-range or-
dered modifications, the so-called polytypes.? Currently,
considerable effort is being made to prepare bulk SiC
crystals as well as thin layers of different polytypes of
good quality. On the other hand, many researchers have
refocused their attention to the electrical, optical, elastic,
and thermal properties of the material. All these proper-
ties depend directly or indirectly via the electronic band
structure or the lattice vibrations on the atomic struc-
ture of the polytype. There also seems to be an internal
relationship between the stability of SiC polytypes and
the exact atomic positions, which should be displaced
with respect to that of the ideal tetrahedral structure,
which is realized, e.g., in the cubic zinc-blende 3C-SiC.
These atomic relaxations differ for the various polytypes.
They can therefore tell us about the driving forces of the
polytypism.

More than a hundred different SiC polytypes are
known.? However, only for the wurtzite 2H-SiC (Refs. 3
and 4) and another hexagonal modification, 6 H-SiC,®
have careful x-ray measurements of the nonideal bond
lengths and angles been dome. 2°Si and !3C NMR
studies®® reported the occurrence of different kinds of
sites in common polytypes, e.g., 3C, 4H, 6H, and 15R.
Ab initio pseudopotential calculations are mainly di-
rected to the ground-state properties of the simplest
polytypes, the zinc-blende!® 17 and the wurtzitel415:17:18
structure. Only in a few cases have polytypes with
larger unit cells as 4H, 6H, and 15R been attacked.!%13
In this context, temperature effects have been also dis-
cussed via the free energy of the vibrating lattice.!®
Other density-functional theory (DFT) approaches?® in
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the local-density approximation (LDA),?! as the linear-
muffin-tin orbital (LMTO) method, have only been ap-
plied to the elastic properties of 3C-SiC.22 Within the
semiempirical atomic-sphere approximation (ASA) struc-
tural properties of 3C- and 2H-SiC (Ref. 23) have also
been discussed.

The aim of the calculations!?718:22:23 was essentially
the minimization of the total energy with respect to the
lattice constants a and ¢ and to find equilibrium values
for the characteristic lengths, the bulk modulus B, and
the cohesive energy E..n- Most of the calculations for
the noncubic polytypes are not complete. Apart from
Ref. 15 the internal degrees of freedom, more strictly
speaking the atomic relaxations from the “ideal” posi-
tions, which are only defined by the two lattice constants,
were neglected to minimize the energy. Sometimes,23 the
¢/a ratio is additionally fixed. In the more complete
calculations of Cheng, Heine, and Needs!® the noncubic
structures are only relaxed until the Hellmann-Feynman
forces?4:25 more or less reach the same values as in the
3C-SiC polytype. In their calculation, this 3C struc-
ture is not stress free since the experimental cubic lattice
constant ap and not the theoretical one is used. In gen-
eral, reasonable values follow for the lattice constants,
even if they are somewhat smaller than the experimen-
tal data. However, the volume change, calculated for the
2H polytype with respect to the 3C structure within all
DFT-LDA studies,'415:17:18,23 i5 gpposite in sign to the
reported experimental result.3

A second type of contradicting results of the DFT-LDA
investigations concerns the energetical order of the poly-
types. The LMTO-ASA calculations of Lambrecht and
Segall?® predict the wurtzite structure to be stable with
respect to the zinc-blende SiC by about 0.5 eV per SiC
molecule. In contrast to this finding the work of Cheng
and co-workers!#1® indicates that the zinc-blende struc-
ture is energetically more favorable by ~10 meV/mol.
Thereby, this result is practically not influenced by the
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atomic relaxations. On the one hand, usually structural
energy differences of the order of 0.01 eV (or even smaller
values) approach the limits of accuracy of the theoretical
methods due to different computational details. On the
other hand, if they are derived within the same calcula-
tional details, they should be accepted to be real differ-
ences and discussed in terms of the driving forces of the
polytypism. Certainly for finite temperatures the elec-
tronic and static-lattice contributions (especially that re-
lated to the atomic relaxations) to the polytype stability
has to be discussed together with the effect of the free-
phonon energy, which should stabilize the polytypism.®

In this paper, we report well-converged ab initio DFT-
LDA calculations of the ground-state properties of the
most important hexagonal polytypes, 6 H-, 4H-, and 2H-
SiC, in comparison to the underlying stress-free zinc-
blende 3C-SiC structure. The internal degrees of free-
dom, i.e., the atomic relaxations, are fully taken into ac-
count. We derive results for the lattice constants, atomic
positions, cohesive energies, and the bulk modulus. The
influence of the atomic relaxations is discussed in more
detail. We clarify the energetical ordering of the poly-
types at zero temperature as well as the correct trend of
the molecule volume with the hexagonality of the struc-
ture. The contributions of the electrons and the static
ion-ion interaction to the driving forces for the polytyp-
ism and the atomic relaxations are discussed. We give
bond lengths and bond angles for the stress-free poly-
types and explain the trends versus the percentage hexag-
onality, that are found experimentally.

II. COMPUTATIONAL ASPECTS
A. Method of calculation

The parameter-free total-energy, force, and electronic-
structure calculations are performed within the
DFT.202! The exchange-correlation functional of the
many-body electron-electron interaction is approximated
by its local version.?! Explicitly the electron-gas data of
Ceperley and Alder?® are taken into account in the form
as parametrized by Perdew and Zunger.2” The electron-
ion interaction is treated using norm conserving,2® ab
initio, fully separable pseudopotentials in the Kleinman-
Bylander form.?%:3° They are based on relativistic all-
electron calculations for the free atom by solving the
Dirac equation self-consistently.?8:2°

Within the applied self-consistent method the elec-
tronic wave functions are expanded in terms of plane
waves. The number of plane waves in such an expan-
sion is determined by the energy cutoff. In the begin-
ning of our studies, the norm-conserving pseudopoten-
tials were generated for Si and C according to the data
of Ref. 30, giving rise to potentials similar to those of
Bachelet, Hamann, and Schliiter (BHS).28 Unfortunately,
for this choice of the carbon pseudopotentials the energy
cutoff should be rather large, about 100 Ry, due to the
lack of core p states to reach convergency in both the
ground state and electronic properties. Therefore, we
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use the degrees of freedom that one has in generating
such pseudopotentials'”3! to our advantage by carefully
choosing the core radii r. for carbon, outside of which
true and pseudowave functions are identical.?®73° En-
larging r. means softening of the pseudopotentials, i.e.,
a smaller number of plane waves is required. In the
BHS type potentials, 7. is determined by a parameter
CCl, Te = Tmax/CCl, Where 7.y is the position of the out-
ermost peak in the all-electron wave function and ! means
the quantum number of the angular momentum.

We generate pseudopotentials for angular momentum
components [ = 0,1, and 2. The corresponding param-
eters are cc, = 1.7 and cc, = 1.6. They are somewhat
smaller than the BHS values, cc, = 1.8 and cc, = 3.0.
The d potential, which plays the role of the local part,
has not been modified. For silicon, we use the pseudopo-
tentials given in Ref. 30. In a previous paper,!” we have
clearly shown that the convergency of the physical quan-
tities with the cutoff is much more rapid if the modified
carbon pseudopotentials are applied instead of the BHS
ones. The energy cutoff can be reduced to a value of
about 34 Ry. Nevertheless, we have checked all calcula-
tions with a cutoff of 45 Ry. We have found practically
no change in the atomic coordinates and the total en-
ergy differences between the polytypes. There was only
a small rigid shift of the total energies themselves. Simi-
lar results of the pseudopotential softening follow for the
other first-row elements.32

In order to determine the equilibrium atomic positions
in the zinc-blende case, only the cubic lattice constant
ap has to be varied until the total energy reaches the
minimum. In the hexagonal cases, we vary the corre-
sponding lattice constant ag = v/2a as well as the ratio of
the hexagonal lattice constants c/a. For each considered
pair, c and a, the positions of the atoms in the unit cell
of the crystal are relaxed toward a minimum total energy
Eio (c,a) and vanishing atomic forces. More in detail,
we use a steepest-descent method for the atomic displace-
ments together with a Car-Parrinello-like approach3?® for
bringing the wave functions to self-consistency. One im-
portant advantage is to avoid the direct diagonalization
of the Kohn-Sham equations,?! which is difficult to han-
dle for the 5400 plane waves taken into account for the
12H structure. In the explicit calculations, we apply the
computer code fhi93cp of Stumpf and Scheffler.34

Considering the atomic relaxations in the hexagonal
cells the equilibrium geometry is identified when all
atomic forces are smaller than 1074 a.u., i.e., 0.005 eV/A.
This corresponds to uncertainties in the energies (per
pair) of less than 0.001 eV and in the atomic positions
of less than 0.002 A for a given total-energy functional
and calculational scheme. Because of the uncertainties,
after finding the minimum, we symmetrize the atomic
positions in the hexagonal cells to derive a structure in
agreement with the C§, space-group symmetry and the
fixed hexagonal lattice constants ¢ and a.

The accuracy of the determination of the equilibrium
constants, ¢ and a, and the corresponding total energy
E:o is higher than that for finding the exact atomic
positions within the unit cells. This is reached by a
two-dimensional polynomial fit close to the minimum of
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Eiot(c,a) taking into account many tripels of numbers
E..:, c, and a. Usually cubic forms are sufficient. Mur-
naghan’s equation of state3® cannot be applied to the
hexagonal polytypes with sufficient accuracy. Such a fit-
ting procedure has two advantages. First, the effect of the
numerical noise due to the finite number of plane waves
as well as integration points in the first Brillouin zone is
remarkably reduced by the least-square fit. Second, the
minimum itself and, hence, the equilibrium values of c, a,
E\ot, and the second derivative of the energy with respect
to the volume, i.e., the bulk modulus B, are much more
accurately determined. From fits to different number of
triples close to the minimum we estimate the uncertain-
ties for fixed cutoff and k point set to be smaller than
10—* Ry/Si-C pair and 0.002 A for the lattice constants.

Another problem concerns the estimation of the co-
hesive energy. The energies of the free Si and C atoms
have to be known. The values —3.7499 and -5.3334 a.u.
obtained within the described DFT-LDA scheme are too
low by about several tenths of an electron volt. More-
over, the experimental total energy of the solids is in-
fluenced by the energy due to zero-temperature vibra-
tions of the atoms, which may be estimated to be 0.01
a.u./Si-C pair.!! Both effects lead to an overestimation
of the cohesive energy. Such an overestimation of cohe-
sive energies of semiconductors by roughly 0.5 - 1.5 eV
per atom is well known for the typical DFT-LDA proce-
dures of calculations.3® Nevertheless, we may use these
values since we only compare energy differences between
different polytype structures.

One important point of the calculations is the
Brillouin-zone integration, appearing in particular in the
definitions of the electron density and the kinetic energy.
The sampling of the wave functions in k space is crucial
in achieving the desired accuracy in the total energies.
This remains true, although we use partial occupation
numbers, according to a Fermi function with an effective
electron temperature of kgT = 0.1 eV, to improve the
k-space sampling over the Brillouin zone. We apply dif-
ferent techniques in dependence on the consideration of
atomic relaxations and the considered quantities, struc-
tural parameters, or energies. First, without atomic re-
laxations the results are obtained involving k-space sam-
pling on a regular three-dimensional mesh, which was
generated by the method of Monkhorst and Pack.3” In
the irreducible wedge of the Brillouin zone of the poly-
types a mesh of 14 points for 6 H and 4H, 20 points for
2H, and 10 points for 3C is defined, which is shown to be
sufficient for the desired accuracy.!®'® The energy differ-
ences between the polytypes are so small that they can
be remarkably influenced by the k-point set. Therefore,
after finding the equilibrium lattice constants ag, ¢, and
a as well as the bulk modulus B, we repeat the total-
energy calculations for fixed lattice constants by describ-
ing the 3C-, 6 H-, 4H-, and 2H-SiC polytypes within a
12H structure with the corresponding Brillouin zone and
14 special points in the irreducible wedge. Second, in the
case with the consideration of the atomic relaxations for
a given pair c, a we apply a similar procedure. However,
the special k points are generated according to Chadi
and Cohen3® using the special scheme of Evarestov and
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Smirnov.3® Because of the symmetry adaption the con-
vergence is improved and the number of special points
can be reduced. We apply six mesh points for the hexag-
onal polytypes. In the worst case, 2H, we have checked
the convergence with the number of 3, 6, or 12 special
points for fixed ratio c/a=1.64. We found for the total en-
ergies per cell Ey,:=-19.41191, -19.40176, -19.40186 a.u.,
the lattice constant ax=8.0950, 8.1020, 8.1027 a.u., and
for the bulk modulus 2.35, 2.25, 2.26 Mbar. In order to
achieve the accuracy in the energy differences, all struc-
tures including the zinc blende one are again specified in
terms of 12H hexagonal unit cells and total energies are
derived with six Chadi-Cohen points.

B. Polytype description

The atomic positions R, = R+r, (s = 1,...,2p) of the
different polytyg»e structures are defined by the Bravais
lattice R = ) ;_, n;a; (n; is an integer) and a certain
atomic basis r,, within one unit cell defined by a Bravais
lattice vector R. The unit-cell vectors of the zinc-blende
structure are

a =ag (%,Oa%)y (1)
as = ao (%, %’0) ’

where ag is the cubic lattice constant and the Cartesian
coordinate system is defined by the cubic axis. There
are two atoms per unit cell, Si at a¢(0,0,0) and C at
ao(%, 3 1) = J(a1 + a2 + a3). Here, only the value of ao
needs to be optimized.

For the hexagonal polytypes or the hexagonal repre-
sentation of 3C-SiC, the introduction of a Cartesian co-
ordinate system with Thex|| [110], Ynex|| [112], and znex||
[111] is reasonable. The corresponding coordinate trans-
formation is orthogonal. In the Cartesian coordinate sys-
tem the vectors of the characteristic tetrahedron take the
form

— 3c
= (anaZ;)’
— a a lc
m = (%35 -35)
(2)
— a a lc
73 = (—s,ﬁ,—z;),

= (055 -15),

where p = 3 in 3C-SiC and p = 6,4,2 in pH-SiC denotes
the number of atomic double layers perpendicular to the
hexagonal axis. The primitive lattice vectors could be
chosen to be

a; =a(1,0,0),
a, =a(—§,s§§,0), (3)

as =c(0,0,1).
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Each SiC double layer consists of two atomic sublayers,
one of pure Si and the other of pure C, both in a hexag-
onal arrangement.

The resulting atomic structures are shown in Fig. 1.
The atomic positions r, follow from suitable combina-
tions of the tetrahedron vectors in Eq. (2). In the hexag-
onal polytypes the atoms of the p Si-C pairs are all on
trigonal axes in special positions in agreement with the
C4, (P63mc) space-group symmetry. The general for-
mation laws are given in the textbook of Wyckhoff*?
or can be taken from the characteristic chain structures
within the unit cells represented in Fig. 1. Describing
the coordinates in terms of the primitive basis vectors a;
(i=1,2,3) of Eq. (3) and displacing them eventually by
a; or a; toward the coordinate zero the 2p atoms in the
unit cell are in the following positions. In the wurtzite
(2H) structure [cf. Fig. 2(a)] one finds

0 0 1 2 1

“.o3 3 327
with u(Si)=0 and u(C)=3+¢, where ¢ denotes the dimen-
sionless cell-internal structural parameter. In the case of
ideal tetrahedra it holds c¢/a = 1/8/3 and € = 0. In the
4H, 6H, and 3C cases the formation laws are [cf. Figs.
2(b) and 2(c)]

1 2 2 1

00w, 3 3%, 33

The atomic positions in the 4H case follow by choosing

2H
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u(8i)=0, u(C)=5< + (1), v(Si)= } + 6(2) and 2 +6(2),
v(C)=1% +¢(2) and 18 +¢£(2), w(Si)=3, w(C)=1 +¢(1),
where (1), 6(2), and £(2) represent the three small
quantities giving the deviations from the positions in
the ideal structure, i.e., the structure c¢/(pa)=4/2/3 and
e(1) 3(2) €(2) = 0. Without loss of generality
4(1) = 0 is chosen. For the 6H polytype, one can write
u(Si)=0and }, u(C)=3+¢€(1) and $+&(1), v(Si)=%+6(2)
and $+6(3), v(C)=25+&(2) and £ +¢(3), w(Si)=3+6(3)
and £ +6(2), w(C)= & +£(3) and 12 + £(2), where the
five small parameters (1), §(2), €(2), §(3), and £(3) are
introduced to characterize the atomic relaxations in the
system. In the case of the 3C structure all positions are
fixed together with ¢c/a=v/6. One has u(Si)=0, u(C)=1,
v(Si)=1, v(C)=1—72, w(Si)=%, w(C)=1.

The atomic positions in the hexagonal polytypes are
indicated in more detail in Fig. 2. In this figure the char-
acteristic zig-zag chains are plotted in the (1120) plane
within a rectangular coordinate system spanned by the
Bravais-lattice vectors —a; +a; and a3. Half of the atoms
are labeled by X (1) to X(p/2) (X =Si,C), the other half
by X(1’) to X(p'/2). The prime indicates that the posi-
tion of these atoms can be described by a displacement
of the first ones by a vector £ % % and a subsequent
rotation around the ¢ axis by 180°. In this figure the ori-
gin of the stacking sequences of atomic SiC double layers
in [0001] direction is also indicated, following the chain
links in the three different (1120) planes A, B, and C
in a hexagonal unit cell. In addition, the cubic (¢) or

6H

LH
; G
; H
1
! | »
>\1" i
C A C
O~
™Y
8 B | B
" S
1 * s
A c<l>o A °<O¢\ g

FIG. 1. Three-dimensional perspective views of the primitive hexagonal unit cells of the 2H-(wurtzite) 3C-(zinc blende),
4H-, and 6H-SiC polytypes. The characteristic chain structures of the polytypes are represented by heavy solid lines in the
(1120) plane. The stacking sequences AB (2H), ABC (3C), ABCB (4H), and ABC ACB (6H) are also indicated. The
hexagonal Cartesian coordinate system as well the primitive lattice vectors are given in the upper left corner of the figure.
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gin of the stacking sequences of atomic SiC double layers
in [0001] direction is also indicated, following the chain
links in the three different (1120) planes A, B, and C
in a hexagonal unit cell. In addition, the cubic (c) or
hexagonal (h) character of the SiC double layers is given
according to parallel or nonparallel limiting bonds. More
strictly speaking, in h layers one of the bonds is rotated
by 180° around the c¢ axis. The ratio of the hexagonal
layers and the total number of layers gives the percentage
hexagonality of the polytype, i.e., 0% (3C), 33% (6H),
50% (4H), and 100% (2H). The indication of the double
layers by h and c explains formerly usual polytype nota-
tions by Jagodzinski?! and Zhdanov.%? In these notations
one writes (h)g or (1) for 2H, (hc)2 or (2) for 4H, and
(hec)z or (3) for 6H.

III. RESULTS AND DISCUSSION
A. Ground-state properties

A typical result of our total-energy and atomic-force
calculations is represented in Fig. 3. For the wurtzite
(2H) structure we show the total-energy surface versus
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the two hexagonal lattice constants a and ¢, more ex-
actly the lattice constant ap = v/2a and the ratio (c/a).
For a given pair (c,a) the atomic geometry is relaxed un-
til the Hellmann-Feynman forces vanish. The total en-
ergy exhibits a pronounced minimum with respect to the
ratio of the lattice constants somewhat above the ideal
value of ¢/a=1.633. Along the “cubic” lattice constant,
ag = \/fa, we observe a channel in the total-energy sur-
face. The minimum in this direction is rather flat. That
means the equilibrium ratio ¢/a can be determined with a
higher accuracy whereas the determination of the lattice
constants themselves has a reduced accuracy.

Similar results are obtained for the other polytypes
including 3C where, however, the ideal value c/a=/6
is kept. Therefore, close to the minimum of Ei.(c,a),
the surface is expected to be accurately described by
the above-mentioned cubic polynomial. Explicitly, we re-
place the two-dimensional function Ei.(c, a) by the cubic
form of a polynomial in ag = v/2a and c/a. Typically 48
triples (ao, ¢/a, Eiot) of values are included in the least-
square fit for the hexagonal polytypes. In the cubic case
the ratio c/a = v/6 is fixed. We have also tested higher

(c) 6H

Os —0
C(3") —
[0001] \+ c
QSi(3) .
C ' —
(b) 4H e

[i1001 ¢
O o - OSi(2) .
S ) - E\7c(1') .
c h
OSi(2) - /95«1') ]
(a)2H )\'C(T) 7] c@) .
h [
o< O ) Si(1) » )Si(3) T
e g ‘{ 7 cR) 7
h c C
Si(1) — Si(2) — Si(2) -
o) f + u ca) R ) %ﬁ
_ h h h
Asia) & Lsia) 6 1 Lsia) S

A B C A A B C A A B C A

FIG. 2. The zig~zag_chain structures of hexagonal SiC indicating the atomic positions. All atoms are located in the (1120)
plane. The different (1100) planes within the hexagonal unit cells are denoted by A4, B, and C to make obvious the stagging
sequences given in Fig. 1. The cubic (c) or hexagonal (k) character of atomic SiC double layers in [0001] direction are given

according to the parallel (c) or nonparallel (k) limiting bonds.
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Total Energy/molecule [Ry]

FIG. 3. Total-energy surface versus the “cubic” lattice con-
stant o = v/2a (in atomic units) and the ratio of the hexago-
nal lattice constants c/a. The total energy is given in Ry per
pair Si-C.

fit polynomials. However, we find that the equilibrium
results can be already described with satisfying quality
within the cubic approximation, at least for the collected
triples around the minimum. The corresponding values
resulting with and without inclusion of the atomic relax-
ations for the lattice constants ¢ and a, their ratio, the
volume per molecule, and the bulk modulus B are listed
in Table I. The cubic form allows not only the determina-
tion of the bulk modulus as the second derivative of the
total energy but also the first derivative, i.e., the hydro-
static pressure acting on the polytype when the unit-cell

volume 2y = %a“’c is different from the equilibrium one.

TABLE I. Calculated ground-state properties for different
SiC polytypes, 3C and pH (p = 6,4,2). Theoretical values
with (first number) or without (second number) atomic relax-
ations are compared with experimental data (third number).

Polytype| a (&) | ¢/p (A)| ¢/(pa) | Qo/p (A%)| B (Mbar)
3C 3.034 | 2.477 | 0.8165| 19.754 2.22
3.034 | 2.477 | 0.8165 | 19.754 2.22
3.083*| 2.517° | 0.8165°| 20.720° 2.24¢
6H 3.033 | 2.480 | 0.8177 | 19.753 2.18
3.031 | 2.480 | 0.8183 | 19.734 2.15
3.081¢| 2.520% | 0.8179¢| 20.710¢ | 2.234,f 2.25%
4H 3.032 | 2.482 | 0.8185| 19.751 2.17
3.027 | 2.490 | 0.8226 | 19.760 2.11
2.234,f 2.25f
2H 3.031| 2.480 | 0.8185| 19.729 2.16
3.020 | 2.506 | 0.8300| 19.792 2.10
3.076°| 2.524° | 0.8205°| 20.690° | 2.234,f 2.25f

2Corresponds to Ref. 43.

®Corresponds to the deal ratio.

“Estimated from results for hexagonal SiC in Ref. 43.
dCorresponds to Ref. 5.

®Corresponds to Ref. 3.

fCorresponds to Ref. 44 and is measured for polycrystalline
hexagonal SiC.

8Corresponds to Ref. 45 and is measured for polycrystalline
hexagonal SiC.
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Independent of the inclusion of atomic relaxations or
not, the overall agreement of the theoretical values (first
number: with atomic relaxations; second number: with-
out atomic relaxations) in Table I with the experimental
data (third number) is satisfactory. This holds in par-
ticular for the trend with the percentage hexagonality of
the polytype. The lattice constant a perpendicular to the
hexagonal axis slightly decreases with rising hexagonal-
ity. Experimentally, the reversed tendency is observed
for lattice constant c¢. Neglecting the atomic relaxations,
i.e., €(j) = 8(j) = 0 for the cell-internal structural pa-
rameters, i.e., taking into account nonideal tetrahedrons
deformed in 2y direction, we overestimate this trend re-
markably. However, considering the atomic relaxations,
this variation with the hexagonality can be reproduced,
although it is much weaker in theory. A unique increase
follows for the net quantity, ¢/(pa). However, the experi-
mental trend is overestimated (underestimated) without
(with) atomic relaxations.

An extremely sensitive quantity is the volume ¢ /p per
SiC molecule. Experimentally a tiny decrease with the
hexagonality is found. This trend can be only clearly re-
produced by the calculations if the atomic relaxations are
included. Other theoretical studies'41%22 cannot repro-
duce this experimental trend because of the neglect!*22
or incomplete inclusion of the internal structural degrees
of freedom. Differences with the other ab initio pseu-
dopotential calculations are perhaps additionally due to
different details of the treatment, e.g., pseudopotentials,
cutoff, and exchange-correlation functional.

When we compare not only the structural trends but
also the absolute values of the lattice constants and the
volume, the agreement is slightly worse. The calculated
lattice constants are smaller by about 1-2%, whereas
this discrepancy is somewhat larger in the case of the
molecule volumes. Such discrepancies are typical for well-
converged DFT-LDA calculations, since the zero-point
vibrations of the atoms are neglected. Furthermore, there
is a tiny temperature variation between 7=0 K and 300
K.43 Another possible origin of the discrepancies concerns
the quality of the crystals investigated in Refs. 3, 5, and
42, especially their chemical and structural perfection as
well as the impurity concentration.

The bulk modulus B (cf. Table I) is rather insensitive
with respect to the certain polytype structure, even if all
data arise from studies of more or less hexagonal SiC,
more strictly speaking from ultrasonic measurements for
specimens of a-SiC (Refs. 45 and 46) or reestimates for
the same material.#* Thereby, «-SiC is usually used as
a common denominator for all hexagonal and rhombo-
hedral phases of SiC. Our theoretical data confirm this
insensitivity. Nevertheless, the theory predicts a small
decrease of the elastic constant with the hexagonality.
In the average, we state similar discrepancies as in the
case of the lattice constants. The agreement with other
calculations!®11,13718,22,23 j5 reasonable. However, the
other calculated values are somewhat smaller.

B. Atomic relaxations

All polytypes, except the purely cubic 3C structure,
exhibits deviations from their associated ideal tetrahe-
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drally coordinated structures, as discussed in Sec. IIB.
The projections on the hexagonal axis of the atomic spac-
ings are not necessarily equal from one layer to another.
The tetrahedra of nearest neighbors around every atom
can be distorted along this direction, usually retaining
the threefold symmetry axis parallel to the ¢ axis.?%*” In
our force-minimization calculations to establish the final
equilibrium geometry, this feature is evidenced by ratios
¢/(pa) # 4/2/3 and nonzero parameters €(j) and 6(3j).
Results of the force-minimization procedure as well as
a symmetrization of the coordinates according to the
C4, symmetry are represented in Fig. 4 for the cell-
internal parameter ¢ in the wurtzite case and Table II
for all hexagonal polytypes. Generally, for all pairs, ¢
and a, the parameter € remains small. It varies around
zero indicating that already small atomic displacements
parallel to the hexagonal axis make the forces vanish-
ing. However, there is a tendency for the parameter
to be positive. This is in agreement with the findings
of other calculations*® for III-V compounds with small
anions. The most interesting point concerns whether
the relaxation of the atomic structure is completely gen-
eral or follow rules, e.g., the conservation of bond length
or the conservation of bond angles. The conservation
1] or

laws correspond to the relations ¢ = 3 [g— (%)2 -

- 1 — ./8a
e = 3|l 3

c] between the cell-internal parameter
and the ratio of the hexagonal lattice constants. They
are indicated by solid lines on the right-hand side (bond-
length conservation) and the left-hand side (bond-angle
conservation) in Fig. 4. For ideal ratios c¢/a = 1/8/3
the parameter € should vanish. This is not observed
along the corresponding line in Fig. 4, indicating that
the bond lengths as well as the bond angles are in gen-
eral not equal in a 2H structure. From Table I one ob-
serves ¢/a=1.637. Therefore, the cell-internal relaxation
parameter should be e = —0.00061 (¢ = 0.000 31) for the
bond-length (bond-angle) conservation. Nevertheless, we
have € = 0.00080 (cf. Table II) derived. That means, in
the resulting 2H structure the bond-angle conservation
is more fulfilled than the bond-length conservation.
Including the atomic relaxations in 2H, we find qual-
itatively similar results as other ab initio calculations,®
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(1)

FIG. 4. Cell-internal structural parameter €(1) of the
wurtzite structure, 2H-SiC, versus the two hexagonal lat-
tice constants ¢ and a. Results follow from force as well
as total-energy-minimization procedures. The solid lines on
the right-hand side (left-hand side) indicate the bond-length
(bond-angle) conservation.

relaxing the structure until the isotropic stress of the zinc
blende at the experimental lattice constant, and care-
ful x-ray investigations. The Si-C bond parallel to the
c-axis is stretched in comparison to the lengths of the
three other equivalent bonds of the tetrahedron. One
bond length L(1) is larger than the corresponding inter-
atomic distance in 3C-SiC of l;gea=1.858 A (cf. Table
I). The reversed situation occurs for the other one, I(1).
The Si-C-Si bond angle is somewhat smaller than the
ideal tetrahedron angle. With respect to the percentage
differences our findings are also in agreement, although
our values are somewhat smaller than those calculated
by Cheng et al.'> However, our geometry is more ideal
than that derived by x-ray studies.*

Looking more carefully on the data of the structures
giving the absolute minima in the total energy of all
hexagonal polytypes 2H, 4H, and 6H (cf. Table II),
one generally finds only small deviations from the ideal
values, especially for the bond angles from the ideal tetra-

TABLE II. Geometrical parameters of hexagonal SiC polytypes from total-energy and force
minimizations. Cell-internal parameters €(j) and (j), interatomic distances L(j) and I(j) (in A),
as well as Si-C-Si bond angles a(j) (in degrees) are collected for 2H-, 4H- and 6 H-SiC. In addition,
the thickness d(j) (cf. Fig. 5) of a Si-C double layer (in A) and the deformation A(5) = 1-1(5)/L(j)

(in %) are given.

Polytype| j| (i) x10%| &(j) x10*|  L(j) 1(7) a(7) d(y) A7)
2H 1 8.0 0.0 1.866] 1.855] 109.409| 2.482%] 0.549
4H 1 43 0.0 1.866] 1.855| 109.321| 2.480 | 0.625

2 -2.3 -2.1 1.862| 1.858) 109.588)  2.484|  0.197
6H 1 37 0.0 1.865| 1.856] 109.351|  2.480 | 0.506
2 0.6 0.3 1.860|  1.857| 109.416|  2.477| 0.201
3 -0.9 -1.2 1.860|  1.858| 109.536|  2.485|  0.127

® The value d(1) for 2H is slightly larger than the value c¢/p in Table I. The difference, which
approaches the accuracy of 0.002 A, results from the different computational methods. d(1) results
from force optimization, whereas c is determined from a polynomial fit of the total energy.
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FIG. 5. One Si-C bilayer in [0001] direction and its associ-
ated geometry parameters. The same notation is used for the
atoms as in Fig. 2.

hedron angle 109.47°. The angles vary around the ideal
value by about 0.1%. Their average value approaches the
ideal value.

The characteristic geometrical variables of each dif-
ferent double layer 5 = 1,...,p/2 in the pH hexag-
onal structures are three: the length L(j) of the
Si(7)-C(s) bond parallel to the hexagonal axis, the
length I(j) of three remaining (equivalent) C(7)-Si(j+ 1)
bonds, and the angle «(j) between L(j) and I(j) as
shown in Fig. 5. If there is j = p/2, the Si in-
dex j + 1 has to be replaced by 1. The 3p/2 geo-
metrical parameters and the two lattice constants are
not independent. It holds @ = +/3I(j)sin (a(j)) and

;’fl [L(7) — U(3) cos (a(7))] = ¢/2. That implies that
only (p + 1) independent geometrical variables have to
be considered, e.g., a and ¢ and the (p—1) cell-internal
parameters as in Sec. IIB.

The influence of the atomic relaxations on the bond
lengths can be best seen if we look at the deviations of
the tetrahedra in a bilayer from the regular form as in
the zinc-blende structure. A good measure of the defor-
mation of a coordination tetrahedron around a C atom is
the quantity A(j) =1 —1(5)/L(j), which is also listed in
Table II. In agreement with a recalculation of the geom-
etry of Cheng et al.'> by Vignoles*® we find always pos-
itive values, indicating the elongation of the hexagonal
polytyptes in the direction of the ¢ axis, which is impor-
tant for the growth of epitaxial layers along [0001]. The
deformations A(j) are more important for hexagonal lay-
ers (> 0.5%) than for cubic layers (< 0.2%). Vignoles*®
traced this finding back to electrostatic interactions. At
short distances, steric repulsions between third neighbors
in h-bilayers disfavor a conformation, but if the distance
grows the electrostatic attraction has the opposite effect.
The balance of the two interactions depends sensitively
on the bond orientations.

Other interesting geometrical quantities are the thick-
nesses d(j) of the Si-C bilayers parallel to ¢ axis. In
general, they are larger than the ideal value 2.477 A of
the 3C structure. The average values give the lattice con-
stants ¢/p (cf. Table I) and, therefore, also exhibit their
trend with the hexagonality. In the case of 6H, we ob-
serve the same sequence as careful x-ray measurements.®
It holds d(2) < d(1),d(3).

C. Cohesive energies

In order to discuss the stability of the polytypes at
low temperature, we compare the cohesive energies per
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atom for the different polytypes under consideration and
three different geometries in Fig. 6: We first calculate the
energies of the polytypes where they are only minimized
with respect to the lattice constants a and ¢. In a second
step, the resulting structures are relaxed, i.e., the total
energies are minimized not only with respect to a and
¢ but also to the cell-internal structural parameters &(35)
and 6(j) are determined by an atomic-force minimization.
For comparison we also show the total energies for ideal
tetrahedral geometries, i.e., for ¢/(pa) = 4/2/3 and a
cubic lattice constant aop from experiment.

Depending on the inclusion of the atomic relaxations or
not we find a different energetical ordering of the poly-
types and, hence, different conclusions with respect to
the polytype stability. However, the underlying energet-
ical differences are extremely small. For the remarkably
deformed tetrahedra in the hexagonal structures without
inclusion of atomic relaxations our calculations predict
the zinc-blende structure to be stable with respect to the
wurtzite one by about 8 meV/atom (cf. Fig. 6 and Table
IIT). The zinc-blende structure seems to be also lower in
energy than the other hexagonal polytypes 6 H and 4H.
However, their energy differences are smaller than 1 meV
and, therefore, approach the accuracy of our calculations.
Taking into account the relaxations of the cell geome-
tries, the principal ordering of the polytypes is changed.
However, the difference in the cohesive energies of the fa-
vorable 4H polytype and the most unfavorable wurtzite
structure approaches 3 meV/atom. Including the atomic
relaxations the monotoneous trend with the percentage
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FIG. 6. The cohesive energies per atom for the 3C-, 6 H-,
4H-, and 2H-SiC polytypes as obtained by ab initio calcula-
tions at low temperature. (a) Dashed line: unrelaxed geome-
tries, (b) solid line: relaxed geometries, (c) dot-dashed line:
ideal geometry at the experimental 3C lattice constant.
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TABLE III. Cohesive energies per atom (in eV) calculated
in a 12H unit cell for different SiC polytypes (3C, 6H, 4H,
2H) and different geometries (a), (b), (c). (a) Unrelaxed
structures (14 Monkhorst-Pack special points), (b) relaxed
structures (six Chadi-Cohen special points), (c) ideal struc-
tures, i.e., ¢/(pa)=+/2/3 and ao = 8.232 a.u. from exper-
iment for 3C (Ref. 43) (14 Monkhorst-Pack special points).
Due to the use of different k-point sets there is a shift be-
tween the values for the relaxed structures (b) and the two
other curves.

Polytype | Unrelaxed | Relaxed | Ideal
3C 8.4647 8.4554 8.4408
6H 8.4640 8.4569 | 8.4395
4H 8.4637 8.4573 8.4386
2H 8.4568 8.4545 8.4332

hexagonality is destroyed. The displacement of the atoms
within the unit cells, in particular, parallel to the c axis,
gives rise to forces opposite to those driving the polytyp-
ism in the case of remarkably deformed tetrahedra (Fig.
6, curve b) and ideal tetrahedra but for the experimental
3C lattice constant (curve c). Nevertheless, neglecting
the difference due to the use of different k-space sam-
plings, we conclude that the effect of relaxation on the
energies is similar to that on the geometries as also ob-
served by Cheng et al.'®> for SiC polytypes and Yeh et
al.*® for several compound semiconductors. The reduc-
tion of the energetical favoring of the zinc-blende struc-
ture is correlated with a reduction of the c¢/a ratio with
respect to the ideal value of 0.8165. This agrees with the
phenomenological correlation established by Chelikowsky
and Phillips.5°

External stresses due to the choice of the experimental
cubic lattice constant and ideal tetrahedra seem princi-
pally to have the same influence on the polytype stability
as internal stresses to the constrained atomic positions in
the case (a). Figure 6 (curve c¢) shows more or less the
same ordering of the cohesive energies as curve a. This
is somewhat in contrast to the findings of Cheng and co-
workers.!#15 In their (non-stress-free) structures and the
stress-free and relaxed case (b) it seems to be an ener-
getical rearrangement of the three materials 6 H-, 4H-,
and 2H-SiC resulting in a favoring of the two hexagonal
polytypes with low hexagonality and a shift of the 2H
structure towards 3C. Other reasons are discrepancies
in the calculational details: different C pseudopotentials,
the use of the Wigner interpolation for exchange and cor-
relation, the lower cutoff, the exact diagonalization of
plane waves only until a cutoff of 10 Ry.

The absolute cohesive energies per atom listed in Table
III considerably overestimate the experimental values for
the 3C-SiC structure of 6.34 eV.5! The reason is the over-
estimation of such energies by the DFT-LDA mientioned
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in Sec. II A. We calculate total energies per SiC molecule
of about —19.42 Ry for 3C as well as 2H-SiC. These val-
ues are very close to the total emergy of -19.41 Ry,!!
estimated from thermochemical data and atomic ioniza-
tion energies. By means of the total energies —10.67 Ry
(C) and -7.50 Ry (Si) for the free atoms one estimates
differences of 8.5 eV /atom in agreement with Table III.

IV. SUMMARY

In conclusion, we have studied the ground-state prop-
erties of cubic and hexagonal SiC polytypes using soft-
ened ab initio pseudopotentials and a total-energy-
minimization procedure. The results are found to be in
good agreement with available experimental data. This
holds especially for the structural trends versus the per-
centage hexagonality of the polytype, at least for the con-
sidered structures 3C, 6 H, 4H, and 2H. We find that the
atomic relaxations within the hexagonal unit cells play an
important role to find the correct structural properties.
Their effect on the energetics of the polytypes is of minor
influence. Nevertheless, it is sufficient to influence their
stability and it makes the hexagonal 4H structure to the
energetically most favorable one, although the different
cohesive energies vary within an interval of 3 meV.

When the total energy is minimized only with re-
spect to the hexagonal lattice constants a and c rather
deformed atomic geometries are observed. Moreover,
the volume per molecule increases from zinc blende to
wurtzite SiC. However, after inclusion of the atomic re-
laxations this trend is inverted. The increase of the
averaged thickness ¢/p per Si-C bilayer is strongly re-
duced resulting in a nearly constant ratio c¢/(pa) near
the ideal value 1/2/3. Generally, the polytype geome-
tries are closer to the ideal tetrahedron structures after
relaxation.

Although the structural rearrangement of the Si and
C atoms influences the polytype, it seems hardly to be of
importance for the forces driving the polytypism during
growth or epitaxy. The differences in the cohesive ener-
gies of different polytypes are smaller than the thermal
energies at reasonable crystal-growth conditions. Hence,
nonequilibrium effects related to the details of the growth
and effects of the vibrating lattice are expected to be of
major importance.
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FIG. 3. Total-energy surface versus the “cubic” lattice con-
stant ap = v/2a (in atomic units) and the ratio of the hexago-
nal lattice constants c¢/a. The total energy is given in Ry per
pair Si-C.
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FIG. 4. Cell-internal structural parameter £(1) of the
wurtzite structure, 2H-SiC, versus the two hexagonal lat-
tice constants ¢ and a. Results follow from force as well
as total-energy-minimization procedures. The solid lines on
the right-hand side (left-hand side) indicate the bond-length
(bond-angle) conservation.



