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Abstract

Epitaxial growth processes for SiC polytypes in which a SiC substrate is
employed are studied using a layered growth model. The corresponding phase
diagrams of epitaxial growth processes are given. First-principles calculations
are used to determine the parameters in the layered growth model. The layered
growth phase diagrams show that when the rearrangement of atoms in one
surface Si—C bilayer is allowed, the 3C-SiC structure is formed. When the
rearrangement of atoms in two surface Si—C bilayers is allowed, the 4H-SiC
structure is formed. When the rearrangement of atoms in more than two surface
Si—C bilayers, excepting the case of five surface Si—C bilayers, is allowed, the
6H-SiC structure is formed, which is also shown to be the ground state structure.
When the rearrangement of atoms in five surface Si—C bilayers is allowed, the
15R-SiC structure is formed. Thus the 3C-SiC phase would grow epitaxially
at low temperature, the 4H-SiC phase would grow epitaxially at intermediate
temperature and the 6H-SiC or 15R-SiC phases would grow epitaxially at higher
temperature.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Silicon carbide (SiC) has several advantages over other semiconductors such as Si and GaAs
in its wide band gap, high thermal conductivity, high carrier mobility, high electric field
breakdown strength, radiation resistance and chemical stability, which makes it one of the
most attractive materials for devices used in high-temperature, high-pressure, high-frequency
and high-radiation environments [1].

Silicon carbide (SiC) exhibits the most pronounced polytypism as the only known naturally
stable group IV compound. More than 200 SiC polytypes have been determined to date [2].
The most common polytypes are zinc-blende SiC (3C-SiC in Ramsdell notation), wurtzite SiC
(2H-SiC in Ramsdell notation), 4H-SiC, 6H-SiC and 15R-SiC. All the SiC polytypes could
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be considered as different arrangements of cubic or hexagonal Si—C bilayers, stacking along
the cubic [111] or the equivalent hexagonal [0001] direction geometrically. 3C-SiC is pure
cubic stacking of Si—C bilayers in the [111] direction and 2H-SiC is pure hexagonal stacking
of Si—C bilayers in the [0001] direction. The other polytypes in the Ramsdell notation, nH-
SiC (hexagonal) or nR-SiC (rhombohedral), can be considered as combinations of these two
stacking sequences with n Si—C bilayers in the primitive cell—such as 4H-SiC and 6H-SiC
with four and six Si—C bilayers in the corresponding hexagonal unit cell. These polytypes lie
very close together in energy and possess similar lattice constants.

The origin of polytypism in SiC is still not completely understood though it has been
studied for many years. To understand the polytypism in SiC theoretically, it is important to
examine the structural and thermal properties of the SiC polytypes using the first-principles
approach. Whether the polytypes should be viewed as non-equilibrium structures arising
from special growth mechanisms or stable (possibly metastable) thermodynamic phases with
a specific stability range of external parameters (such as pressure and temperature) has long
been debated. When a thermodynamic approach to the problem is used, the most important
quantities are the total energy differences between the various SiC polytypes at zero kelvins.
Several groups have used a first-principles approach to calculate these energy differences and
given some important explanations of various properties of SiC [3—11]. However, there are
some significant discrepancies between the results of the various first-principles calculations.
Furthermore, several calculated results appear to invalidate some of the important conclusions
drawn by Heine et al [12-14]. The phenomenon of polytypism has also been related to
the phonon, which may stabilize the polytypism with its contributions to the free energy. So
vibrational entropies of these SiC polytypes at higher temperatures have also been discussed by
Heine et al [13-15], Zywietz et al [16] and Bechstedt er al [11]. Much experimental knowledge
on the growth and formation of SiC polytypes has been obtained over the last 40 years. Factors
affecting the crystal are the temperature and the pressure in the growth chamber, the polarity
of the seed crystal, the substrate orientations, the presence of certain impurities, the Si/C ratio
and the lattice mismatch with the substrate. In the case of a film with lattice mismatch, the
first few monolayers will try to minimize the strain due to a given lattice mismatch with the
substrate. This effect may allow the growth of phases (metastable phases, or polytypes) that
would not grow without lattice mismatch. Additionally, the variety of surface superstructures
changing the surface energy plays a role in the epitaxial growth process [17]. Recently,
Fissel et al succeeded in the realization of SiC polytype heterostructures like 4H/3C/4H by
careful control of the surface superstructure and the thermodynamic conditions during MBE
growth [18, 19]. Off-oriented (vicinal-oriented) and on-oriented (well-oriented) SiC substrates
are both employed for SiC crystal growth. SiC growth on off-axis SiC substrates is known
as ‘step-controlled epitaxy’ in which grown layers inherit the stacking order of the substrates
through a step-flow growth, thereby preserving the polytype of the substrates. So the polytypes
obtained through ‘step-controlled epitaxy’ are limited by the substrates. Such step-flow growth
is widely used to grow high-quality 4H- and 6H-SiC at reduced temperatures on off-axis 4H-
and 6H-SiC substrates [20-22]. Much of the SiC growth is done on on-axis SiC substrates;
with this approach the polytype may be different from that of the substrate [23—32] and the
films should be grown on well-oriented surfaces because of the frequent occurrence of double
positioning boundaries (DPBs) in films grown on vicinal surfaces [29]. In our model, we focus
on the on-oriented (well-oriented) SiC growth and do not discuss ‘step-controlled epitaxy’.

Different first-principles calculations all obtain that the 3C-SiC phase is much higher in
energy than the 4H-SiC and 6H-SiC phases at zero kelvins [3—10], and theoretical studies
also show that the 3C-SiC phase has a higher phonon free energy [15]. These results seem
to suggest that the 3C-SiC phase is never the stable structure at any temperature. However



Layered growth modelling of epitaxial growth processes for SiC polytypes 5357

experiments [2, 33-36] found that the 3C-SiC phase does prefer to grow epitaxially. A good
model that Heine et al [12] have introduced can explain the experimental phenomenon. For the
layered polytypic structure of SiC, growth is considered to be a layer-by-layer process, adding
one Si—C bilayer at a time to the growing crystal, with the rearrangement of atoms in each
new surface bilayer being allowed to orient the new surface bilayer into its most energetically
favourable stacking orientation, without allowing the atoms in the lower bilayers to rearrange
to give a global energy minimum of the growing crystal. The 3C-SiC phase could be explained
as a result of epitaxial growth. Thus this model includes some aspects of the growth process,
and permits non-equilibrium phases to be formed.

When the temperature is high, one would expect the rearrangement of atoms in more than
one surface bilayer to be allowed to orient the surface bilayers into their most energetically
favourable stacking orientations. If the rearrangement of atoms in many more bilayers near
the surface is allowed, what kinds of structures can be formed? The present work extends the
one-layer model to a many-layer one and uses it to explain the growth conditions for other non-
equilibrium phases of silicon carbide. We have also performed first-principles calculations for
the energy differences of these SiC polytypes. Several distinct conclusions have been drawn,
as compared to the previous calculations [3—10].

2. Methods

All the SiC polytypes can be considered as different arrangements of cubic or hexagonal Si—C
bilayers with stackings along the cubic [111] or the equivalent hexagonal [0001] direction.
This one-dimensional character of the stacking differences suggests the description of the
differences in terms of an axial next-nearest neighbour Ising (ANNNI) model [11, 37] in
which the total energy of the system per Si—C pair may be represented by

E=Ey— % i Z Jkoioik (1)
%

i=1
where E( is a common energy reference and n is the number of bilayers in the unit cell
of the nH-, nR- or nC-SiC polytypes, i.e., n = 2,3,4 and 6 for 2H-, 3C-, 4H- and 6H-
SiC, respectively. A ‘spin’ o; = =1 is associated with each close-packed Si—C bilayer
such that parallel spins represent a locally cubic stacking and antiparallel spins represent a
locally hexagonal stacking. The parameters J; represent the interlayer interaction between two
bilayers. More complicated interactions, such as four-spin terms, are neglected. Assuming that
the long-range interactions are small, we restrict the interlayer interactions to third neighbours
(k < 3). Thus the energy differences of the polytypes can be expressed in terms of the
interlayer interaction parameters, i.e.,

Eon — Esc =2(J1 + J3),

Eq — Esc = J1+2,+ J5,

Eey — Esc = 3(J1 + 2, +313),

Esy — Esc = 3(J1 +2J, +33), (2)
Eion — Esc = 2(J1 + 2/, +3J3),

Eor — Esc = 3(Jy + ),

Eisg — Esc = $(J1 + 202 +2J3).

We have performed the calculations of the SiC polytype energies using VASP (Vienna
ab initio simulation package) [38]. The approach is based on an iterative solution of the
Kohn—Sham equations of density functional theory (DFT) in a plane-wave basis set with the
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projector-augmented-wave (PAW) method [39]. The exchange—correlation functional with the
generalized gradient approximation (GGA) given by Perdew and Wang [40] is used. We have
also used the exchange—correlation functional with the local density approximation (LDA)
given by Ceperley and Alder [41] in the parametrization of Perdew and Zunger [42] for
comparison. We set the plane-wave cut-off energy to be 800 eV. A mesh of gamma centred
grids 11 x 11 x 3 is used to sample the Brillouin zone and the optimizations of the lattice
constants and the atom coordinates are made by conjugate gradient minimization of the total
energy. The tolerance of the energy convergence is 107> eV. In order to determine the perfect
interlayer interaction parameters J; in the ANNNI model, we have employed the same size
of supercells, containing 24 atoms for all these polytypes. Thus the supercells for 2H-, 3C-,
4H- and 6H-SiC consist of 6, 4, 3 and 2 primitive unit cells for each structure, respectively. Itis
preferable to employ the same size of supercell for all polytypes containing the same number
of atoms rather than the smallest possible unit cell in each case due to the cancellation of
systematic errors when the total energies of different polytypes are compared. In such a way,
the more accurate crystal ab initio lattice constants (obtained by total energy minimization),
crystal atomic positions (obtained by intrasupercell atomic relaxation) and J; parameters in
the ANNNI model can be determined.

From the total energies of SiC polytypes, we can elicit the interlayer interaction parameters
in the ANNNI model according to the formulations

Ji = QEoy — Ezc +2E4 — 3E6n) /4,
Jo = —(Ean + Esc — 2E4n) /4, 3)
J3 = _(E3C + 2E4H — 3E6H)/4

Vapour phase epitaxy (VPE) deposition methods are non-equilibrium processes. The
structure of SiC formed by such growth processes is not always the lowest-energy structure.
As a SiC substrate is commonly used in epitaxial growth process for SiC polytypes, we also
employ a SiC substrate in our layered growth model. So our calculations and conclusions apply
in cases of zero lattice mismatch. As we restrict the interlayer interactions to third neighbours,
the total energies of the ANNNI model for the SiC polytypes are only related to the top
three substrate Si—C bilayers, represented by (o;_», 0i_1, 0;). There are 23 possible types of
combination of the top three substrate Si—C bilayers: o,_», i1, 0; = £1. If symmetry is
taken into account, only four types of combination are left, i.e., (111), (111), (111) and (111).
In our layered grown model, when the rearrangement of atoms in one surface Si—C bilayer
is allowed to orient the surface Si—C bilayer into its most energetically favourable stacking
orientation, the system energy is added, with

3
Eiyy = Ey— Z Ji0i410741-k
k=1

when a new Si—C bilayer represented as o;,; grows. We select the value of 0,41 (0741 = £1)
which minimizes the additive energy E;,; with fixed o values of the underlayers (the values
of 0;_5, 0;—1 and o;) and this value of o, is the stacking orientation of the new surface Si—C
bilayer (the (i + 1)th Si—C bilayer). The (i + 1)th Si—C bilayer is then buried in that stacking
orientation by the next Si—C bilayer (the (i +2)th Si—C bilayer) without subsequent reorienting,
which means that the value of o7, is then fixed. In the same way, we select the value of ¢;4»
which minimizes the additive energy

3
Eiyx = Eo — Z JkOi20i12k
k=1
with fixed o;,; value and those of the lower Si—C bilayers. Then we select the value of ;43
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which minimizes the additive energy

3
Eiz =Ey— Z J10i1430743 &
k=1

with fixed o074, value and those of the lower Si—C bilayers, and so on. In such a way, we simulate
the epitaxial growth process when the rearrangement of atoms in one surface Si—C bilayer is
allowed. When the rearrangement of atoms in two surface Si—C bilayers is allowed to orient
the two surface Si—C bilayers into their most energetically favourable stacking orientations,
we should select the values of 0;,; and o;,, which minimize the sum of energies E;;; and
E;» with fixed o; value and those of the lower Si—C bilayers. The values of o;,; and o;;
are the stacking orientations of the two surface Si—C bilayers (the (i + 1)th and (i + 2)th Si—C
bilayers). When a subsequent Si—C bilayer (the (i + 3)th Si—C bilayer) grows, we select the
values of 0,4, and 0;,3 minimizing the sum of energies E;;; and E;.3 with fixed o;,; value
and those of the lower Si—C bilayers. When a subsequent Si—C bilayer (the (i + 4)th Si—C
bilayer) grows, we select the values of 0;,3 and 0;,4 minimizing the sum of energies E;,3 and
E;.+4 with fixed oy, value and those of the lower Si—C bilayers. In the same way, we select the
subsequent values of 0;,4 and 0,45, and so on. In such a way, we simulate the epitaxial growth
process when the rearrangement of atoms in two surface Si—C bilayers is allowed. When the
rearrangement of atoms in m surface Si—C bilayers is allowed to orient the m surface Si—C
bilayers into their most energetically favourable stacking orientations, we should select the
values of 0j+1, 0i42, . - ., Oj1;;, Which minimize the sum of energies E;yy, Eis2, - - ., Ejyy With
fixed o; value and those of the lower Si—C bilayers. When the subsequent Si—C bilayer (the
(i + m + 1)th Si—C bilayer) grows, we select the values of 6;.2, 043, . .., Oj4m+1 MiNiMizing
the sum of energies E;.2, Eis3, ..., Eisme1 With fixed 0,41 value and those of the lower Si—C
bilayers. When the subsequent Si—C bilayer (the (i +m+2)th Si—C bilayer) grows, we select the
values of 043, Oi44, - . ., Oirme2 Minimizing the sum of energies E;i3, Ejya, ..., Eiymio With
fixed o;4, value and those of the lower Si—C bilayers, and so on. In such a way, we simulate
the epitaxial growth process when the rearrangement of atoms in m surface Si—C bilayers is
allowed. This model is just a simplification of the growth process, but it is obvious that the
layers near the surface would have greater freedom to orient than a layer in the bulk. As the
temperature of the epitaxial growth process increases or the anneal process becomes slower,
the number of surface Si—C bilayers where the rearrangement of atoms is allowed will increase.

3. Results

We have calculated the hexagonal lattice constants a (basal plane) and ¢ (orthogonal to the
basal plane) in angstroms for SiC polytypes in order to validate our first-principles calculations.
The values compared to the experimental data are listed in table 1. The lattice constants a
for all polytypes are found to be within 1% of the experimental values and the c¢/na are
in good agreement with experiments, with errors within 0.02% relative to the experimental
values. Since we relax the structures with respect to volume, cell shape and internal position,
our calculated lattice constants have smaller errors to those from previous first-principles
calculations [4, 5, 9] relative to the experimental values. Our calculated lattice constants
obtained with the DFT-LDA are a little smaller than the experimental values, while those
obtained with the DFT-GGA are a little larger than the experimental values, which is in
agreement with the general error tendency of the first-principles calculations.

The relative energies of SiC polytypes (meV/SiC pair) with reference to the 3C-SiC phase
and the values of the interlayer interaction parameters J; (meV/SiC pair) are listed in table 2.
Our results calculated with the DFT-GGA show that the 6H-SiC phase has the lowest energy,
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Table 1. Values of the calculated and experimental hexagonal lattice constants a (basal plane)
and ¢ (orthogonal to the basal plane) in A. The value of ¢ is divided by na; n =2, 3, 4 and 6 for
2H-, 3C-, 4H-and 6H-SiC, respectively.

Lattice constant (A) 3C-SiC 2H-SiC 4H-SiC 6H-SiC

a Theory (LDA)  3.0615 3.0573 3.0590 3.0599
Theory (GGA)  3.0938 3.0890 3.0910 3.0919
Exp. [43] 3.082 3.073 3.080
Exp. [44] 3.08051  3.08129
Exp. [45] 3.076

c/na  Theory (LDA)  0.81650 0.82405 0.81840 0.81782
Theory (GGA) 0.81650 0.82063  0.81851  0.81791

Exp. [43] 0.816 50 0.81785 0.81804
Exp. [44] 0.81844  0.81781
Exp. [45] 0.8205

Table 2. Total energies of SiC polytypes (meV/Si—C pair) with reference to 3C-SiC and calculated
values of J; (meV/Si—C pair).

Reference Ery E4n Eony Exc i ) J3
[3] 8.70 -0.77 —1.18 0 4.85 —2.56 —0.50
[4] 3.60 —5.00 —3.60 0 2.00 —3.40 —-0.20
[5] 1.80 —4.00 —2.91 0 1.08 —2.45 —0.18
[6] 5.16 —4.40 —2.85 0 2.33 —3.49 0.25
[7] 6.00 —2.40 —2.20 0 347 —2.71 —0.47
[8] 54040 —24380 —2.0973 0 3.0560 —2.5700 —0.3540
9] 42668 —2.4784 —2.1801 O 2.5293  —-2.3059 —0.3959

Present (LDA)  4.6458  —2.5325 —-2.2092 O 27135  —2.4277  —0.3906

Present (GGA) 6.7925 —0.6992 —-0.9042 0 3.7248  —2.0480 —0.3285

with the total energies of the SiC polytypes in the order E¢y < Eqq < E3c < E,g, while
those calculated with the DFT-LDA give the 4H-SiC phase as the lowest-energy structure, with
the total energies of the SiC polytypes in the order Eqy < Egy < E3c < Epy. Comparing
our calculated results to those of the previous first-principles calculations [3-9], it can be seen
that our result obtained with the DFT-LDA is similar to those of [7-9], and in especially good
agreement with those of [9] because they employ supercells containing 24 atoms for all these
SiC polytypes, as we do. The computational method employed in [8] is the full-potential linear
muffin-tin orbital method with the DFT-GGA, while norm-conserving pseudopotentials with
the DFT-LDA are employed in [3-7, 9].

The phase diagram of ground states for the ANNNI model is given in figure 1. We choose
the ratios J3/J; and J>/J; as coordinates. In the selected parameter regions, a multiphase (3C,
4H and 6H) degeneracy point appears at J3 = 0 and J; = —2J,. The interlayer interaction
parameter points obtained from our first-principles calculations are indicated in the phase
diagram. Those obtained from the first-principles results of [3—9] are also given, with different
symbols, in the phase diagram for comparison. It can be seen that our result obtained with the
DFT-GGA and that of [3] show that the 6H-SiC phase has the lowest energy, while our result
obtained with the DFT-LDA and those of [4-9] show that the 4H-SiC phase is the lowest-
energy structure. According to Heine [13], the origin of the SiC polytypes is J; = —2J, (for
n > 2,J, < Ji, J») which is the 3C, 4H, 6H degeneracy point. The interlayer interaction
parameter points obtained from the first-principles calculations of [4-6] appear away from the
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Figure 1. Phase diagram of the ground states. The ratios J3/J; and J,/J; are coordinates. The

results of [3-9] are marked with [3], [4], ..., [9], respectively. Our results obtained with the DFT-
LDA and DFT-GGA are marked with [L] and [G], respectively.
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Figure 2. Thelayered growth phase diagrams of epitaxial growth processes when the rearrangement
of atoms in one surface bilayer is allowed. The stability regions of the polytypes are indicated.
The results of [3-9] are marked with [3], [4], ..., [9], respectively. Our results obtained with the
DFT-LDA and DFT-GGA are marked with [L] and [G], respectively. (a) The substrate structure is
(111); (b) the substrate structures are (111) or (111); (c) the substrate structure is (111).

triple point, and could not explain the origin of the polytypism in SiC. However, the interlayer
interaction parameter point obtained from our DFT-GGA result is very close to the triple point.
The interlayer interaction parameter points obtained from our first-principles results and those
of [3, 7-9] are close to the boundary of the 4H and 6H phases, which confirms that the total
energy difference of 4H-SiC and 6H-SiC is very small.

The layered growth phase diagrams for epitaxial growth processes when the rearrangement
of atoms in one surface Si—C bilayer is allowed to orient the surface Si—C bilayer into its most
energetically favourable stacking orientation are plotted in figure 2. The phase diagrams for
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Figure 3. The layered growth phase diagrams of epitaxial growth processes when the rearrangement
of atoms in two surface bilayers is allowed. The stability regions of the polytypes are indicated.
The results of [3-9] are marked with [3], [4], ..., [9], respectively. Our results obtained with the
DFT-LDA and DFT-GGA are marked with [L] and [G], respectively. (a) The substrate structure is
(111); (b) the substrate structures are (111), (111) or (111).

the substrate structures (111) and (111) are the same, so we show them in one figure. It can be
seen that figures 2(a) and (b) are the same in the region where J3/J; < 0. When J3/J; > 0, the
parameter region for the 3C-SiC phase is much larger in figure 2(a). The difference between
figures 2(c) and (b) is that there is a 2H-SiC phase region in figure 2(c). Figures 2(a)—(c) are
the same in the region of J3/J; < 0 and J,/J; < 0. We have indicated interlayer interaction
parameter points obtained from our first-principles results and those of [3—-9] with different
symbols in the phase diagrams. It can be seen that our DFT-GGA result and those of [3, 7, 8]
lie in the area of the 3C-SiC phase, our DFT-LDA result and that of [9] lie in the region of
the 6H-SiC phase and the parameter points from [4-6] lie in the region of the 4H-SiC phase.
Our DFT-LDA result and those of [4—6, 9] cannot explain the experimental phenomenon that
silicon carbide appears to prefer to grow in the 3C-SiC phase, more than in any other, in spite
of the fact that the 3C-SiC phase is not the lowest-energy structure. Our DFT-GGA result and
those of [3, 7, 8] are in agreement with that of Heine [12]. For silicon carbide (SiC), the results
of simulation show that the resulting structures do not depend on the substrate structures.

The layered growth phase diagrams for epitaxial growth processes when the arrangement
of atoms in two surface Si—C bilayers is allowed to orient the two surface Si—C bilayers into
their most energetically favourable stacking orientations are plotted in figure 3. The phase
diagrams for the substrate structures (111), (111) and (111) are the same, so we show them
in one figure. It can be seen that in the region where J3/J; > 0, figures 3(a) and (b) are
different. The parameter region for the 3C-SiC phase is much larger in figures 3(a) and (b)
and has a region for the 9R-SiC phase. We have indicated interlayer interaction parameter
points obtained from our first-principles results and those of [3-9] with different symbols in
the phase diagrams. It can be seen that they all lie in the region of the 4H-SiC phase for all the
substrate structures.

The layered growth phase diagrams for epitaxial growth processes when the arrangement
of atoms in three surface Si—C bilayers is allowed to orient the three surface Si—C bilayers into
their most energetically favourable stacking orientations are plotted in figure 4. The phase
diagrams for the substrate structures (111), (111) and (111) are the same, so we show them
in one figure. It can be seen that in the region where J3/J; > 0, figures 4(a) and (b) are
different. The parameter region for the 3C-SiC phase is much larger in figures 4(a) and (b)
and has a region for the 9R-SiC phase. We have indicated interlayer interaction parameter
points obtained from our first-principles results and those of [3-9] with different symbols in
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Figure 4. The layered growth phase diagrams of epitaxial growth processes when the rearrangement
of atoms in three surface bilayers is allowed. The stability regions of the polytypes are indicated.
The results of [3-9] are marked with [3], [4], ..., [9], respectively. Our results obtained with the
DFT-LDA and DFT-GGA are marked with [L] and [G], respectively. (a) The substrate structure is
(111); (b) the substrate structures are (111), (111) or (111).
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Figure5. Thelayered growth phase diagrams of epitaxial growth processes when the rearrangement
of atoms in four surface bilayers is allowed. The stability regions of the polytypes are indicated.
The results of [3-9] are marked with [3], [4], ..., [9], respectively. Our results obtained with the
DFT-LDA and DFT-GGA are marked with [L] and [G], respectively. (a) The substrate structure is
(111); (b) the substrate structures are (111), (111) or (111)

the phase diagrams. It can be seen that the parameter points from [4-6] lie in the region of
the 4H-SiC phase while our first-principles results and those of [3, 7-9] lie in the region of the
6H-SiC phase. The results do not depend on the substrate structures.

The layered growth phase diagrams for epitaxial growth processes when the arrangement
of atoms in four surface Si—C bilayers is allowed to orient the four surface Si—C bilayers into
their most energetically favourable stacking orientations are plotted in figure 5. The phase
diagrams for the substrate structures (111), (111) and (111) are the same, so we show them
in one figure. It can be seen that in the region where J3/J; > 0, figures 5(a) and (b) are
different. The parameter region for the 3C-SiC phase is much larger in figures 5(a) and (b)
and has a region for the 9R-SiC phase. We have indicated interlayer interaction parameter
points obtained from our first-principles results and those of [3-9] with different symbols in
the phase diagrams. It can be seen that the parameter points from our DFT-LDA result and
those of [4-9] lie in the region of the 4H-SiC phase while our DFT-GGA result and that of [3]
lie in the region of the 6H-SiC phase. The results do not depend on the substrate structures.

The layered growth phase diagrams for epitaxial growth processes when the arrangement
of atoms in five surface Si—C bilayers is allowed to orient the five surface Si—C bilayers into
their most energetically favourable stacking orientations are plotted in figure 6. The phase
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Figure 6. The layered growth phase diagrams of epitaxial growth processes when the rearrangement
of atoms in five surface bilayers is allowed. The stability regions of the polytypes are indicated.
The results of [3-9] are marked with [3], [4], ..., [9], respectively. Our results obtained with the
DFT-LDA and DFT-GGA are marked with [L] and [G], respectively. (a) The substrate structure is
(111); (b) the substrate structures are (111), (111) or (111).
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Figure7. Thelayered growth phase diagrams of epitaxial growth processes when the rearrangement
of atoms in six surface bilayers is allowed. The stability regions of the polytypes are indicated.
The results of [3-9] are marked with [3], [4], ..., [9], respectively. Our results obtained with the
DFT-LDA and DFT-GGA are marked with [L] and [G], respectively. (a) The substrate structure is
(111); (b) the substrate structures are (111), (111) or (111).

diagrams for the substrate structures (Hl), (lﬁ) and (III) are the same, so we show them
in one figure. It can be seen that in the region where J3/J; > 0, figures 6(a) and (b) are
different. The parameter region for the 3C-SiC phase is much larger in figures 6(a) and (b)
and has a region for the 9R-SiC phase. We have indicated interlayer interaction parameter
points obtained from our first-principles results and those of [3-9] with different symbols in
the phase diagrams. It can be seen that our first-principles results and those of [3, 7-9] lie in
the region of the 15R-SiC phase while the parameter points from [4—6] lie in the region of the
4H-SiC phase. The results do not depend on the substrate structures.

The layered growth phase diagrams for epitaxial growth processes when the arrangement
of atoms in six surface Si—C bilayers is allowed to orient the six surface Si—C bilayers into
their most energetically favourable stacking orientations are plotted in figure 7. The phase
diagrams for the substrate structures (H 1), H) and (I 1 i) are the same, so we show them in
one figure. It can be seen that in the region where J3/J; < 0, figures 7(a) and (b) are the same
as the phase diagram of the ground states (figure 1), which shows that the resulting phases of
simulation become closer to the ground states as the number of surface Si—C bilayers in which
the rearrangement of atoms is allowed increases. We have indicated interlayer interaction
parameter points obtained from our first-principles results and those of [3-9] with different
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symbols in the phase diagrams. It can be seen that the parameter points from our DFT-LDA
result and those of [4-9] lie in the region of the 4H-SiC phase while our DFT-GGA result and
that of [3] lie in the region of the 6H-SiC phase for all the substrate structures.

4. Conclusion

In summary, our first-principles calculations show that the total energies of SiC polytypes are
in the order E¢qg < Esq < E3zc < Eoy, from the results obtained with the DFT-GGA and
Eun < E¢n < E3c < Epy from the results obtained with the DFT-LDA, respectively. Since
the first-principles calculation with the DFT-GGA could generally give a more precise total
energy than that with the DFT-LDA, we prefer to use the results obtained with the DFT-GGA
to discuss the growth of SiC. From the layered growth phase diagrams, it can be seen that
when the rearrangement of atoms in one surface Si—C bilayer is allowed, the 3C-SiC structure
is formed, in agreement with Heine [12]. When the rearrangement of atoms in two surface
Si—C bilayers is allowed, the 4H-SiC structure is formed. When the rearrangement of atoms
in more than two surface Si—C bilayers, excepting the case of five surface Si—C bilayers, is
allowed, the 6H-SiC structure is formed. As the temperature of the epitaxial growth process
increases or the annealing process becomes slower, the number of surface Si—C bilayers where
the rearrangement of atoms is allowed increases. Thus the ground state is easier to grow at high
temperatures. Our results show that the 6H-SiC phase is the ground state phase with the lowest
total energy. This is in agreement with experiments [2, 33, 46], which indicate that 6H-SiC
is the stable phase at high temperatures and probably 4H-SiC is stable at low temperatures.
Polytypic transformation of 4H-SiC into 6H-SiC has been observed experimentally [47, 48].
When the rearrangement of atoms in five surface Si—C bilayersis allowed, the 15R-SiC phase is
formed, which explains the experimental phenomenon that 15R-SiC can be formed in spite of
the fact that this is never the stable structure [49, 50]. Thus we conclude that the 3C-SiC phase
would grow epitaxially at low temperature, 4H-SiC would grow epitaxially at intermediate
temperature and 6H-SiC or 15R-SiC would grow epitaxially at higher temperature.
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