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Epitaxial growth structures for (SiC);_,(AIN), alloys are studied using a layered growth model. First-
principle calculations are used to determine the parameters in the layered growth model. The phase
diagrams of epitaxial growth are given. There is a rich variety of the new metastable polytype structures
at x=14,4.11 and 1 in the layered growth phase diagrams. We have also calculated the electronic

PACS: properties of the short periodical SiCAIN alloys predicted by our layered growth model. The results show
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that various ordered structures of (SiC);_,(AIN), alloys with the band gaps over a wide range are
possible to be synthesized by epitaxial growth.
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1. Introduction

(SiC)-(IlI-N) alloys, as wide-band-gap semiconductors, are
promising materials for microelectronic and optoelectronic
applications. Among these alloys, SiCAIN alloys have been
extensively studied because they have the full miscibility at
temperatures above 1700°C and the band gaps over a wide range
with the change of the composition [1].

In recent years, there are many experiments to fabricate SiCAIN
alloys. Early attempts of fabricating ceramic alloys in SiC-AIN
system use hot-pressing of powders at very high temperature in
the range of 1700—-2100°C generally [2,3]. Later (SiC);_,(AIN),
solid-solution films are grown by plasma-assisted gas source
molecular beam epitaxy (MBE) [4-6] and metal organic chemical
vapour deposition (CVD) [7,8] between 1000 and 1300°C. Lately
the growth of single-phase SiCAIN epitaxial films is accomplished
by MBE at substrate temperature of 500—750°C [9-13]. The
periodic SiC/AIN multilayered structure has been grown by low
pressure CVD [14].

Previous calculations on SiCAIN alloys are mostly performed
using (SiC);_,(AIN), solid-solution models with the crystal
structure of hexagonal wurtzite [11-13] or zinc-blende [15].
Recently, the ordered wurtzite structural model for (SiC),_,(AIN),
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(x =0.00, 0.25, 0.50, 0.75, and 1.00) has been used to study their
electronic structures by Tang et al. [16]. The properties of SiCAIN
structures composed of SiC and AIN polytypes have been
investigated by first-principle calculations [17]. Their electronic
properties vary from wide-band-gap semiconducting to metallic.

However, there are seldom theoretical works to simulate the
growth of SiCAIN alloys. The possible epitaxial structures of
SiCAIN are still remaining unknown. Modelling of epitaxial
structures would be helpful for the experimental synthesis.
In this paper, we have predicted the epitaxial growth structures
of SiCAIN alloys by an layered growth model. We have also
obtained the phase diagrams of epitaxial growth, which show that
3C-SiC, 4H-SiC, (SiC)s/6(AIN); /6, (SiC)3/4(AIN); /4, (SiC)z/5(AIN); s5,
(SiC)1 2 (AIN); 5, and 2H-AIN are likely to be formed during
epitaxial growth.

The paper is organized as follows. Section 2 describes the
methods. In Section 3 we first show the layered growth phase
diagrams and the corresponding phase structures, and then the
electronic properties of the short periodical SiCAIN alloys
predicted by our layered growth model. The conclusions of this
work are presented in Section 4.

2. Methods

SiC and AIN both exhibit polytypism. Among more than 200
different polytypes of SiC [18], the most common ones are 3C-SiC
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(zinc-blende), 2H-SiC (wurtzite), 4H-SiC, 6H-SiC, and 15R-SiC.
The band gap of SiC ranges from 2.403 eV for 3C-SiC to 3.33 eV for
2H-SiC [19,20]. AIN usually has hexagonal wurtzite structure, but
it has also been reported to be stabilized in the zinc-blende
structure [21,22]. 4H-AIN and 6H-AIN polytypes have been grown
by MBE [23-26].

All the SiC (or AIN) polytypes could be considered as different
arrangements of hexagonal or cubic Si-C (or Al-N) bilayers by
stacking along the hexagonal [0001] or equivalent cubic [111]
direction geometrically. 2H-SiC (or AIN) is the pure hexagonal
stacking of Si-C (or Al-N) bilayers in the [0001] direction and
3C-SiC (or AIN) is the pure cubic stacking of Si-C (or Al-N)
bilayers in the [111] direction. The other polytypes such as
nH-SiC (or AIN) or nR-SiC (or AIN) in the Ramsdell notation [27]
can be considered as combinations of the two stacking sequences
of the nSi-C (or Al-N) bilayers in the primitive cell. In the Hagg
notation [28], each bilayer that can be stacked in two possible
orientations on the underlayer is labelled with the symbol
s; = £1. With this notation, the polytypes 3C, 2H, 4H, and 6H
can be represented as a repetition of + + +, +—, ++ ——, and
+ + + — —— unit cells, respectively. In the Zhdanov notation [29],
the consecutive + and — signs are summed up and the resulted
numbers are used to denote the structures. With this notation,
these four polytypes are denoted by symbols (o), (11), (22), and
(33), respectively.

Suggested by the experimental findings [11-13] and our first-
principle calculations, the SiCAIN alloy structures in this study
have the altering layers with the preferred interface bonding
configurations of Si-N and AI-C. One SiC polytype and one AIN
polytype stack alternately in each structure along the hexagonal
[0001] or equivalent cubic [111] direction. We notate these
structures with nH(CymH(C) (n=2, 3,4, 6, and m= 2, 3, 4, 6) in
which the first Ramsdell symbol denotes the SiC constituent and
the second Ramsdell symbol denotes the AIN constituent, for
example, 2H2H, 3C2H, 2H3C, and 4H2H denote 2H-SiC/2H-AIN,
3C-SiC/2H-AIN, 2H-SiC/3C-AIN, and 4H-SiC/2H-AIN, respec-
tively. In Fig. 1, we show the atomic configurations in the
hexagonal (1120) plane of some SiCAIN structures. The
nH(CO)mH(C) structures can be considered as different arrange-
ments of hexagonal or cubic Si-C and AI-N bilayers by stacking
along the hexagonal [0001] or the equivalent cubic [111]
direction geometrically. With Hédgg notation, the SiCAIN alloys
2H2H, 3C2H, 2H3C, and 4H2H can be represented as a repetition
of +A-A+B—-B, +A+A+A+B-B, +A-A+B+B+B, and
+A+A —A—A+B— B unit cells, respectively, in which the +A
represent Si-C bilayers and the +B represent Al-N bilayers.

[0001]

®si ec @A enN

(1100]

A B C A A BCAABU CA A BTZCA
2H2H 3C2H 2H3C 2H4H

Fig. 1. (Colour online) The atomic configurations in the hexagonal (112 0) plane of
some SiCAIN structures.

The one-dimensional stacking sequences of SiC polytypes have
been described [30-37] by an axial next-nearest neighbour Ising
(ANNNI) model [38-41]. Here we propose a model to represent
SiCAIN alloys by extending the ANNNI model. As there are two
kinds of bilayers in SiCAIN alloys, we have introduced an lattice
gas variable ¢} to represent the bilayer species and the chemical
potential x4 into the ANNNI model. Thus, the Hamiltonian of the
SiCAIN system can be represented by

1 1
H=fo-§22 S I otsiolsic+ nyg 2ol —ab (1)
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where Ej is the energy constant, N is the number of the bilayers,
and u is the chemical potential. The label i runs over the bilayers
in the unit cell. A “spin” s; = +1 is associated with each bilayer
such that the parallel spin represents a locally cubic stacking, and
the antiparallel spin represents a locally hexagonal stacking.
o (or f3) takes values of A and B, which represents Si-C bilayers and
AI-N bilayers, respectively. The lattice gas variable ¢} represents
the ith bilayer species. ¢/ = 1 and ¢® = 0 when the ith bilayer is a
Si-C bilayer. ¢4 = 0 and ¢® = 1 when the ith bilayer is an Al-N
bilayer. Thus, each bilayer of SiCAIN alloys is presented with two
symbols ¢} and s;. The first symbol represents the bilayer species
and the second represents the bilayer stacking orientation. The
parameters Ji* represent the interlayer interactions between two
kth nearest neighbouring Si-C bilayers, ]’,fB represent the interlayer
interactions between two kth nearest neighbouring Al-N bilayers,
and j’,jB represent the interlayer interactions between kth nearest
neighbouring Si-C and Al-N bilayers. The long-range interactions
are small and we restrict the interlayer interactions to the third
neighbours (k<3). Thus the total energies per bilayer of the
nH(C)mH(C) system can be expressed by the interlayer interaction
parameters, which are listed in Table 1.

We have performed first-principle calculations using VASP
(Vienna ab initio simulation package) [42-45] to obtain the total
energies of the nH(C)mH(C) system which are shown in Table 1.
The approach is based on an iterative solution of the Kohn-Sham
equations of the Density-Functional-Theory (DFT) in a plane wave
basis set with the Vanderbilt ultrasoft pseudopotentials [46]. We
use the exchange-correlation functional with the generalized
gradient approximation given by Perdew and Wang [47]. We set
the plane wave cut-off energy to be 600 eV and the convergence of
the force on each atom to be less than 0.01eV/A to optimize the
lattice constants and the atom coordinates. The mesh of gamma

Table 1
The total energies of the nH(C)mH(C) system per bilayer represented by the
parameters in the layered growth model and calculated by DFT.

SiCAIN Hamiltonian E (eV)
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