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Trends in bonding configuration at SiC ÕIII–V semiconductor interfaces
Jin-Cheng Zheng, Hui-Qiong Wang, A. T. S. Wee,a) and C. H. A. Huan
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The structural and electronic properties of interfaces betweenb-SiC and III–V semiconductors are
studied by first-principles calculations. Favorable bonding configurations are found to form between
Si–V and C–III~model A! for BN, AlN, AlP, AlAs, GaN, GaP, GaAs, InN, InP, InAs, and InSb, and
Si–III and C–V ~model B! for BP, BAs, BSb, AlSb, and GaSb. The relationship between the
formation energy difference and lattice constant difference, as well as the charge distribution, for
these two models is found. The origin of bonding configurations can be explained in terms of the
ionicity of III–V semiconductors, electrostatic effect, charge distribution, and band-structure
component. ©2001 American Institute of Physics.@DOI: 10.1063/1.1402162#
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There has been increasing interest in silicon carb
~SiC! due to its favorable electronic properties, anomalo
charge transfer, and extreme elastic and ther
properties.1–5 The technological realization of self
aggregating wires6,7 and quantized homostructures8 make it
one of the most promising materials for nanodevices, mic
electronics, sensors, and high-power, high-temperature
vices. An understanding of the SiC/substrate interface is
portant for the growth of high-quality SiC films
Furthermore, SiC is a promising substrate material for
growth of GaN or AlN semiconductors since GaN and A
are both well lattice matched to SiC. Previous studies on
interfaces between SiC and nitrides such as BN,9 AlN,10–13

GaN,13–15as well as BP10 semiconductors, have revealed t
favorable bonding configuration to be Si–N and C–B~Al,Ga!
rather than Si–B~Al,Ga! and C–N. In contrast, the stab
bonding configuration of SiC/BP is Si–B and C–P instead
Si–P and C–B.10 BP may be an example of an ‘‘anomalous
bonding configuration, while BN, AlN, and GaN are typic
examples with ‘‘normal’’ bonding configurations. Sever
questions arise as to why the bonding configuration betw
SiC and BP is different from that between SiC and nitrides
systematic study of bonding configurations at SiC/~III–V !
semiconductor interfaces is, therefore, needed to add
these questions. In this work, the linear-muffin-tin-orbi
~LMTO! band-structure method16 and local-density-
functional theory are used for electronic structure and to
energy calculations. We first study the lattice constant
total energy of~001! interfaces of SiC/~III–V !, and then dis-
cuss the general trends in bonding configuration for s
interfaces.

In our calculations, the LMTO16 is used in the atomic-
sphere approximation~ASA!. The approach is based on th
Hohenberg–Kohn–Sham density-functional method in
local-density approximation.17 To ensure an adequate d
scription of the potential at the tetrahedral interstitial sit
so-called empty spheres18 are introduced at suitable site
while preserving the crystal symmetry. It has been well
tablished that the ASA with interstitial empty spheres give
complete description of the electronic states and ground-s

a!Electronic mail: phyweets@nus.edu.sg
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properties in bulk semiconductors and at semiconduc
interfaces.19,20 The supercell approach is employed to calc
late the electronic structure and properties of SiC/~III–V !
superlattices, and to compare two different bonding confi
rations, i.e., Si–V and C–III for model A, and Si–III an
C–V for model B. The SiC/III–V superlattice~111! struc-
ture consists of periodic alternating layers of SiC and III–
semiconductors repeating in the~001! direction, as shown in
Fig. 1. This structure is a special case since it is both a~111!
~001! superlattice and a~110! superlattice. It is also the
CuAu structure~L10 structure! in (SiC)x(III–V) 12x alloys
with compositionx50.5. The phase diagram~stability! of
(SiC)x(III–V) 12x alloys can be calculated from the forma
tion energy of the SiC/III–V structure by a cluste
expansion,21,22 which is a generalization of the Connolly
Williams approach.23 Moreover, the superlattice~111! is the
simplest structure to distinguish the different bonding co
figurations of models A and B.

The total energy for SiC and 16 III–V semiconducto
were calculated and their bulk equilibrium lattice consta
obtained. The formation energies~see Ref. 9 for a definition!
of the ~111! superlattice of SiC/III–V semiconductors wer
then calculated to compare the different bonding configu
tions of model A~Si–V, C–III! and model B~Si–III, C–V!.

The formation energy difference@i.e., DEform(B2A)

FIG. 1. Two bonding models for the~111! SiC/~III–V ! superlattice. Model
A: Si–V and C–III; model B: Si–III and C–V.
3 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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5Eform(B)2Eform(A)# of models A and B of the SiC/~III–V !
superlattice~111! along~001! are presented in Fig. 2~a!. We
find that model A~Si–V, C–III! is stable for SiC/~III–V !
with ~III–V !5BN; AlN, AlP, AlAs; GaN, GaP, GaAs; InN,
InP, InAs, and InSb. These results are in agreement with
previous studies on SiC/BN,9 and other works on
SiC/AlN,10–13 and SiC/GaN.13–15 For SiC/AlP, SiC/AlAs;
SiC/GaP, SiC/GaAs, SiC/InN, SiC/InP, SiC/InAs, and Si
InSb, we predict that they prefer the Si–V and C–III~model
A! bonding configuration. In previous studies, the bond
configuration at the SiC/BP interface was predicted to
Si–B and C–P~model B! due to the anomalous ionicity o
BP ~B is anion, and P is cation!.10 This study confirms tha
the favorable bonding configuration of SiC/BP is inde
Si–B and C–P. Interestingly, we find that besides SiC/
several other SiC/~III–V ! interfaces prefer model B configu
rations, namely, SiC/BAs, SiC/BSb, SiC/AlSb, and Si
GaSb. We note that the SiC/~III–V ! formation energy of
model A increases, while that of model B decreases, as
group V element changes from ‘‘N’’ to ‘‘Sb.’’ The formation
energy difference between models A and B decreases a
group V element changes from ‘‘N’’ to ‘‘Sb,’’ as shown in
Fig. 2~a!.

FIG. 2. Summary of the bonding configuration~a! of the interface at SiC/
~III–V ! semiconductors compared with the bulk charge distribution~b! of
element III ~i.e., B, Al, Ga, In! in ~III–V ! semiconductors. For~a!, the
energy difference in the Y axis is defined asDE(diff) 5Etot(B)2Etot(A) or
DEform(B2A)5Eform(B)2Eform(A). If model ‘‘A’’ is stable, then the en-
ergy difference is positive, while if model ‘‘B’’ is stable, the energy diffe
ence is negative. For~b!, the atom with positive~negative! charge indicates
it plays the role of cation~anion! in the compound. In the SiC/~III–V !
interface, the cation prefers to bond to C~anion!, and the anion prefers to
bond to Si ~cation!. The charge distribution~ionicity characterization! in
III–V semiconductors relates to bonding configurations at the SiC/~III–V !
interface closely.
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The formation energy difference and lattice constant d
ference has a linear relationship, as shown in F
3: DE(eV/atom)50.2DaB2A, where DaB2A5@a0(B)
2a0(A)#/a0(I)3100. Here,a0(B) is the lattice constant of the
SiC/~III–V ! superlattice~111! with model B;a0(A) is that
with model A; anda0(I ) is that of the ideal case@average of
SiC and~III–V ! bulk lattice constants#. The lattice constant
of the stable compound is close to the ideal lattice const
while that of the unstable compound expands, i
a(unstable).a(stable).a(ideal). This can be explained b
the large electrostatic energy in the unstable bonding c
figurations of SiC/~III–V ! that generate repulsive force
causing the lattice to expand. The linear relationship betw
the formation energy difference and lattice constant diff
ence indicate that the degree of instability of the bond
configuration is linearly related to the degree of lattice e
pansion.

The origin of bonding configurations can be explained
terms of the ionicity of III–V semiconductors, electrostat
effects, charge distribution, and band-structure compon
Regarding electrostatic effects, the cation–anion bondin
expected to be stable for the bonding configuration at S
~III–V ! interfaces. The charge distributions of III–V sem
conductors reflect their ionicity and clearly relate to t
bonding configurations, as shown in Fig. 2~b!. We note that
in SiC, Si acts as the cation~11.166ueu positive charge! and
C as the anion~21.166 ueu negative charge!. Because the
lower valence levels are associated with the carbon atom
plays the role of anion. From electrostatic arguments, cati
prefer to bond to anions at the interface between two co
pounds. The charge distribution in III–V semiconductors
clearly consistent with the predicted bonding configuratio
at the SiC/~III–V ! interface except for InSb. InSb has lo
ionicity ~the charge distribution in In is about20.03, and
that of Sb is about10.03 ueu!, and hence, it is not surprisin
that the energy difference between models A~Si–Sb, C–In!
and B ~Si–In, C–Sb! is small. The total energy calculation
give a small difference of 0.0040 eV/atom. Other effe

FIG. 3. Relationship between formation energy differences and lattice c
stant differences between bonding configurations of models A and B.
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such as strain energy will affect the bonding configuration
SiC/InSb since this interface has the largest lattice misma

The other important effect comes from band-struct
components. When the bonding configuration is unfavora
localized interface states occur in the main band gap, pu
ing the Fermi level up and causing the bands to shift upwa
For example, SiC/BN with favorable bonding configurati
~Si–N, C–B! shows semiconductor characteristics, while t
unfavorable model~Si–B, C–N! exhibits anomalous metallic
properties.9

In summary, total-energy calculations have been p
formed for SiC/III–V semiconductors, and the general tren
of the equilibrium lattice constant, formation energy an
bonding configuration are obtained. The relationship
tween the bonding configuration at the SiC/III–V interfac
and bulk charge distribution in SiC and III–V semicondu
tors, as well as that between formation energy and lat
constant, is discussed.
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