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Stability and band offsets of polar GaN/SiC„001… and AlN/SiC„001… interfaces

M. Städele, J. A. Majewski, and P. Vogl
Physics Department and Walter Schottky Institute, Technical University Munich, Am Coulombwall, D-85748 Garching, Germ

~Received 5 February 1997!

We present first-principles calculations of structural and electronic properties of polar@001#-oriented inter-
faces betweenb-SiC substrates and strained cubic GaN or AlN. The formation enthalpies of reconstructed
interfaces with one and two mixed layers and lateralc(232), 231, 132, and 232 arrangements are
calculated. We find interfaces containing C-N ‘‘donor’’ and Si-Ga ‘‘acceptor’’ bonds to be energetically highly
unfavorable. The most stable interfaces are predicted to possess unsaturated Ga-C and Si-N bonds only. Simple
electrostatic arguments suffice to explain the energetically lowest lateral reconstructions among structures that
have the same chemical composition. The present self-consistent total-energy minimizations show that atomic
relaxations play a crucial role both energetically as well as for the band offsets. Qualitatively, these relaxations
can be understood as size effects of the constituent atoms. The electronic valence-band offsets of various
stoichiometric interface structures of GaN/SiC~001! and AlN/SiC~001! heterojunctions are found to depend
strongly on the chemical composition of the interface layers but are less sensitive to the type of lateral
reconstruction. Interfaces that have different chemical compositions but comparable formation enthalpies lead
to valence-band offsets in the ranges of 0.8–1.8 eV and 1.5–2.4 eV, respectively, depending on the detailed
interface mixing. However, the valence-band maximum is found to lie higher in SiC than in GaN or AlN in all
cases.@S0163-1829~97!09236-9#
e
an
fo

s
ge
ic

le
an
m

O

e

o
is
N

ar
ifi
it
th
l
b-
o

th

tie

ce
pect

xed
nic
nt.
e is
lat-
atly

he-

ro-
per-
e

for
c
t
ic

and
mi-
on

d-
off-

the
ns
I. INTRODUCTION

The III-V nitrides GaN, AlN, and their alloys appear to b
promising candidates for high-power, high-temperature,
high-frequency microelectronic applications as well as
blue and ultraviolet light-emitting diodes and lasers.1–4 So
far, most of the research has focused on GaN, but AlN-ba
heterosystems5–9 show some advantages due to the lar
band gap of 6.2 eV and the excellent thermal and chem
characteristics of AlN.10

A major challenge for applications is the lack of a suitab
lattice-matched substrate that allows pseudomorphic
defect-free heteroepitaxial growth of GaN. The most co
monly used substrate is sapphire~Al 2O3) even though it
shows a huge 14%~12%! lattice mismatch relative to GaN
~AlN !. A range of alternatives such as Si, GaAs, InP, Zn
MgO, and Mg2Al 2O4 has been looked at,1,10,11 but the re-
sulting films still suffer from very high defect densities of th
order of 1010 cm22, which limits the lifetime of electronic
devices considerably. SiC seems to be one of the most pr
ising substrate materials at the present time since there
relatively low lattice mismatch between SiC and Ga
(' 3.5%!, and especially AlN (' 0.5%!. In addition, SiC
and the nitrides exhibit very similar thermal expansion ch
acteristics and possess the same types of structural mod
tions, namely, cubic zinc blende and hexagonal wurtz
structures. Epitaxial growth has been studied both on
cubic 3C phaseb-SiC ~Refs. 12–17! and the hexagona
6H-SiC.18–22 Whereas the wurtzite structure is the equili
rium bulk phase of the nitrides, their zinc blende phase is
considerable interest as well. It forms during growth onto
~001! surface of cubic SiC substrates12–17and is expected to
have superior electrical properties.2,10

In this paper, we presentab initio local-density-functional
calculations of formation enthalpies and band discontinui
560163-1829/97/56~11!/6911~10!/$10.00
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of polar interfaces between cubic SiC~001! substrate and
lattice-matched, strained zinc blende GaN or AlN. Sin
abrupt polar interfaces are energetically unstable with res
to the interdiffusion of atoms across the interface,23,24 we
consider several intermixed, reconstructed, and fully rela
geometries and compare their relative stability. Electro
and ionic degrees of freedom are fully taken into accou
Indeed, the atomic relaxation near the GaN/SiC interfac
significant due to the 3.5% mismatch between the bulk
tice constants of SiC and GaN. Thus, this relaxation gre
affects electronic properties such as band offsets.

Most theoretical investigations have focused on the co
sive and electronic properties of bulk nitrides up to now,25–36

whereas fewer publications have dealt with nitride hete
structures. Electronic structure calculations have been
formed for short-period GaN/AlN superlattices in th
wurtzite37,38 as well as in the zinc blende37,39 structure. In
addition, valence-band offsets have been predicted
pseudomorphic GaN/AlN, GaN/InN, and AlN/InN zin
blende36,39 and wurtzite36 heterostructures. Little is ye
known, however, about the detailed microscopic atom
structure of nitride-substrate interfaces such as GaN/SiC
AlN/SiC and the corresponding band discontinuities. Se
empirical tight-binding calculations have predicted formati
energies for various nonpolar AlN/SiC interfaces,40 unrecon-
structed hexagonal GaN/SiC~0001! interfaces,41 and for re-
constructed polar GaN/SiC~001! interfaces.42 The latter pa-
per focused on reconstructedb-SiC surfaces with a GaN
coverage of a few monolayers. The only first-principles stu
ies we are aware of have studied the stability and band
sets of the nonpolar AlN/SiC zinc blende@110# interface,43

and total energies of@0001#-oriented GaN~Ref. 44! and AlN
~Ref. 45! films on a hexagonal SiC substrate.

A characteristic of SiC and nitride heterostructures is
significant amount of strain that adds to the complicatio
6911 © 1997 The American Physical Society
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brought about by the polar nature of the interfaces. In m
of the semiconductor heterostructure interfaces that w
studied theoretically so far, strain played a negligible ro
e.g., in Ge/GaAs,46–51 ZnSe/GaAs,47,48,52 ZnSe/Ge,47,48 and
Si/GaP~Ref. 51! heterostructures. A noticeable exception a
the strained and reconstructed polar Si/GaAs interfaces
have been analyzed byab initio studies in Refs. 51 and 53

This paper is organized as follows. In Sec. II, we discu
the types of reconstructed interfaces that we have stud
and briefly define the basic quantities of interest, nam
formation enthalpies and band offsets. In Sec. III, we
scribe the computational schemes employed and give s
numerical details. The main results and predictions are
sented and discussed both quantitatively as well as qua
tively in Sec. IV. Section V gives a brief summary.

II. CHARACTERISTICS OF RECONSTRUCTED
INTERFACES

A. Interface types with a single mixed layer

Abrupt, pseudomorphic@001# interfaces between cubi
SiC and GaN~AlN ! consist of two adjacent monoatom
layers. At such an abrupt interface, every chemical tetra
dral bond is a nonsaturated~or ‘‘wrong’’ 54! bond with either
more ~termed ‘‘donor bond’’! or less ~termed ‘‘acceptor
bond’’! than two electrons, creating a macroscopica
charged donor or acceptor interface. This is illustrated in F
1, which depicts schematically an abrupt Si-N donor int
face with a localized pileup of the electronic charge. T
and the following figures also show electronic valence d
sities n̄ that are macroscopically averaged according to
~7! and are results of the presentab initio calculations that
will be discussed in detail in the subsequent sections. N
rally, such a highly charged interface is energetica
unstable23,24,47,48,51,52and reconstructs in such a manner as
become neutral on the average, i.e., to contain as many d
as acceptor bonds. The simplest way to achieve this typ
charge compensation in a donor~acceptor! interface is to
replace every other group V~group III! atom by a group IV
atom or, equivalently, every other group IV atom by a gro
III ~group V! atom at the interface. The resulting interfac
contain an atomic layer with two chemical constituents t
is sandwiched in between two monoatomic layers, as
picted schematically in Figs. 2~a! and 2~b!. These figures
also show that the electronic charge distribution near
interface is significantly smoother and more delocalized t
in the abrupt case.

FIG. 1. Schematic view and averaged valence electron den

n̄ perpendicular to the interface in an abrupt GaN/SiC~001! inter-

face with Si-N donor bonds~marked by thicker lines!. n̄ is normal-
ized to the number of electrons in the bulk unit cell.
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Interfaces with several mixed atomic layers have ev
smaller dipole moments and are able to distribute the do
and acceptor bonds more evenly across several layers, w
can be energetically more favorable. In this paper, we h
studied interface reconstructions both with one as well
with two mixed atomic layers. Indeed, experimental e
dence for 6H-AlN/SiC interface reconstructions with on
one mixed layer was presented recently by Ponceet al.55–57

Similar types of reconstructions were also found in ea
stages of GaN growth on SiC~Ref. 58! and GaAs~Ref. 59!
substrates.

Henceforth, we will focus on pseudomorphic@001#-
oriented, intermixed, and reconstructed interfaces betw
zinc blende SiC substrate and~strained! zinc blende GaN.
The most general atomic layer sequence perpendicula
such an interface with asinglemixed interface layer can be
written in the form~the mixed layer is indicated by bracket!

•••c-s-c-@sxs
cxc

gxg
nxn

#-n-g-n•••. ~1!

Here, the atomic layers parallel to the~001! plane have been
denoted by lowercase letters in order to be able to discus
possible interface combinations together. Adjacent ato
layers denoted byc-s representeither the sequence C-Si o
Si-C. Similarly, the adjacent layersn-g stand foreitherN-Ga
or Ga-N. Note that the atomic layers next to the mixed
terface layer arec on one side~i.e., C or Si! andn ~i.e., N or
Ga! on the opposite side, respectively.

In general, a compensated interface with one mixed la
may contain all four types of atoms Si, C, Ga, and N w
corresponding concentrationsxSi , xC, xGa, andxN that obey
the conditionxSi1xC1xGa1xN51. Many of these combina
tions are energetically unfavorable and physically impla
sible, however. Highly unsaturated or oversaturated III-III
V-V bonds are unlikely to form, as has already been poin
out previously for alloy systems.60,61 Therefore, we exclude
Ga-Ga or N-N bonds and requirexn 5 0. Similarly, we re-

ity

FIG. 2. Schematic views and averaged valence electron de

ties n̄ of the reconstructed GaN/SiC~001! interfaces with~a! one
mixed @Si,Ga# and ~b! one mixed@C,N# layer. Thicker and thinner

lines mark donor and acceptor bonds, respectively.n̄ is normalized
to the number of electrons in the bulk unit cell.
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56 6913STABILITY AND BAND OFFSETS OF POLAR . . .
quirexc 5 0, thereby excluding all pure cation-cation~Si-Si!
and anion-anion~C-C! bonds. The remainings-n and c-g
nonsaturated bonds act as donor and acceptor~or acceptor
and donor! and must occur in pairs in order to guarant
charge compensation, which leads to the condit
xs5xg50.5. In total, this gives four possible types of inte
faces that can be labeled by the two types of atoms in
interface layer as follows:

@C,Ga#:•••Si-C-Si-@C0.5Ga0.5#-N-Ga-N•••,

@Si,N#:•••C-Si-C-@Si0.5N0.5#-Ga-N-Ga•••,

@Si,Ga#:•••C-Si-C-@Si0.5Ga0.5#-N-Ga-N•••,

@C,N#:•••Si-C-Si-@C0.5N0.5#-Ga-N-Ga•••. ~2!

Note that none of these@s,g# interfaces contains nonsa
urated s-g bonds. Instead, there are 50% saturated b
bonds, 25% nonsaturatedc-g and 25% nonsaturateds-n
bonds. Schematic views of the@Si,Ga# and @C,N# interfaces
are depicted in Figs. 2~a! and 2~b!.

In the construction of each@s,g# interface, one additiona
degree of freedom remains, namely, the pattern formed
the atoms within the mixed layer. We have studied theor
cally three different arrangements~shown in Fig. 3! that are
compatible with charge compensation: ac(232) reconstruc-
tion, where every atom of one type is surrounded by fo
atoms of the other type, and 231 and 132 reconstructions,
where every atom has two like and two unlike neighbo
These types of reconstructions are not the only conceiv
ones but they are the simplest and most common structu
In fact, recently similar types of reconstructions have be
identified experimentally at SiC~Ref. 62! and GaN~Refs. 58
and 59! surfaces and for AlN/SiC~Ref. 56! and GaAs/Ge
~Ref. 63! interfaces.

The laterally averaged valence electron densities par
to the interface plane are, to an excellent degree of appr
mation, independent of the lateral reconstruction. Theref
it is unnecessary to specify the type of lateral reconstruc
in the previous Figs. 2~a! and 2~b!.

B. Interface types with two mixed layers

The number of possibilities to form interfaces withtwo
adjacent mixed atomic layers is obviously even larger th
for the previously discussed case. However, following

FIG. 3. Positions of the atoms in the single mixed~001! inter-
face layer forc(232), 231, and 132 lateral reconstructions.
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same arguments as before, we restrict our focus on interf
where~i! each of the two mixed layers contains exactly tw
kinds of atoms and~ii ! there are no common atoms in an
two adjacent layers. Using the same shorthand notation
before @(c,s)5~C,Si! or ~Si,C!, (n,g)5~N,Ga! or ~Ga,N!#,
these conditions lead to the following sequence of atom
layers:

•••c-s-c-@sxs
g12xs

#-@cxc
n12xc

#-g-n-g•••. ~3!

Charge compensation requires the number ofs-n nonsat-
urated bonds to equal the number ofc-g nonsaturated bonds
The s-n bonds occur only in between the two mixed laye
and therefore have a concentration ofxs(12xc). On the
other hand, thec-g bonds occur not only between the tw
mixed layers with a concentration ofxc(12xs), but also in
between each mixed interface layer and its adjacent b
layer with concentration 12xs andxc , respectively. By set-
ting the sum of these concentrations equal to the concen
tion of the s-n bonds, one is finally led to the conditio
xs2xc50.5 for a charge compensated interface.

This condition puts a constraint on the structure of t
lateral unit cell. LetNi be the number of atoms of speciesi
and NL the total number of atoms in the lateral unit ce
Since xi5Ni /NL , charge compensation requiresNL/25
Ns2Nc . The smallest natural numbers that fulfill this rel
tion areNL54, Ns53, andNc51, which implies a concen-
tration ratio of 3:1 for the two types of atoms in each of t
two mixed layers. There are four such arrangements poss
that we label byca, ac, ca8, and ac8, respectively. The
structureca contains cation-type atoms~Si and Ga! in the
first layer and anion-type atoms in the second while the s
ation is reversed for the second structureac. The structures
are given by

ca:•••C-Si-C-@Si0.75Ga0.25#-@C0.25N0.75#-Ga-N-Ga•••,

ac:•••Si-C-Si-@C0.75N0.25#-@Si0.25Ga0.75#-N-Ga-N•••.
~4!

The remaining two sequencesca8 and ac8 are obtained
by swapping the atoms Si↔C. A schematic side view of the
layer sequences, Eq.~4!, and their average electron densiti
is shown in Fig. 4. We note that the total charge distributio
across any of these interfaces possess a small but nonva
ing dipole moment as can be seen from the slight asymm
in n̄ (z) in this figure. The magnitude of this dipole mome
turns out to be almost the same forca andac.

We have not yet completely specified the arrangemen
the atoms within the lateral unit cell. WithNL 5 4, it may be
arranged in a 232 or a 431 reconstruction pattern. In th
subsequent section, we will show that there are very g
reasons to expect homogeneous and isotropic types of ch
arrangements with small unit cells to be energetically fav
able. Therefore, we have only studied unit cells with fo
atoms per layer and 232-type reconstructions. Symmetr
allows two types of 232 arrangements, one containing fo
@termed 232~4!# and the second one containing five@termed
232~5!# donor and acceptor bonds per lateral unit ce
These two types of structures are depicted in Fig. 5. Si
the laterally averaged valence electron densities are virtu
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identical for the 232~4! and 232~5! reconstructions, Fig. 4
displays only the former situation.

In this paper, we focus onpseudomorphicallygrown GaN
films on an unstrained SiC substrate. Consequently, the
tride films are biaxially strained with a lateral strain tens
element given byaGaN/ai-1, and the lateral lattice constan
ai5aSiC equals the bulk lattice constant ofb-SiC. In our
calculations, we have modeled all heterostructures
stoichiometric superlattices containing an integer numbe
SiC and nitride bulk units, respectively. In this way, th
physical quantities of interest, such as formation enthalp
and valence-band offsets~VBO! can be determined straigh
forwardly.

C. Formation enthalpies and valence-band offsets

The relative stability ofp3q reconstructed interfaces ca
be assessed by computing the formation enthalpiesdH int of
corresponding superlattices at zero temperature,

FIG. 4. Schematic views and averaged valence electron de

n̄ of the ~a! ca and ~b! ac GaN/SiC interface with two mixed
layers. Thicker and thinner lines mark donor and acceptor bo

respectively.n̄ is normalized to the number of electrons in the bu
unit cell.

FIG. 5. Schematic view of lateral arrangements of atoms in
two mixed layers at the reconstructed~a! 232~5! and ~b! 232~4!
ca interfaces of GaN/SiC~001!.
i-
r

y
f

s

dH int5
1

2pq
~Etot

sup2mGaNEtot
GaN@ai#2nSiCEtot

SiC@ai# !. ~5!

Here,Etot
sup5Etot

sup(ai) is the ground-state energy of the supe
cell with mGaN and nSiC chemical units of GaN and SiC
respectively. The total energy of this supercell is minimiz
with respect to all electronic and ionic degrees of freedo
with the only constraint of the lateral lattice constant bei
held fixed atai . Apart from this constraint, all atomic pos
tions in the unit cell as well as the lattice constant of t
supercell in the growth direction are optimized. As indicat
by the factor 1/2 in Eq.~5!, this expression actually refers t
the averageformation enthalpy of both interfaces in the s
percell. However, for@001# reconstructed interfaces that a
of interest in this work, one can always find supercells wh
both interfaces are identical. In the case of the 231 and
132 reconstructions, this requires an enlargement of the
eral area of the supercell by a factor of 2.

The valence-band offsetDEV at an interface between tw
semiconductors can be conveniently split up into two term64

DEV5D V̄1DEBS, ~6!

whereD V̄ is the asymptotic difference between the latera
and vertically averaged electrostatic~Hartree plus ionic! po-
tential V(r ) in the superlattice far from the interface. Th
averageV̄(z) of the electrostatic potential at distancez from
the interface can be defined by

V̄~z!5
1

Acell
E dxdyE dz8dz9wGaN~z2z8!wSiC~z82z9!

3V~x,y,z9!,

wbulk~z!5
1

2dbulk
Q~dbulk2uzu!. ~7!

Here, Acell is the lateral unit cell area in thex,y plane,Q
denotes the unit step function, anddbulk is the@001# distance
between atomic layers within the~strained! bulk materials
~GaN, SiC! far from the interface. We have used an expre
sion analogous to Eq.~7! for the macroscopically average
electron densityn̄ (z) in Figs. 1, 2, and 4. We note that th
present results do not depend sensitively on the deta
choice of the weighting functionwbulk that averages out al
short-range contributions to the potential. By integrating
Poisson equation across the interface and noting that
macroscopic electric field is zero deep inside the bulk ma
rials, it follows thatD V̄ equals 4pep, wherep is the dipole
moment~per unit area! of the macroscopically averaged ele
tronic and ionic charge density across the interface. It
nonzero due to the rearrangement of charge near the in
face relative to the two bulk crystals and thus depends on
detailed interface geometry.

The second term in Eq.~6!, DEBS5Ev~SiC!-Ev~GaN!, is
the difference between the eigenvalues of the top of the
lence band in the two bulk materials, measured with resp
to the average electrostatic potentialV̄ ~that is arbitrary and
may be set to zero for a bulk solid!. DEBS is, by definition, a
bulk property of the two constituent solids, and can be o
tained from standard bulk band-structure calculations for S
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and strained GaN, respectively. The spin-orbit coupling
fluencesDEBS and consequently the band offsets by le
than 0.01 eV in the presently studied systems. Relativi
effects have therefore been neglected.

III. COMPUTATIONAL DETAILS

The present calculations are based on the first-princi
total-energy pseudopotential method within the loc
density-functional formalism~LDA !.65 The LDA was imple-
mented using the Ceperley-Alder66 electron-gas exchange
correlation energy, as parametrized by Perdew and Zung67

The Kohn-Sham equations have been solved s
consistently, employing a preconditioned conjugate grad
algorithm,68 and minimizing the total energy with respect
the electronic densityand to the ionic coordinates. The
electron-ion interaction was modeled by norm-conservi
fully separable ionic pseudopotentials according to
method of Troullier and Martins.69

Pseudopotential calculations for nitrides are very dema
ing computationally since carbon and nitrogen have no c
p states and consequently possess strongly localizedp-state
pseudo wave functions requiring large kinetic energy cuto
Additionally, the 3d states of Ga overlap with the N 2p and
even 2s wave functions in the solid GaN. Indeed, it wa
pointed out recently that total energy calculations with f
zen Ga 3d states can lead to considerable errors in the co
sive properties of GaN.25 Fortunately, we found that a fully
dynamic treatment of the Ga 3d states is unnecessary in Ga
and the related compounds, as will be shown in the follow
section.

A. Choice of pseudopotentials—bulk calculations

In order to determine transferable soft Troullier-Martin
type pseudopotentials that are suitable for interface calc
tions, we have first determined the lattice constants, inte
strain parameters and bulk moduli of bulk zinc blende a
wurtzite GaN, AlN, and SiC. The pseudopotentials ha
been generated with neutral atomic configurations and
cluded angular momenta up tol 52, with thel 51 compo-
nent acting as local potential. The semicore Ga 3d electrons
have been treated as part of the frozen core, but their ove
with the valence electrons is accounted for by including
nonlinear core correction70 in the exchange-correlation po
tential and energy. In fact, we have applied this concept to
atoms in the present calculations. For the Ga, Al, and
atoms, well established pseudopotential cutoff radii71 ~in
units of the Bohr radius! were used:r s5r p52.50, r d5 2.80
for Ga; r s5r p52.10, r d52.40 for Al, andr s5r p5r d52.10
for Si. For C and N, cutoff radii between 1.25 and 2.70 ha
been tested and found to change the structural paramete
GaN, AlN, and SiC very little up tor l 52.00. Finally, we
have usedr s

C 5 r p
C 5 r d

C 5 1.90, andr s
N 5 r p

N 5 r d
N 5 2.00.

These pseudopotentials require a kinetic energy cutof
only 32 Ry to yield well converged cohesive properties. T
values in Table I have been obtained with 63 Ry but t
higher cutoff alters total energies by less than 0.1 eV/at
and lattice constants by less than 0.005 Å. Allk-space inte-
grations for the total energy were performed with 10 and
specialk points72,73 for the zinc blende and wurtzite struc
ture, respectively.
-
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The important outcome of these bulk calculations is t
the cohesive properties of GaN can be very accurately re
duced by treating the 3d electrons as rigid core states, pr
vided the exchange-correlation energy accounts for the t
electronic density rather than the valence density only.
fact, by treating the Ga 3d electrons as valence states with
kinetic energy cutoff of 250 Ry, we have found the latti
constant to change by only a small amount~from 4.497 to
4.528 Å!, in contrast to the pessimistic conclusions of R
25.

B. Choice of supercells

The numbers of SiC and GaN bulk monolayersn andm,
respectively, need to be sufficiently large to suppress
interaction between the two interfaces of the supercell.
interfaces with one mixed layer, the supercell conta
n1m12 layers since there are two interfaces in the sup
cell. The total number of atoms in the unit cell depends
the lateral reconstruction. For ap3q reconstruction, it is
given by (n1m12)3p3q, where thec(232) corresponds
to p5q5A2. Analogously, interfaces with two mixed laye
lead to (n1m14)3p3q atoms in the supercell.

In the present calculations, we have usedn5m53, 5, or 7
for interfaces with a single mixed layer andn53 andm55
for the interfaces with two mixed layers, respectively. W
note that the choicen57 already exceeds the critical thick
ness of GaN on SiC substrate.74

Our initial atomic configuration—that we will refer to a
unrelaxed—is based on~calculated! bulk lattice constants of
SiC and biaxially strained GaN for all monoatomic~001!
layers. For the distance between a mixed interface layer
an adjacent bulk layer, we use a layer separation that co
sponds to the latter bulk material. Two mixed interface la
ers are separated by the arithmetic average of the SiC
strained GaN bulk layer distances. Laterally, all atoms
put on zinc blende lattice positions.

TABLE I. Calculated lattice constantsa andc in Å, dimension-
less hexagonal cell-internal structural parameteruwz ~that equals 3/8
for ideal tetrahedral coordination! and bulk modulusB0 in Mbar of
wurtzite and zinc blende structure compounds. Known experime
values are given beneath the calculated values.

a c B0

Compound ~Å! ~Å! ~Mbar! uwz

GaN ~wurtzite! 3.182 5.171 2.01 0.3772
3.189a 5.185a 1.88–2.45b 0.377c

GaN ~zinc blende! 4.497 1.96
4.52a

AlN ~zinc blende! 4.350 1.99
4.38a

SiC ~zinc blende! 4.329 2.23
4.36a 2.24d

aReference 1.
bReference 25.
cReference 80.
dReference 77.
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C. Convergence tests

Starting from this configuration, we have minimized t
total energy with respect to the atomic positions in the u
cell. All Hellmann-Feynman forces and the stress ten
component in the growth direction have been required to
smaller than 0.02 and 0.002 eV Å23, respectively. Since the
reconstruction of the interface decreases its symmetry,
atoms relax both laterally away from the zinc blende po
tions as well as along the growth direction. It turns out th
the nonuniform relaxation of atoms near the interface ha
dramatic effect on the interface’s formation enthalpy a
VBO, as will be discussed in Sec. IV, whereas a unifo
stretching of the supercell length is much less important.

All k-space integrations in the supercell have been p
formed on consistentk-point meshes75 that are equivalent to
10 Monkhorst-Pack72 points for a bulk zinc blende structure
Denser meshes~19 points! changed the formation enthalpie
by less than 0.001 eV and the VBO by less than 0.05
Similarly, we have found these quantities to change by l
than 0.02 eV when the number of plane waves is increa
by using a kinetic energy cutoff of 100 Ry.

The convergence ofdH int with increasing interface sepa
ration n has been checked for all relaxedc(232) interfaces
by calculating superlattices withn,m53, 5, and 7. The en-
thalpies change by less than 0.05 eV fromn5m53 to
n5m57, in spite of the fact thatn55 supercells have a
different symmetry than the others. This indicates an acc
ably small interface-interface interaction. Due to the e
tended character of the top valence states and the high p
ity of the interfaces, the calculated band offsets a
unfortunately, less well converged and depend more se
tively on n. With n5m 5 3, 5, and 7, we obtained valence
band offsets of 1.4, 1.4, and 1.8 eV for the@Si,Ga# and 0.2,
0.5, and 0.8 eV for the@C,N# c(232) interface, respectively
Fortunately, we find at least thedifferencesbetween the band
offsets of different structures to be practically identical f
n55 and n57. Taking these convergence properties in
account, we consistently employed supercells withn5m55
and n55, m53 for the total energy studies of GaN/Si
interfaces with one and two mixed layers, respectively.
table entries presented below for GaN/SiC interfaces h
been obtained with these geometries. For the accurate
diction of the GaN/SiC and AlN/SiC band offsets as well
for the determination of the cohesive properties of the A
SiC interfaces, we used the maximum number of atomic l
ers that we were able to handle computationally, nam
n5m57.

IV. RESULTS AND DISCUSSION

A. Stability and lattice relaxation of GaN/SiC„001… interfaces

First, we have calculated the formation enthalpies ofun-
relaxedGaN/SiC~001! interfaces containing a single mixe
atomic layer and ac(232) lateral unit cell. All these forma-
tion enthalpies turn out to be positive, indicating the me
stability of the underlying structures. However, the calcu
tions reveal striking differences between the interfa
depicted symbolically in Eq.~2!. The @Si,N# and @C,Ga# in-
terfaces with C-N and Si-Ga nonsaturated bonds are hig
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unstable withdH int54.47 and 5.08 eV, in contrast to th
@Si,Ga# and @C,N# interfaces withdH int50.28 and 0.17 eV,
respectively.

These findings can easily be understood qualitatively
terms of empirical covalent radiir cov and covalent bond
lengths dcov

A-B5r cov
A 1r cov

B of nearest-neighbor atomsA and
B.76 Indeed, the covalent bond lengths of the ‘‘wron
bonds’’ dcov

Ga-C52.03 Å anddcov
Si-N51.87 Å are close to those

of Si-C and Ga-N that equal 1.94 and 1.96 Å, respective
By contrast, the bond lengthsdcov

C-N 5 1.47 Å anddcov
Si-Ga5

2.43 Å deviate strongly from the lengths of the Si-C a
Ga-N backbonds. Consequently, the C-N and Si-Ga bo
are strongly stretched and compressed, respectively. Ato
relaxation tends to diminish these discrepancies, but can
remove the huge misfits in bond lengths completely sin
any deformations of the surrounding backbonds in the in
face structure cost too much energy. Accordingly, we fi
the interface formation enthalpies for the@Si,N# and @C,Ga#
interfaces to remain large and of the order of 2 eV even a
full lattice relaxation. Thus, we predict that the two latt
types of interfaces do not form. The same arguments a
justify a posteriori the exclusion of interfaces with C-C an
Si-Si bonds, sincedcov

C-C51.54 Å anddcov
Si-Si52.34 Å is again

far away from the bulk bond lengths. We note that simi
conclusions were reached in recent calculations of thin G
films on a 6H SiC substrate.44

We now turn to the effects of lattice relaxation. Figure
depicts the atomic positions near the fully relaxedc(232)
@Si,Ga# and @C,N# interfaces between SiC and GaN. The r
laxation changes the bond lengths between the atoms in
interface layer and the surrounding layers by as much as
Å. The predominant effect of lattice relaxation is easy
understand: the C and N atoms move towards the Si at
and away from the bigger Ga atoms. In the case of
@Si,Ga# interface, this implies a predominantly lateral rela
ation of the C and N atoms next to the interface that tend
compress the Si-N and Si-C bonds and to stretch the N
and Ga-C bonds at the same time. The interface atoms~C

FIG. 6. Projections of the atomic positions in the mixed inte
face layer and the two adjacent monolayers onto a~001! ~upper
panel! and a~010! ~lower panel! plane for a~a! @Si,Ga# type and~b!
@C,N# type GaN/SiC~001! interface withc(232) lateral reconstruc-
tion. Atoms in different~001! layers are shaded differently an
dotted circles represent unrelaxed atomic positions. In order to
phasize the effects of relaxation, the distances between relaxed
unrelaxed positions have been rescaled by a factor of five.
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and N! in the @C,N# interface, on the other hand, relax pr
dominantly vertically towards the neighboring Si layer a
away from the opposite Ga layer. Figure 7 shows that th
are also long-range distortions associated with the lattice
laxation. Even four monolayers away from the interface,
two structurally not equivalent bonds still differ by 0.02
from each other. Similar relaxation effects have been
served for all investigated interface structures.

Tables II and III summarize our numerical results for fo
mation enthalpies of the physically relevant interface str
tures for GaN/SiC. It is evident that the atomic relaxati
reducesdH int significantly. In fact, it even alters the relativ
stability of various structures. Whereas the@C,N# mixed
layer is energetically favored in the~unrealistic! unrelaxed
configuration, the fully relaxed@Si,Ga# interface has a lowe
energy than the@C,N# one.

FIG. 7. Bond lengths~in Å! near the GaN/SiC~001! interface as
a function of the distance from the interface. The type of mix
interface layer is~a! @Si,Ga# and ~b! @C,N# c(232!. Symmetry al-
lows two different bond lengths between atoms belonging to cer
adjacent~001! layers.

TABLE II. Calculated interface formation enthalpiesdH int ~in
eV! of c(232), 231, and 132 reconstructed and fully relaxe
interface structures with a single mixed interface layer contain
an equal concentration of two types of atoms specified in the
column. Values in brackets refer to unrelaxed structures. The
four rows refer to GaN/SiC~001! and the last four rows to AlN/
SiC~001! interfaces, respectively.

Interface
atoms c(232) 231 132

@Si,Ga# 0.04 0.14 0.15
~0.28! ~0.38! ~0.38!

@C,N# 0.08 0.16 0.16
~0.17! ~0.27! ~0.27!

@Si,Al# 0.34
~0.46!

@C,N# 0.36
~0.43!
re
e-
e

-

-

An important finding is the lateralc(232) reconstruction
to be systematically more stable than the 231 and 132
ones. This result is indicative of another important select
rule for the type of relaxed interfaces that are likely to for
in real systems and may be understood in terms of the
lowing simple electrostatic arguments, similar to those
veloped by Kley and Neugebauer52 for the ZnSe/GaAs sys
tem. Systems that possess nonsaturated bonds are kno
show a significant amount of charge transfer from the do
towards the acceptor bonds.51,52,54,60Clearly, the electrostatic
energy associated with this charge transfer increases in
portion to the separation between the positively and ne
tively charged bonds. Consequently, a lateral reconstruc
that distributes the nonsaturated bonds in a homogene
manner across the unit cell is energetically more favora
since it leads to smaller average distances between dono
acceptor bonds.

As a simple measure of this homogeneity, one may
the ratioNwr5(( ini)/Nns, where the sum runs over allNns
nonsaturated bonds in the system andni is the number of
nonsaturated bonds that are nearest neighbors of bondi . The
indexwr stands for ‘‘wrong bonds.’’ In a tetrahedral lattice
each bond possesses six nearest-neighbor bonds, so thaNwr
cannot exceed six. In addition,Nwr cannot be lower than one
in a charge compensated interface with a single mixed la
For the c(232), 231, and 132 reconstruction pattern
shown in Fig. 3, we findNwr51.0, 1.5, and 1.5, respectively
Thus, thec(232) structure is the optimal bond arrangeme
from an electrostatic point of view.

These electrostatic arguments explain qualitatively
major trends in the calculated formation enthalpies of int
face structures that differ only in their lateral atomic arrang
ment ~cf. Table II!. The c(232) structures are the mos
stable ones, and the 231 and 132 patterns are energeticall
degenerate. Table II shows that even the formation enth
ies of the@Si,Ga# and @C,N# interfaces with 231 and 132
reconstructions are very close to each other, even tho
these structures do have different interface atoms but ca
transformed into each other by swapping cations and an
and possess the same number of unsaturated bonds. In
case, electrostatic arguments still seem to be applicable.

The formation enthalpiesdH int of the reconstructed inter
faces with two mixed layers, given in Table III, turn out
be systematically higher than those with one mixed lay
The 232~4! lateral reconstruction contains less nonsatura
bonds than the 232~5! pattern. Thus, the former structure
chemically more favorable. In addition, it possesses a m
homogeneous distribution of the nonsaturated bonds.

in

g
st
st

TABLE III. Calculated formation enthalpies~in eV! and
valence-band offsets~in eV! of 232 reconstructed and fully re
laxed GaN/SiC interfaces with two mixed monolayers. A positi
band offset indicates an energetically higher valence-band m
mum in SiC. Values in brackets refer to unrelaxed structures.

232~4! 232~5!

ca ac ca ac

dH int 0.23 0.24 0.38 0.37
~0.36! ~0.35! ~0.53! ~0.52!

DEV 0.8 0.8 0.8 0.9
~0.5! ~0.6! ~0.5! ~0.6!
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find Nwr to equal 1.0 for the 232~4! and 2.1 for the 232~5!
structures, respectively. According to the electrostatic ar
ments given above, one may expect a near degeneracy o
ca andac monolayer sequences since they differ only by
cation-anion swap~see Fig. 4!, and the numerical result
confirm this picture indeed.

B. Valence-band offsets of GaN/SiC„001… interfaces

In Table IV, the calculated valence-band offsets for str
tures with one mixed monolayer are given. All VBO’s of th
relaxed structures are positive, indicating that the topm
valence state lies energetically higher in SiC than in any
the nitride compounds discussed in this paper.

In the unrelaxed superlattices, the VBO’s converge r
idly with the number of bulk layers between the interfac
For these structures, already two monolayers away from
interface the averaged potentialV̄ reaches its asymptoti
bulk value. This is similar to findings for previously studie
interfaces.50,52,64 With fully relaxed atomic positions, how
ever, the plateaus inV̄(z) several layers away from the in
terface are less flat, as depicted in Fig. 8. This is a con
quence of the significant charge transfer between the do
and acceptor bonds in the interface layer that is induced

TABLE IV. Calculated valence-band offsetsDEV ~in eV! of
c(232), 231, and 132 reconstructed and fully relaxed interfac
structures with a single mixed interface layer containing an eq
concentration of two types of atoms specified in the first column
positive sign indicates an energetically higher valence-band m
mum in SiC. Values in brackets refer to unrelaxed structures.
first four rows refer to GaN/SiC~001! and the last four rows to
AlN/SiC~001! interfaces, respectively.

Interface
atoms c(232) 231 132

@Si,Ga# 1.4 1.4 1.3
~1.1! ~1.1! ~1.0!

@C,N# 0.5 0.4 0.4
(20.4! (20.4! (20.4!

@Si,Al# 2.4
~2.4!

@C,N# 1.5
~0.7!

FIG. 8. Macroscopically averaged electrostatic potentialV̄(z)
~in eV! in a supercell that models a@Si,Ga# type and@C,N# type
GaN/SiC~001! interface with one mixed layer.
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st
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e
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the large lattice relaxation. It leads to longer range contri

tions to V̄(z), which causes the VBO’s to be more sensiti
to the stoichiometric composition of the interface. Accor
ingly, the VBO associated with the@Si,Ga# and the@C,N#
interfaces differ by as much as 1 eV, in spite of their form
tion enthalpy being almost the same~see Tables II and IV!.

The band offsets of all 232 reconstructed interface
~Table III! with two mixed layers are, to a good approxim
tion, degenerate and lie in the middle between the two of
groups given by the heterostructures with a single mix
atomic layer.

According to Eq.~6!, the VBO can be split up into a bulk
contribution that is the same for all GaN/SiC or AlN/Si
interfaces, and a term proportional to the interface dip
moment. We find the bulk term to equal 2.93 and 3.32 eV
GaN/SiC and AlN/SiC, respectively. Thus, the charge red
tribution at the polar interfaces reduces this contribution
more than a factor of two.

C. Stability and valence-band offsets
of AlN/SiC„001… interfaces

Tables II and IV also contain the results of formatio
enthalpies and band offsets forc(232) reconstructed AlN/
SiC interfaces. Compared to GaN/SiC, the lattice misma
is considerably smaller and amounts to only'0.5%. In ad-
dition, the ‘‘chemical’’ mismatch between the atoms in th
interface ~Si-Al versus Si-Ga! is less pronounced. Conse
quently, the relaxed bond lengths at the interface are m
closer to each other than in the GaN/SiC case. For exam
we obtain 1.83, 1.93, 1.85, and 1.92 Å for the Si-C, Al-
Si-N, and Al-C bonds, respectively, at the@C,N# c(232)
interface.

Remarkably, we find the formation enthalpies of the Al
SiC interfaces to be about five timeshigher than those of the
corresponding GaN/SiC interfaces. The reason lies in
relative stability of the zinc blende and wurtzite phases
AlN and GaN. Whereas the hexagonal bulk phase of GaN
only slightly more stable than the cubic phase, we find
total energy difference between these phases to be more
twice as large in AlN, namely, 28.9 meV/atom compared
10.2 meV/atom in GaN. Thus, the pseudomorphic growth
AlN on a cubic substrate is energetically less favorable,
spite of the lower strain.

The chemical trends in the VBO’s of AlN/SiC hetero
structures are similar to those in the GaN/SiC system.
particular, the VBO of the@C,N# interface is smaller than tha
of the @Si,Al# interface whereas the formation enthalpies a
almost identical. All band offsets calculated in this pap
including the discontinuities in the conduction bands, a
summarized in Fig. 9. The nitride energy gaps repres
computedGW-corrected LDA energy gaps,29 and the SiC
gap equals the experimental value.77 Since the precise VBO
values depend on the detailed type and structure of the in
face, these heterostructures can only be characterized
range of VBO’s rather than by a single number. This is
dicated by the shaded energy ranges in the figure. In spit
these uncertainties, the present calculations predict that
AlN/SiC~001! and GaN/SiC~001! heterostructures are o
type I and II, respectively.
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D. Comparison with experiment

To the best of our knowledge, no direct experimen
measurements of the band offsets in cubic GaN/SiC~001!
and AlN/SiC~001! heterostructures have been performed
to now. Based on measurements of Schottky barrier hei
and AlN/GaN wurtzite band offsets, Wanget al.78 estimated
a VBO of 1.2 eV for GaN/SiC and of 1.85 eV for AlN/SiC
These values seem to agree with our predictions, altho
the data disregarded any interface orientation effects.
VBO of 0.8 eV between wurtzite AlN and 6H SiC given b
Benjaminet al.79 is not too far from our values either.

The strong dependence of the VBO on the structural
tails of the GaN/SiC and AlN/SiC interfaces suggests that
VBO’s in these systems may be dependent on the cry
growth conditions and vary significantly over a macrosco
sample. These variations reflect local changes in the inter

FIG. 9. Predicted band offsets between@001#-oriented, cubic
SiC substrate and pseudomorphic epitaxial GaN and AlN. Note
the fundamental band gap of zinc blende AlN is indirect~from G to
X!.
.
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dipole moment that accounts for a significant portion of t
total VBO, as discussed above. Such a clear relation betw
VBO’s and growth conditions has been recently observ
experimentally for polar ZnSe/GaAs~001!, ZnSe/Ge~001!,
and Ge/GaAs~001! heterostructures.47,48

V. CONCLUSIONS

We have presentedab initio studies of the stability of
various reconstructed polar GaN/SiC~001! and AlN/SiC~001!
interface geometries with one and two mixed layers at
interface. The preferred bonding configurations at the in
faces have been found to be Si-N and Ga-C~Al-C!. Our
calculations indicate that the interfaces with a single mix
layer and with ac(232! lateral arrangement are the mo
stable ones. The relative enthalpies of structures that d
only in their lateral atomic arrangements can be underst
qualitatively by simple electrostatic arguments. Our resu
indicate the atomic relaxation at the GaN/SiC~001! and AlN/
SiC~001! interfaces to play a crucial role in determining fo
mation enthalpies and band discontinuities. Our se
consistent total-energy minimizations show that t
magnitude and direction of the atomic relaxations are qu
tatively in accord with the different covalent radii of th
constituent atoms and steric arguments.

The calculated VBO’s depend strongly on the interfa
dipole moment that reflects the chemical composition of
interface, but are less sensitive to the type of lateral rec
struction. The GaN/SiC~001! and AlN/SiC~001! heterostruc-
tures are predicted to be of type II and I, respectively, w
the absolute valence-band maximum lying in SiC. The c
culated VBO’s lie in the range from 0.8 to 1.8 eV for GaN
SiC, and between 1.5 and 2.4 eV for AlN/SiC.
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