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Band-offset trends in nitride heterojunctions
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From first principles we have examined the band offsets of selected zinc-blende, wurtzite, and mixed
zinc-blende/wurtzite GaN/AlN, GaN/SiC, and AlN/SiC heterostructures, and their dependence on various
structural and chemical properties of the interfaces. Contrary to the case of the conventional, small-gap,
semiconductor heterojunctions, local atomic interfacial relaxation has a major influence on the offsets of the
polar heterovalent nitride systems. However, provided this effect is taken into account, the band-offset depen-
dence on interface orientation, strain, and heterovalency can still be qualitatively explained using linear-
response-theory schemes. We also show that a change in the band-gap discontinuity resulting from a cubic
~111! to hexagonal~0001! polytype transformation in nitride heterostructures will be selectively found in the
conduction-band offset.
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I. INTRODUCTION

The wide-gap nitrides, and in particular GaN, are mate
als of high interest for device applications in blue-violet o
toelectronics and high-temperature electronics.1 All GaN-
based devices demonstrated to date were fabricated
heteroepitaxy on sapphire or SiC substrates, in view of
low availability of the group-III nitride single crystals. With
respect to sapphire, SiC exhibits a much smaller lattice m
with GaN ~3.5 % versus;14 %! and more similar therma
expansion characteristics, which are expected to give ris
superior device performances. The existence of an alm
perfect lattice matching between SiC and AlN also ma
AlN a suitable buffer layer for GaN epitaxy on SiC.2 The
main parameters which govern the transport properties
quantum confinement in the resulting heterostructures are
valence- and conduction-band discontinuities at the in
faces. Presently, little experimental data and large uncert
ties exist on the band offsets at nitride interfaces.3–11 Theo-
retical values have been reported for some isova
heterojunctions,12–17 but are still scarce for heterovalen
systems,18–21and little is known yet about the structural an
chemical trends of these offsets as compared to those in o
semiconductor heterojunctions.

For conventional, smaller-gap, semiconductor syste
predictions based on linear-response theory, such as the
sitivity of the band-discontinuities at isovalent lattic
matched interfaces, provide an accurate description of
band-offset trends.22 For nitrides and related wide-gap mat
rials, however, it is unclear to what extent linear-respon
theory models still apply, because of the large ionicity of t
materials involved. Furthermore, even for GaN/AlN, whi
is the most studied among the nitride heterojunctions, c
flicting theoretical results exist concerning the effects
strain and local interfacial atomic relaxation on the band o
sets in pseudomorphic heterostructures.14,16
0163-1829/2001/63~24!/245306~13!/$20.00 63 2453
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Another important issue concerning the wide-gap hete
junctions is the effect of polytypes. Materials such as Ga
AlN, and SiC can be grown either in hexagonal or cub
crystalline forms, with substantially different band gaps.
was suggested15 that, due to the relative similarity of the
valence-band-edge states in cubic and hexagonal struct
the average valence-band offset~VBO! may not be very sen-
sitive to polytype. Although this is in general agreement w
the result of previousab initio calculations for zinc-blende
and wurtzite GaN/AlN heterojunctions,12,17 the systematics
of this behavior has not yet been established.

In this paper, by means of first-principles calculations
study the band-offset properties in nitride-based heterost
tures. As prototype systems, we consider isovalent GaN/A
and heterovalent GaN/SiC and AlN/SiC heterojunctions w
crystalline forms of increasing complexity, going from zin
blende to wurtzite, and to mixed zinc-blende/wurtzite h
erostuctures. We examine the band-offset dependence o
terface orientation, strain, heterovalency, and polytype. O
results indicate that, contrary to the case of the conventio
semiconductor heterojunctions, local atomic interfacial
laxation has a major influence on the offsets of the po
heterovalent nitride interfaces. We also show, however,
provided this relaxation is taken into account, the band-off
dependence on interface orientation, strain, and heter
lency can still be qualitatively explained using linea
response-theory schemes. Polytype effects will be discus
in connection with the effect of stacking faults in zin
blende/wurtzite heterojunctions, and will be shown to sel
tively affect the conduction-band offsets.

II. COMPUTATIONAL METHOD

The calculations were performed within the local-dens
approximation~LDA ! to density-functional theory, using th
pseudopotential plane-wave method. We employed
©2001 The American Physical Society06-1
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exchange-correlation functional of Ceperley and Alder,
parametrized by Perdew and Zunger.23 The pseudopotential
were generated with the method of Troullier and Martins24

For Ga, we generated two types of pseudopotentials with
Ga-3d orbitals treated either as core states or as vale
states. For the construction of the pseudopotentials, as a
erence configuration we used the valence-ground state o
non-spin-polarized atoms, and we employed the follow
core radii cutoffs~in a.u.!: r s5r p51.5 for C, r s5r p51.45
for N, r s5r p5r d51.8 for Al and Si, and r s5r p

51.65(2.0), r d51.65(2.4), andr f52.0(2.4) for Ga, with
the Ga-3d orbitals treated as valence~core! states. The
pseudopotentials were then cast into t
Kleinman-Bylander25 nonlocal form using thep orbital as
local component for all elements except Ga, for which thf
orbital was used. Unless otherwise stated, the results in
following sections correspond to calculations treating
Ga-3d orbitals as valence states.

The heterojunctions were modeled with supercells c
taining up to 24 atoms, i.e., up to 6 ML of each material
the cubic~110! heterojunctions, and 12 ML of each materi
for the cubic~100!, ~111! and hexagonal~0001! heterojunc-
tions. The supercell calculations were carried out with
plane-wave kinetic-energy cutoff of 60 Ry for systems w
no Ga atom or when the Ga-3d orbitals were treated as cor
states. A cutoff of 100 Ry was used, instead, when
Ga-3d orbitals were treated as valence states. Thek-space
integrations were performed with~4,4,1!, ~4,2,1! and ~3,3,1!
Monkhorst-Pack grids26 for the ~100!, ~110! and ~111! junc-
tions, respectively. For the hexagonal~0001! junctions, we
used the same grid as for the cubic~111! junctions.

Most of our calculations were performed for heterostru
tures pseudomorphically grown on a SiC substrate. For
in-plane lattice parameter, we used the calculated valu
the SiC equilibrium lattice constant, namely,aSiC(3C)
54.32 Å for the zinc-blende heterostructures andaSiC(2H)
53.06 Å for the wurtzite heterostructures; the experimen
values for the cubic and hexagonal phases are 4.36 and
Å, respectively.27 We neglected the small difference~less
than 1 %! between the equilibrium lattice constants of Al
and SiC, and treated these materials as lattice matched
the lattice parameter along the growth direction in the A
SiC~0001! wurtzite heterojunction, we used the SiC theor
ical equilibrium lattice constant:cSiC(2H)54.99 Å; the ex-
perimental values are 5.05 Å and 4.98 Å for SiC and Al
respectively.27,28

For GaN, the calculated equilibrium lattice parameters
tained with the Ga-3d electrons treated as valence electro
are aGaN(3C)54.46 Å, aGaN(2H)53.15 Å, andcGaN(2H)
55.14 Å. These values compare well with the experimen
values aGaN

expt(3C)54.50 Å, aGaN
expt(2H)53.19 Å, and

cGaN
expt(2H)55.18 Å.28 They yield an in-plane misfite i

5Da/a, between GaN and AlN~or SiC! of ;3%, consistent
with experiment. The tetragonal deformation of the overla
ers in pseudomorphic heterojunctions were obtained fr
macroscopic elasticity theory, using the theoretical value
the elastic constants given in Ref. 29.

The equilibrium lattice parameters of GaN determin
24530
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from calculations treating the Ga-3d orbitals as core state
are aGaN(3C)54.35 Å, aGaN(2H)53.08 Å, andcGaN(2H)
55.01 Å. These values differ by less than 1% from the th
oretical values obtained for SiC and AlN. Therefore, in
calculations treating the Ga-3d electrons as core electron
we neglected the small misfits between the theoretical e
librium lattice parameters of GaN, AlN, and SiC, and us
the calculated values of the SiC lattice constants.

The VBO was evaluated asDEVBO5DEv1DV,22,30

where DEv is the difference between the valence-ba
maxima of the two semiconductors, each measured with
spect to the average electrostatic potential in the corresp
ing crystal, andDV is the lineup of the average electrosta
potentials at the interface.DEv is independent of interface
specific features, and was obtained from standard bulk ba
structure calculations using an energy cutoffs of 70 Ry~120
Ry with the Ga-3d electrons! and a~4,4,4! Monkhorst-Pack
mesh. Spin-orbit splittings were not considered, as they
very small~less than 20 meV! in SiC and in the nitrides.12,31

DV may depend on interface-specific features, and was
rived via Poisson’s equation from the self-consistent cha
density in the supercell, using the macroscopic-aver
technique.22

For ferroelectric and/or strained piezoelectric system
such as the AlN/GaN~0001! wurtzite and~111! zinc-blende
heterojunctions, macroscopic polarization charges
present at the interfaces. These charges, which are opp
at the two inequivalent interfaces of the supercells, produc
sawtooth electrostatic potential profile which complicates
evaluation of the potential stepDV ~Fig. 1!. In the specific
case of a mathematical dipole~point dipole at the interface!,
the corresponding discontinuity can be trivially measured
the presence of macroscopic charges or electric fields by
ting with two straight lines the macroscopic averaged pot

tial V̄̄(z) in the two bulk materials, and determining the
intersections with the interface plane. In a real system, h
ever, the interface region is often broad and the dipole p
tion is not clearly defined at a charged interface. Some r
sonable criteria have to be introduced thus to position at b
the interface planes.

FIG. 1. Macroscopic average of the electrostatic potential in
GaN/AlN~0001! junction coherently stained to the AlN lattice pa
rameter.Z0 indicates the midpoint between the charged interfa
planes; the theoretical positions of the interface planes are indic
by dashed lines, and are used to measure the potential discon
ties~see text!. The resulting values ofDV andEVBO are also shown.
6-2
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BAND-OFFSET TRENDS IN NITRIDE HETEROJUNCTIONS PHYSICAL REVIEW B63 245306
In the problematic cases of the GaN/AlN~0001! and
~111! junctions, we started by assuming identical discon
nuities at the two charged interfaces of the supercell. T
condition, which is physically reasonable, fixes the dista
between the two interface planes in the supercell. We t
determined the position of the midpoint,z0, between the two
interface planes using a criterion of optimally localiz
monopoles proposed in Ref. 16. With this criterion one mi
mizes the spreading of a monopole density obtained from
difference between the macroscopic charge density of on
the interfaces and that of the other interface after reflec
about z0.16 Using this scheme to position the interfa
planes, the potential discontinuities were then derived us
the procedure that we described above for the point dip
~see Fig. 1!.

Our overall uncertainty on the absolute values of the c
culated VBO’s is estimated as;0.2 eV, and derives mainly
from neglecting many-body effects within the LDA.32 As
usual, however, within the LDA, a better accuracy of t
order of our numerical uncertainty~;50 meV! is expected
on the variations of the VBO’s with different interface
specific properties.30

III. ZINC-BLENDE HETEROJUNCTIONS

A. Isovalent interfaces

1. GaNÕAlN band offset: orientation dependence

In Table I, we display our values for the GaN/AlN~100!,
~110!, and ~111! VBO’s, determined for GaN coherentl
strained to AlN. The results are given with~pseudomorphic!
and without~ideal! a tetragonal deformation of the overlay
and local atomic relaxation at the interface. The differen
between the values for the strained and ideal interfaces a
the order of 0.1 eV. Using the experimental bandgap valu
3.2 eV for 3C-GaN and a bandgap estimate of 4.9 eV
3C-AlN,33 we find a band alignment of type I in all cases

The VBO differences between the strained~100!, ~110!,
and ~111! interfaces range from 0.04 to 0.13 eV. These d
ferences are a combined effect of bulk strain in the overla
and local atomic relaxation at the interface. Neglecting th
two effects, the VBO is essentially independent of interfa
orientation ~see Table I!.34 Many-body corrections on the
GaN and AlN bulk-band structures could change the ab
lute value of the VBO by 0.1–0.2 eV.32 Such corrections,

TABLE I. Valence-band offsets~in eV! in pseudomorphic GaN
AlN zinc-blende heterojunctions on an AlN substrate. The numb
in parentheses show results from calculations treating the Gad
orbitals as core states. Ideal configurations refer to heterojunct
generated using the AlN lattice parameter, and neglecting l
atomic relaxation at the interface.

GaN/AlN ~110! ~100! ~111!

Pseudomophic 0.94 0.98 1.07
~0.79! ~0.75! ~0.80!

Ideal 1.08 1.07 1.06
~0.87! ~0.88! ~0.87!
24530
-
is
e
n

-
e
of
n

g
es

l-

s
of

of
r

-
r
e
e

o-

however, are not expected to affect the type of band ali
ment or the VBO dependence on interface-specific featu
such as interface orientation.

Our VBO values in Table I are consistent with previo
calculations for the GaN/AlN~100!,12,14,17 ~110!,13,17,15 and
~111! heterojunctions,17 taking into account the effect of dif
ferent strain conditions12,13,15 and/or different treatments o
the Ga-3d electrons.13,14,17 We will compare our results to
previous data in more detail in Sec. III A 2, after havin
examined the effects of strain and of different treatments
the Ga-3d electrons.

The very small variation of the VBO we find with inter
face orientation seems to indicate that the band alignmen
these isovalent nitride interfaces is controlled essentially
the bulk properties of the constituents, as opposed
interface-specific properties. In order to check this point,
have first examined the nature of the Ga-3d contribution to
the VBO, obtained from separate calculations perform
with the Ga-3d orbitals treated as core states. We th
probed the nature of the potential lineup, free from Ga-d
effects, using an approach based on linear-response the

The results of the computations treating the Ga-3d orbit-
als as core states are shown in Table I. The Ga-3d semicore
states increase the VBO, as expected from the upward
of the N(2p)-like valence-band-edge states in bulk Ga
produced by the N(2p)-Ga(3d) level repulsion.35 Neglect-
ing local atomic relaxation, the calculated 3d shift of the
VBO is essentially the same for the three different interfa
orientations, and amounts to 2061 meV. Furthermore, this
shift is virtually identical to the value of 0.21 meV that w
find for the VBO of a fictitious GaN(3d-valence)/
GaN(3d-core) ~110! homojunction that includes Ga-3d or-
bitals treated as valence states on one side of the junction
as core states on the other side of the junction. This sh
that, neglecting atomic relaxation, the Ga-3d shift is purely a
bulk effect in these isovalent nitride systems.

We also evaluated the effect of the Ga-3d electrons on
the VBO by including the so-called non-linear-core corre
tion ~NLCC! for the exchange-correlation potential in calc
lations treating the Ga-3d electrons as core orbitals.36 With
this approximation, the change in the VBO is only 0.10 e
The NLCC thus accounts for only half of the total bulk sh
produced by the Ga-3d electrons on the GaN/AlN VBO.

The nature of the potential lineup, without the Ga-3d con-
tribution, was then examined using a linear-response-the
~LRT! scheme.22,37 In this approach, the GaN/AlN interfac
is considered as a perturbation with respect to a refere
bulk system, taken here as bulk GaN. Within the LR
scheme, the charge density, and hence the potential lin
of the interface is fully determined by the electronic respon
of bulk GaN to a single atomic substitution transforming
Ga ion into an Al ion. The validity of the LRT model is
tested in Fig. 2 for the AlN-GaN system. In Fig. 2~a!, we
show the self-consistent charge density and electrostatic
tential induced by a Ga→ Al ~100! cation-plane substitution
in bulk GaN, together with the LRT result corresponding to
linear superposition of the responses to single Ga→Al
atomic substitutions. We computed the response to a si
Ga→Al atomic substitution in a bulk GaN using a superc

rs

ns
al
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BINGGELI, FERRARA, AND BALDERESCHI PHYSICAL REVIEW B63 245306
including 32 atoms. The difference between the exact
the LRT result is barely visible in the figure.

Similarly, in Fig. 2~b!, we compare the self-consiste
electrostatic potential step induced by a slab of AlN in G
to the electrostatic potential resulting from a linear super
sition of the responses to single Ga→Al cation-plane substi-
tutions in bulk GaN. Also in this case, the difference is ne
ligible. In fact, we find that the potential lineup determin
from the superposition of bulk responses to the single ato
substitutions reproduces to within 0.02 eV the values ca
lated self-consistently for the three interfaces. This dem
strates the bulk nature of the GaN/AlN potential lineup, a
hence of the GaN/AlN band offset. The band offset is the
fore expected to be insensitive not only to interface orien
tion, but more generally to any interface-specific pertubat
associated with a local neutral rearrangement of the ato
structure at the interface. This includes interfacial roughn
as well as cation alloying near the interface.

It is interesting to note that although nonlinear contrib
tions originating fromintersiteinteractions are negligible fo
the common-anion GaN/AlN system, the electronic respo
to the single Ga→Al atomic substitution is highly nonlinear

FIG. 2. Upper panel: planar averages of the valence charge
sity and electrostatic potential induced by an Al~100! single layer
substitution in bulk GaN. The charge density and electrostatic
tential obtained from a linear superposition of responses to si
Al→Ga atomic substitutions are also indicated~dashed lines!.
Lower panel: linear superposition of the electrostatic potentials
duced by Al ~100! single-layer substitutions in bulk GaN~planar
average: solid dark line; macroscopic average: solid gray line! com-
pared to the electrostatic potential induced by a full slab of AlN
GaN ~planar average: dashed dark line; macroscopic aver
dashed gray line!. The difference between the two potential lineu
is also indicated~dotted line!.
24530
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This is illustrated in Fig. 3, where we show the linear, qu
dratic and higher-order contributions~calculated within the
virtual-crystal approximation30! to the charge density an
electrostatic potential induced by the single Ga→Al ~100!
planar substitution in GaN. There is a substantial quadr
effect, and even the higher-order contributions are n
negligible. This behavior is at variance with that of the co
ventional semiconductor heterojunctions, such as Ga
AlAs, where the electronic response to the Ga→Al
substitution is essentially linear in the perturbation.37

Figure 3 also shows that the nonlinear contributions to
charge density induced by the cation substitutions ext
significantly in the region of the nearest-neighbor N ion
This suggests that the presence of a common ion, and h
the absence of nearest-neighbor intersite interaction, is es
tial to insure a bulk behavior of the band alignment in the
highly ionic systems. A common anion is present in all
ovalent nitride heterojunctions, but not at heterovalent nitr
interfaces. The results in Fig. 3 suggest the existence of n
negligible deviations from bulk trends~transitivity rule!, in-
duced by nearest-neighbor intersite interactions, at the n
polar heterovalent nitride interfaces. We will come back
this point in Sec. III B 1.

2. Strain dependence of the GaNÕAlN band offset

The strain dependence of the VBO in pseudomorp
GaN/AlN~100! heterostructures is illustrated in Fig. 4. Th

n-

-
le

-

e:

FIG. 3. Planar averages of the valence-charge-density~upper
panel! and electrostatic-potential~lower panel! responses to an
AlN ~100! planar substitution in GaN. Linear, quadratic, and high
order responses are indicated by solid, dashed, and dotted l
respectively.
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BAND-OFFSET TRENDS IN NITRIDE HETEROJUNCTIONS PHYSICAL REVIEW B63 245306
strain resulting from a change in the substrate from AlN
GaN ~3% misfit! reduces the band offset by as much as 0
eV. Most of the change in the VBO is due to the stra
induced splitting of the valence-band-edge manifolds in b
GaN and AlN. The change with strain in the offset measu
between the average of the split-valence-edge st
(VBOave) of GaN and AlN is only 0.09 eV~see Fig. 4!.

The strain-induced splittings of the valence-band-ed
states in cubic semiconductors are determined, in the lin
regime, by the deformation potentialsb andd.38 Taken sepa-
rately, b and d determine the splittings produced by~100!
and~111! uniaxial strains, respectively. From linear-respon
calculations for bulk GaN and AlN, we obtain

bAlN521.4 eV, dAlN525.6 eV ~1!

and

bGaN521.6 eV, dGaN524.4 eV. ~2!

These deformation potentials are in reasonable agreem
with the values obtained by van de Walle and Neugebau13

and Kim et al.29 from ab initio computations. The larges
difference concerns the value ofdAlN for which van de Walle
and Neugebauer found24.5 eV. Kim et al., instead, ob-
tained a value of25.3 eV, more similar to our result.

The values of the uniaxial deformation,e'2e i , of GaN
on AlN in the coherently strained GaN/AlN~100!, ~110!, and
~111! heterostructures are 6%, 4%, and 4%, respectively.
ing these values, together with our computed values forbGaN

anddGaN, we obtain a band-edge-splitting contribution to t
VBO of 10.10 eV for the~100! and ~111! interfaces, and
one of10.12 eV for the~110! interface. These results repro
duce to within 10 meV the splitting contributions to th
VBO’s of the coherently strained heterostructures studied
Sec. III A 1. Using our values forbAlN and bGaN, we also
reproduce, to within 20 meV, the variation of VBO-VBOave
~100! with the substrate, from AlN to GaN, displayed in Fi
4.

FIG. 4. Valence-band offset~VBO! in pseudomorphically
strained AlN/GaN~100! heterojunctions as a function of the su
strate lattice parameter. VBOave indicates the VBO measured be
tween the average of the valence-band-edge manifolds in GaN
AlN. The solid line shows the results of theab initio calculations,
and the dashed line shows the strain dependence of VBOave pre-
dicted using the calculated deformation potentials of GaN and A
~see the text!.
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Furthermore, we find that even the variation with strain
VBOave in Fig. 4 is determined mainly by the bulk propertie
of GaN and AlN, namely, by their volume changes and a
solute band-edge deformation potentials. The absolute b
edge deformation potential for uniaxial strain is defined
Dv,ave(n̂)5dEv,ave /de, whereEv,ave is the average energ
of the split-valence states,e is the uniaxial strain, andn̂ is its
direction.39 For a given uniaxial strain, the deformation p
tential in a nonpolar system has been shown to be a b
property,40 which can be computed at a strained-unstrain
homojunction.39 For the nonpolar~110! orientation of GaN
and AlN, in particular, using a supercell including 20 atom
~five strained planes plus five unstrained planes!, we find41

Dv,ave
AlN ~110!53.5 eV, Dv,ave

GaN ~110!52.2 eV. ~3!

For the polar~100! orientation, however, the GaN and AlN
deformation potentials depend, in principle, on the details
the surface geometry because of the presence of nonva
ing Born effective charges.40 A procedure to obtain a bulk
~100! deformation potential, which is free from effective
charge effects, is to average the deformation potentials c
puted for two strained-unstrained~100! homojunctions with
interchanged cations and anions.42 With this procedure, and
using a supercell containing 20 atomic planes, we obtain

D̄v,ave
AlN ~100!52.2 eV, D̄v,ave

GaN ~100!50.7 eV. ~4!

Using these values together with a 3 % volume increase
GaN and AlN, due to the change in substrate from AlN
GaN, we predict a variation of20.05 eV in VBOave , in
reasonable agreement with the variation of20.09 eV ob-
tained from the self-consistent results in Fig. 4.

We note that for pseudomorphic structures, the variat
of VBOave with the substrate is controlled essentially by t
differenceDv,ave

AlN 2Dv,ave
GaN . Our results, in Eqs.~3! and ~4!,

indicate that this difference~;1.460.1 eV! is not very sen-
sitive to the crystallographic orientation. This difference m
thus be used also to obtain estimates of the VBO change
other substrate orientations.

van de Walle and Neugebauer computed the deforma
potentialsDv,ave

AlN andDv,ave
GaN for the nonpolar~110! orienta-

tion, using a pseudopotential approach and a NLCC for G13

Our values agree with theirs to within;1 eV ~which may
not be considered as a bad agreement for a quantity suc
the absolute deformation potential38!. For the relative value
Dv,ave

AlN (110)2Dv,ave
GaN (110), however, van de Walle and Neu

gebauer obtained 0.3 eV, which is much smaller than w
we find~1.5 eV!. This difference may be explained in part b
the different treatment of the Ga-3d electrons in the two
calculations. In fact, we find that when the Ga-3d orbitals are
treated as core states the GaN~100! and ~110! deformation
potentials increase by 0.6 eV, which reduces the differe
between the AlN and GaN deformation potentials by a fac
of 2.

We note in this connection that the values reported for
deformation potentials in Eqs.~1!–~4! were computed at the
reference average lattice parameter of AlN and GaNa
54.39 Å!. However, changing the lattice parameter from

nd
6-5
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average value to its value in bulk AlN~GaN! modifies the
deformation potentials by no more than 0.2 eV. Such
change decreasesDave

AlN(GaN) by 0.1 eV, decreases~increases!
dAlN(GaN) by 0.2 eV, and leavesbGaN(AlN) unchanged.

Our results for the pseudomorphic~100! heterojunctions,
in Fig. 4, are consistent with the value of 0.84 eV determin
by Wei and Zunger from LAPW calculations, using as i
plane lattice parameter the average between the GaN
AlN lattice constants.12 For an AlN substrate, Majewski an
Städele found a value of 0.75 eV. Nardelliet al.14 obtained
values of 0.73 and 0.44 eV for AlN and GaN substrat
respectively. Both studies were based on pseudopote
calculations treating the Ga-3d orbitals as core states an
using a NLCC. The resulting values are somewhat shifte
lower energy with respect to our values, as expected from
influence of the Ga-3d electrons. However, the variation o
the VBO with the substrate parameter is in good agreem
with our result.

Albanesiet al. found a value of 0.85 eV for the VBO o
the GaN/AlN~110! junction, from calculations performed us
ing the GaN lattice parameter and neglecting local ato
relaxation at the interface.15 This value is about 0.2 eV
smaller than our value in Table I for the ideal AlN/GaN~110!
interface. This difference results from the change in the
tice constant. Performing the calculations, as Albanesiet al.
did, at the GaN instead of the AlN lattice parameter, we fi
a value of 0.90 eV, similar to their value.43

Based on our results for the bulk GaN and AlN deform
tion potentials and for the offsets of the coherently strain
GaN/AlN heterojunctions, we are in a position to propose
estimate for the offset of the strain-relaxed heterojunctio
The assumption here is that, similarly to the case of
pseudomorphic systems, the band offset of the relaxed
tem is controlled by bulk properties. Starting from th
VBOave value for the strained GaN/AlN~100! heterojunction
with the average GaN-AlN in-plane lattice parameter~0.83
eV!, and using our deformation potential in Eqs.~4! together
with a 1.5% volume increase~decrease! for GaN ~AlN !, we
obtain a value of 0.87 eV for the VBO of the relaxed Ga
AlN ~100! system. We note that if the junction with the AlN
or GaN substate had been used as a reference system
calculation, this would change our prediction by 20 meV
most.

To the best of our knowledge, no experimental measu
ments have yet been performed for the band offsets of
GAN/AlN zinc-blende heterojunctions. However, our val
for the relaxed GaN/AlN zinc-blende system compares r
sonably well with the range of experimental data on the o
sets of the wurtzite AlN/GaN heterojunctions.3–8 We will
discuss this point more extensively in Sec. V, after hav
examined the wurtzite heterostructures~Sec. IV!.

Finally, we would like to caution the reader that, althou
for the isovalent GaN/AlN system examined here the ba
offset trends can be described quite accurately in term
bulk properties, somewhat larger deviations should be
pected for a system such as AlN/InN, which exhibits a ve
large lattice mismatch~;14%!. In this case it would be ap
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propriate also to consider higher-order deformation pot
tials to better describe the bulk contributions to the ba
offset.

B. Heterovalent systems

1. Nonpolar AlNÕSiC and GaNÕSiC (110) interfaces: deviations
from the transitivity rule

Heterovalent quaternary heterojunctions, such as AlN/S
and GaN/SiC, give rise to relatively complex interface co
figurations. One may envisage two types of abrupt interfac
those including cation-anion bonds~Si-N, C-Al, or C-Ga!
and those with cation-cation and/or anion-anion bonds~C-N,
Si-Al, or Si-Ga!. The former have been shown to be signi
cantly more stable than the latter,18,19 consistent with the
results of a transmission-electron microscopy~TEM! study
of the 2H-AlN/6H-SiC~0001! interface.44 In the present
study we therefore focus on the AlN/SiC and GaN/SiC h
erojunctions with Si-N and C-Al or C-Ga interfacial bond

The band offsets of the non-polar AlN/SiC and Ga
SiC~110! interfaces are presented in Table II. Results fro
calculations with and without local atomic relaxation are
ported. Atomic relaxation increases the AlN/SiC and Ga
SiC ~110! VBO’s by about 0.1 eV. Using the experiment
band-gap value of 2.4 eV for cubic SiC, the band alignme
are of type I. Our results agree to within 0.1 eV with a
existing linear-muffin-tin-orbital calculation for the idea
GaN/SiC~110! junction,18 and within 0.1–0.2 eV with a
pseudopotential calculations for the pseudomorphic G
SiC~110! and AlN/SiC~110! junctions on a SiC substrate.20

In Table II we also reported our VBO values for the Ga
SiC~110! interfaces with and without local atomic relaxatio
at the interface, and with the Ga-3d electrons treated as cor
states. The Ga-3d states are found to increase the VBO
;0.1 eV. The Ga-3d correction is thus no more a purel
bulk effect in the heterovalent GaN/SiC system: an interfa
specific correction of about20.1 eV partially cancels out the
bulk GaN-3d shift discussed in Sec. III A 1. Our results wit
the Ga-3d electrons treated as core states~Tables I and II!
indicate that, even without considering the effect of atom
relaxation, the transitivity rule is violated by 0.13 eV at th
GaN/SiC, AlN/SiC, and AlN/GaN~110! interfaces.

The origin of this deviation can be easily identified b
computing the potential lineups DV8(GaN/AlN),
DV8(GaN/SiC), andDV8(AlN/SiC) resulting from a linear

TABLE II. Valence-band offsets~in eV! in pseudomorphic
AlN/SiC and GaN/SiC zinc-blende~110! heterojunctions on an AlN
substrate. The numbers in parentheses are results from calcula
treating the Ga-3d orbitals as core states. Ideal configurations re
to heterojunctions generated using the SiC lattice parameter,
neglecting local atomic relaxation at the interface.

~110! AlN/SiC GaN/SiC

Pseudomorphic 1.71 0.55
~0.67!

Ideal 1.59 0.49
~0.59!
6-6
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BAND-OFFSET TRENDS IN NITRIDE HETEROJUNCTIONS PHYSICAL REVIEW B63 245306
superposition of the charge densities induced by single~110!
atomic plane substitutions transforming the GaN/GaN~110!
homojunction into GaN/AlN~110!, GaN/SiC~110!, and AlN/
SiC ~110! heterojunctions, respectively. In the absence
interaction between the planar substitutions, the transiti
rule would be verified. From the linear superposition of t
charge densities we obtain,DV8(AlN/GaN)50.47 eV,
DV8(SiC/GaN)51.34 eV, andDV8(SiC/AlN)50.87 eV,
which should be compared to the self-consistent val
DV(AlN/GaN)50.49 eV, DV(SiC/GaN)51.59 eV, and
DV(SiC/AlN)50.97 eV. The comparison shows that, wh
intersite interactions have a negligible influence on
lineup of the common-anion GaN/AlN system, they affe
the lineups of the heterovalent SiC/GaN and SiC/AlN s
tems by several tenths of an eV. These nonlinear contr
tions to the lineup at the heterovalent interfaces are resp
sible for the deviation from the transitivity rule, in agreeme
with our contentions in Sec. III A 1.

When local atomic relaxation at the interface is include
the deviation from the transitivity rule increases from 0.13
0.25 eV ~without Ga-3d effects!. The roughening at the
~110! interface thus also has a non-negligible impact on
transitivity properties of these systems. When the Ga-d
electrons are treated as valence electrons, the total devi
is ;0.2 eV ~0.02 eV! for the strained~ideal! junctions. Al-
though for the specific systems considered here, the Gad
corrections tend to improve the transitivity properties of t
ideal heterojunctions, this derives from a fortuitous cance
tion between interface-specific contributions at two differe
interfaces: AlN/SiC and GaN/SiC. In general, therefore,
local chemistry at nitride interfaces with no common ion c
induce nonbulk contributions to the VBO, and hence dev
tions from the transitivity rule, as large as several tenths
an eV, and this even at non-polar interfaces.

The changes of the AlN/SiC, GaN/SiC, and GaN/A
~110! VBO’s with strain and local interfacial atomic relax
ation ~Tables I and II! can be understood using a LRT d
scription. In the case of AlN/SiC, only local atomic interf
cial relaxation needs to be considered. For GaN/SiC
GaN/AlN, instead, both macroscopic strain and local inter
cial relaxation have to be taken into account. The contri
tion of the macroscopic uniaxial strain in the GaN overlay
~4%! can be derived using the GaN deformations potent
determined in Sec. III A 2; the resulting VBO variations, i
cluding the band-edge splitting and the change in VBOave ,
are 10.20 and20.20 eV, at the GaN/SiC~110! and GaN/
AlN ~110! interfaces, respectively. These corrections are b
terms, which have thus no influence on the transitivity ru

Within the LRT scheme, the displacementu' of each
atomic layer at the interface produces a shift

DVrelax54pZ* e2u' /Se` ~5!

in the potential lineup, whereZ* is the effective charge o
the ions,S the surface per ion in the plane, ande` the geo-
metric average of the dielectric constants of the two crys
forming the junction.45 In the GaN/AlN~110! junction, the N
sublayer in the two planes closest to the interface are fo
to relax towards AlN. The resulting anion-cation relative d
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placement isDu''0.04 a.u. In the AlN/SiC and GaN
SiC~110! junctions, the anion sublayers in the two plan
closest to the interface relax toward SiC and the cation s
layers in the opposite direction. The resulting average an
cation interlayer separation is aboutDu'520.025
(20.055) a.u. at the AlN/SiC~GaN/SiC! interface. Using the
theoretical valuese`

GaN55.74,e`
AlN54.61,e`

SiC56.95,46 and
Zcation* 52Zanion* '2.7 in these materials,47,48 from Eq. ~5!
we obtain local atomic relaxation contributions to the VBO
of 20.31,10.18, and10.34 eV for the GaN/AlN, AlN/SiC,
and GaN/SiC interfaces, respectively. The resulting to
~strain plus local relaxation! change in the GaN/AlN, AlN/
SiC, and GaN/SiC~110! VBO’s are thus20.11, 10.18, and
10.14 eV, respectively, in fair agreement with the firs
principles results of20.14, 10.12, and10.06 eV~Tables I
and II!.

The large local atomic relaxation found at the GaN/A
and GaN/SiC interfaces results from the large difference
tween the Ga and Al~or Si! covalent radii, or equivalently
between the GaN and AlN~or SiC! lattice parameters. In
fact, when the Ga-3d orbitals are treated as core states a
the GaN lattice parameter becomes similar to those of A
and SiC, the relative anion-cation displacementsDu' in the
two interfacial planes decrease significantly in magnitude~by
;0.03 a.u.!. We note that, although the VBO contribution
due to the macroscopic strain and local interfacial relaxat
are both quite large, with the Ga-3d electrons treated a
valence electrons, these terms are opposite in sign and
tially cancel out. Because of this cancellation, the result
total change in the VBO from the ideal to the relaxed situ
tion is similar to that obtained neglecting the effects of t
Ga-3d electrons.

Our study shows thus that non-negligible deviations fro
transitivity should be expected in general at nonpolar h
erovalent nitride interfaces. Such deviations derive from
cal atomic relaxation as well as nonlinear effects associa
with the local chemistry of the interfaces. Both contributio
are found to be of the order of several tenths of an eV in
case of the GaN/SiC and AlN/SiC~110! systems.

2. Polar AlNÕSiC and GaNÕSiC (111) interfaces: atomic
intermixing and local relaxation

~111!-oriented AlN/SiC and GaN/SiC heterojunction
may be envisaged either with a long~single! or short~triple!
bond geometry at the interface. Since AlN/SiC and GaN/S
heterojunctions are characterized by positive format
energies,19,20 here we will focus only on junctions with the
long-bond geometry, which gives rise to the lowest dens
of bonds across the interface@see Fig. 5~a!#. As in Sec.
III B 1 we consider only heterojunctions including Si-N o
C-Al~Ga! interfacial bonds.

The abrupt polar AlN/SiC~111! and GaN/SiC~111! junc-
tions are charged and therefore thermodynamically unsta
Charge neutrality can be restored by atomic intermixing
the interface.49 The simplest atomic arrangements which gi
rise to neutral interfaces are those with one mixed N/C pl
or one mixed Ga~Al !/Si plane. The corresponding neutr
configurations, illustrated in Figs. 5~b! and 5~c! for the AlN/
6-7
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BINGGELI, FERRARA, AND BALDERESCHI PHYSICAL REVIEW B63 245306
SiC system, are obtained by replacing 25% of N by C in
N plane at the abrupt N-Si interface or 25% of C by N in t
C plane at the abrupt Al~Ga!-C interface~configurationsA
andA8, respectively!, or similarly by replacing 25% of Si by
Al ~Ga! in the Si plane at the abrupt Si-N interface or 25%
Al ~Ga! by Si in the Al~Ga! plane at the abrupt Al~Ga!-C
interface~configurationsB and B8, respectively!. This type
of intermixing neutralizes the junction leaving dipole
@which are opposite for the N/C and Al~Ga!/Si mixed layers#
in the macroscopic average of the ion-point-charge distri
tion of the junctions~Fig. 5!. We note that all possible neu
tral configurations that can be generated with two mixed N
and Al/Si layers have a macroscopic charge profile that
weighted average of those ofA andB or A8 andB8.21

We have computed the VBO of the neutral interfac
shown in Fig. 5, with the mixed layers treated using t
virtual crystal approximation, and with the Ga-3d orbitals
treated as core states. The resulting band offsets are
sented in Table III, with and without local atomic relaxatio
at the interface. In contrast to the case of the conventio
semiconductor heterojunctions, local atomic relaxation ha
drastic effect on the band offsets of these polar ionic in
faces. In theA and A8 junctions, in particular, the local re
laxation changes the offsets by as much as 0.6–0.7 eV.
though relaxation effects are somewhat smaller at theB and

FIG. 5. Ball and stick representation of the zinc-blende AlN/S
~111! heterostructures with charged, abrupt interfaces~a!, neutral
interfaces with one mixed C/N plane~b!, and one mixed Al/Si plane
~c!. The symbolAB* indicates a mixed plane containing 75%A
atoms and 25%B atoms. The macroscopic average of the ion-poi
charge distribution in the junctions is shown in the lower part of
figures.
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B8 interfaces, they change the band alignment from type I
type I at the AlN/SiC~111! interface. After relaxation, the
band alignment is of type I at all interfaces.

For the ideal junctions, the LRT scheme22 predicts that
the VBO’s of the~111! interfaces with a dipole should diffe
from that of the nonpolar~110! interface by

DVdip56
pe2

2ae`
, ~6!

where the plus~minus! sign corresponds to the dipole of th
A and A8 (B and B8) interfaces. The corrections derive
from Eq. ~6! are 60.9 and60.8 eV at the AlN/SiC and
GaN/SiC interfaces, respectively. Using the averages of
ab initio values for the idealA andA8 interfaces and for the
B andB8 interfaces, we obtain20.9 and11.0 eV for AlN/
SiC and20.9 and10.9 eV for GaN/SiC, not too far from
the linear-response estimates. However, we note that de
tions from the average values can be as large as 0.2 eV. S
deviations are of the same order of magnitude as the de
tions from the transitivity rule due to the details of the loc
interface chemistry that we discussed in the previous sect
Following the LRT scheme, all neutral configurations wi
two mixed N/C and Al~Ga!/Si layers should have a VBO
which is intermediate between those ofA and B or A8 and
B8. We expect such predictions to hold to within;0.2 eV.

The changes in the interplanar spacings at the AlN/SiCA
and B interfaces are illustrated in Fig. 6~similar relaxation
patterns are found at theA8 and B8 interfaces!. Analogous
trends are also observed in the GaN/SiC junctions. In
AlN/SiC A andA8 junctions, the mixed anion plane is foun
to relax toward the SiC by about 0.07 a.u., and the cat
plane closest to the interface relaxes, by about the s
amount, in the opposite direction. Both displacements ten
increase the AlN/SiC VBO. The total change in the VB
evaluated from LRT isDVrelax50.8 eV, in good agreemen
with the ab initio results. The displacements of the plan
closest to the interface are about two times smaller for thB
andB8 interfaces, and the cation and anion planes both re
towards SiC. The corresponding relaxation contributions
the VBO tend thus to cancel each other, and the relaxa
has therefore a much smaller impact on the VBO in th

-
e

TABLE III. Valence-band offset~in eV! at the AlN/SiC and
GaN/SiC zinc-blende~111! interfaces. For the heterovalent~111!
junctions, results are given for neutral interfaces with one mix
N/C plane (A,A8) or one mixed Ga~Al !/Si plane (B,B8) ~see Fig.
5!. Ideal configurations refer to heterojunctions without loc
atomic relaxation at the interface.

~111! A A8 B B8

Pseudomorphic
AlN/SiC 1.3 1.3 2.3 2.5
GaN/SiCa 0.4 0.3 1.3 1.4
Ideal
AlN/SiC 0.6 0.7 2.4 2.7
GaN/SiCa 20.3 20.3 1.4 1.5

aGa-3d orbitals treated as core states
6-8
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BAND-OFFSET TRENDS IN NITRIDE HETEROJUNCTIONS PHYSICAL REVIEW B63 245306
junctions. We attribute the relaxation at the polar AlN/S
and GaN/SiC~111! interfaces mainly to electrostatic force
as the relaxation predominantly decreases the electros
component of the total energy. The larger relaxation
served at interfacesA and A8 as compared to interfacesB
andB8 is ascribed to the larger electrostatic potential disc
tinuity DV ~;2 eV versus less than 1 eV!, and hence the
larger electric field found at theA andA8 junctions.

In summary, giant local ionic relaxation effects, a
proaching 1 eV, are found at polar heterovalent nitride int
faces, which tend to reduce the local electric field presen
the junction. This behavior derives from the high ionicity
the nitride interfaces, and is rather different from that o
served in the conventional semiconductor heterojunctio
where atomic interfacial relaxation typically modifies th
offsets by 0.1–0.2 eV. We note that Sta¨dele et al. also re-
ported considerable VBO changes~up to 0.9 eV! induced by
local atomic relaxation at the polar~100!-oriented GaN/SiC
and AlN/SiC interfaces.19 In principle, interfacial relaxation
depends on the local chemistry established at the polar in
face, which in turn depends on the interface crystallograp
orientation. The results of Sta¨dele et al., however, showed
relaxation trends which were qualitatively similar to what w
find for the ~111!-oriented junctions. They obtained a larg
small increase in the VBO at the anion/cation intermix
interfaces, which correspond to the largest/smallest pote
lineup, in agreement with our interpretation of this effect.

IV. WURTZITE VS ZINC-BLENDE HETEROSTRUCTURES

The zinc-blende and hexagonal polytypes, which inclu
the 2H ~wurtzite! and 6H structures, consist of identic
atomic layers with different stacking sequences along
hexagonal~111! or ~0001! axes. These different stacking s
quences give rise to very different band gaps. In the wurt
phase, the bandgaps of GaN, AlN, and SiC are 3.6, 6.3,
3.3 eV, respectively,33,31 i.e., 0.4, 1.4, and 0.9 eV larger tha
in the cubic phase. We have investigated the influence on
VBO of such large band gap changes induced by a trans
mation from zinc-blende~111! to wurtzite ~0001! crystal
structures in AlN/GaN, AlN/SiC, and GaN/SiC heterojun
tions. We considered pseudomorphic heterojunctions gro

FIG. 6. Equilibrium interplanar spacings in the AlN/SiC~111!
heterojunctions with neutral interfaces containing one mixed N
layer ~A! and one mixed Al/Si layer (B). The sequence of atomi
layer is indicated at the bottom of each graph. The dashed~dotted!
lines indicates the bulk interplanar spacing associated with the
~short! bond projection along the@111# axis.
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on a SiC substrate. For the heterovalent AlN/SiC and G
SiC systems, we examined the same types of atomic in
mixing as for the zinc-blende~111! heterojunctions~corre-
sponding to theA, A8, B, andB8 interfaces!. The calculated
wurtzite VBO’s, including local atomic relaxation at the in
terface, are displayed in Table IV.

Notwithstanding the large band-gap differences betw
the cubic and hexagonal structures—which change the b
gap discontinuity by 1.0, 0.5, and 0.3 eV eV in AlN/GaN
AlN/SiC, and GaN/SiC heterojunctions, respectively—t
VBO’s of the ~0001! and~111! systems are identical, excep
for the AlN/SiCA8 andB interfaces, where the VBO’s diffe
by only 0.1 eV. The large band-gap modifications induced
the change from cubic to hexagonal polytypes are thus
dominantly absorbed by the conduction band offset.

In order to understand and generalize this trend, we fi
investigated the variation produced by 3H/2H stacking fau
on the potential lineup in the transformatio
3C-AlN/3C-SiC→2H-AlN/3C-SiC→2H-AlN/2H-SiC. The
potential lineups of the 2H/3C, 2H/2H, and 3C/3C hete
junctions were found to be identical to within;50 meV. We
also examined 2H/3C homojunctions in SiC and AlN, a
obtained potential discontinuities that did not exceed 0
eV. This is in general agreement with the results of otherab
initio studies of the lineups across 3C/2H homojunctions
ionic materials.50–52 One may safely conclude thus that
ionic systems, in general, stacking faults have a very sm
impact onDV, both in homo-junctions and in heterojunc
tions.

We then examined the impact of the 3C→2H structural
transformation on the band-structure terms in AlN, SiC, a
GaN crystals. In Fig. 7 we show the alignment of t
zincblende and wurtzite LDA densities of states at 2H/
AlN, SiC, and GaN homojunctions, as obtained with a p
tential lineupDV;0. For all systems, the matching of th
2H and 3C density of states features and band-edge posi
in the valence band is quite striking, and in contrast with
situation of the conduction band. This is because the e
ronment of each atom in the cubic and hexagonal structu
differs only beyond the first neighbors, and, unlike the bon
ing orbitals, which are highly localized on the anions, t
more delocalized conduction states are quite sensitive to
bonding geometry of the neighboring atoms. The results
Fig. 7 for the band-structure terms, together with the v
small impact of stacking faults onDV, indicate that for such
ionic systems in general the change in the band-gap dis
tinuity associated with a cubic to hexagonal structural mo

g

TABLE IV. Valence-band offset~in eV! in pseudomorphic
wurtzite GaN/AlN, AlN/SiC, and GaN/SiC,~0001! heterojunctions
with SiC or AlN substrates. For the heterovalent AlN/SiC and Ga
SiC heterojunctions, neutral interfaces with one mixed N/C la
(A,A8) and one mixed Al/Si layer (B,B8) have been considered.

GaN/AlN AlN/SiC GaN/SiCa

A,A8 B,B8 A,A8 B,B8

1.1 1.3, 1.4 2.2, 2.5 0.4, 0.3 1.3, 1.4

aGa-3d orbitals treated as core states.
6-9
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BINGGELI, FERRARA, AND BALDERESCHI PHYSICAL REVIEW B63 245306
fication will be selectively found in the conduction-band o
set, leaving the VBO essentially unchanged.

We may use this property to compare our computed V
values to previous theoretical data for wurtzite Ga
AlN ~0001! heterojunctions coherently strained to differe
substrate lattice constants. Based on our calculated value
the GaN/AlN~111! VBO and for the GaN and AlN deforma
tion potentials, and considering a14% (24%) uniaxial
deformation,e'2e i , for GaN on AlN ~AlN on GaN! in
pseudomorphic~111! heterostructures, we predict VBO va
ues of 1.1, 0.9, and 0.7 eV for GaN/AlN~0001! and ~111!
heterojunctions withai5aAlN , 1

2 (aAlN1aGaN), and aGaN,
respectively. Taking into account a60.2-eV uncertainty on
our VBO’s, these predictions are consistent with the value
0.81-eV calculated by Wei and Zunger, using as in-pla
lattice parameter the average between the AlN and GaN
tice constants.12 Our values are instead very different fro
those reported by Bernardini and Fioretini, who obtain
VBO’s of 0.20 ~0.85! eV for GaN/AlN~0001! heterojunc-
tions coherently strained to GaN~AlN !.16 This may be due in
part to the use of different pseudopotentials. Bernardini
Fiorentini employed ultrasoft pseudopotentials, which lead
1% larger GaN lattice parameters and a misfitDa/a of 4%,

FIG. 7. Density of states of the 3C~solid line! and 2H~dashed
line! crystals in the 3C-AlN/2H-AlN and 3C-SiC/2H-SiC junction
with the band alignment obtained from the self-consistent calc
tion for the interfaces. The zero of energy has been chosen a
midgap value of the 3C structure.
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instead of 3%, between AlN and GaN. Based on our res
in Sec. III A 2, such a difference could account for chang
of 0.1 to 0.2 eV in the VBO and in its variation with th
substrate.

V. DISCUSSION

The experimental data indicate a type-I band alignm
for the isovalent 2H-GaN/2H-AlN~0001! heterojunction,3–8

with VBO values ranging from 0.15 eV~Ref. 8! to 1.4 eV
~Refs. 4 and 5!. Although the type-I alignment agrees wit
our prediction, the large spreading of the experimental val
is somewhat surprising. Our study indicates that, except
strain effects~which could account for a;0.4-eV variation
at most in the GaN/AlN VBO!, the offsets of these isovalen
nitride heterojunctions should be relatively insensitive
interface-specific features.

It should be noted, however, that except for an expe
mental GaN/AlN VBO estimate of 0.5 eV3—derived from
GaN:Fe and AlN:Fe photoluminescence spectra using
iron 2/0 acceptor level as a common reference level—an
rough estimate of 1.4 eV4—obtained from a fit to catholumi-
nescence data for strained GaN/AlN heterostructures
SiC—all direct measurements of the GaN/AlN VBO we
obtained by photoemission experiments.5–8 In the photo-
emission experiments, the VBO is obtained from two ind
pendent sets of data:~i! measurements of the energy diffe
ence between the valence-band edge and an intrinsic at
core level in each bulk material, and~ii ! measurements of the
energy difference between the reference core levels of
two materials in the actual heterojunction. Inspection of
data indicates7 that most of the discrepancy in the photoem
sion measurements of the VBO actually derives from
bulk contributions~i!, and not from interface-specific term
As discussed in Refs. 7 and 8, such a discrepancy shoul
attributed primarily to differences in the material quality
the nitrides and their surfaces~such as defects, strain, an
deviation from stoichiometry!, and also, to some extent, t
complications in the interpretation of the photoemissi
measurements due to polarization fields.

In view of the scattering in the experimental data, we m
thus compare our theoretical result only to a range of exp
mental values. Our prediction for the VBO of the relax
GaN/AlN system~0.87 eV! is, in fact, well within the range
of the VBO values measured by photoemission~0.15–1.4
eV!. Here we quoted the theoretical value obtained for
relaxed system, as in the photoemission measurements
band-structure contributions~i! are measured in the relaxe
bulk materials. Furthermore, based on recent experimen53

relaxed growth occurs in GaN/SiC heterojunctions for G
epilayers as thin as 7 Å. This indicates that most overlay
used in photoemission experiments to determine
interface-related contribution~ii ! are actually also closer to
the fully relaxed case than to a pseudomorphic situation.

In their photoemission study, Martinet al.6 examined the
transitivity properties of the band offsets in GaN/AlN, InN
GaN, and InN/AlN heterojunctions. They obtained VBO va
ues of 0.760.24, 1.0560.25, and 1.8160.20 eV for GaN/
AlN, InN/GaN, and InN/AlN, respectively, that obey th

-
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transitivity rule to within experimental uncertainty. Based
our results, a transitive behavior is indeed expected for
ovalent nitride systems, provided the heterojunctions are
ther fully relaxed or coherently strained to a common
plane lattice parameter. The systems examined in Re
correspond to different underlayers with different in-pla
lattice parameters. The experimentally observed transiti
therefore also suggests the presence of relaxed overlaye
agreement with our above contentions.

Concerning heterovalent systems, band-offset data
available for 2H-AlN/6H-SiC~0001! and 2H-GaN/6H-SiC
~0001! heterojunctions, and for 2H-GaN~0001!/3C-SiC~111!
and 2H-AlN~0001!/3C-SiC~111! heterojunctions.8–11 In view
of the results of Sec. V, such data may be compared to
theoretical values for the VBO of the 3C/3C~111! or 2H/2H
~0001! systems. For GaN and AlN overlayers grown on S
terminated SiC substrates, photoemission measuremen
Rizzi et al.8 provided VBO values of (1.5– 1.7)60.1 eV and
(0.7– 0.9)60.1 eV in 2H-AlN/6H-SiC and 2H-GaN/6H-SiC
systems, respectively. These photoemission results are
sistent with those by Kinget al.9: (1.2– 1.5)60.2 eV for
2H-AlN/6H-SiC and (0.5– 0.8)60.1 eV for 2H-GaN/3C-
SiC, using the same type of substrates, namely, Si-termin
on-axis SiC substrates. For 2H-GaN/6H-SiC, relatively sim
lar values of 0.4860.1 ~Ref. 10! and 0.67 eV~Ref. 11! were
obtained also by transport measurements. Although all of
above data are consistent with the theoretical range of va
we obtain for neutral54 heterojunctions including 1–2 mixe
layers @1.3– 2.5 eV for AlN/SiC~0001! and 0.3–1.4 eV for
GaN/SiC~0001!#, the experimental values are clearly in th
lowest portion of our energy window, which corresponds
interfaces involving anion~N/C! rather than cation@Si/
Al ~Ga!# intermixing. The growth of GaN and AlN on Si
terminated SiC substrates thus appears to favor anion in
mixing, a conclusion that is not inconsistent with TEM a
spectroscopic measurements on these systems,9,44,53and with
recent ab initio simulations of nitrogen deposition on S
terminated SiC.55

For the 2H-AlN/6H-SiC system, Kinget al.9 performed
an extensive study of the effects of different growth s
quences~SiC on AlN versus AlN on SiC!, substrate cut~on-
cut axis versus off-cut axis!, and surface termination
reconstruction on the VBO. For SiC deposited on A
terminated AlN~0001! surfaces, they measured VBO valu
of (1.9– 2.0)60.2 eV. In these experiments, the AlN su
faces were pre-exposed to SiH4 prior to growth of the SiC
film, in order to favor cation intermixing. The resulting VBO
values are in the upper part of our proposed range. T
indicates predominant cation intermixing, consistent with
expected influence the surface/interface preparation meth9

The effect of AlN growth on off-cut Si-terminated SiC
substates was also examined, and found to decrease the
GaN VBO by as much as;0.5 eV.9 In principle, considering
the effect produced, within the LRT scheme, by diatom
steps in the charge distribution at the interfaces, one wo
expect no change in the VBO. However, as emphasize
Ref. 9, growth on off-axis substrates generates a substa
amount of defects. We also saw that local atomic interfa
relaxation strongly depends on the local chemistry~type of
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defects! present at the interface, and produces changes in
VBO at polar heterovalent interfaces comparable to th
observed experimentally with off-cut substrates. Interfac
defects and the resulting local atomic interfacial relaxat
may therefore very well be responsible for the VBO mod
cations observed with off-cut substrates.

Finally, for AlN films grown on on-axis C-terminated
(0001̄) SiC wafers, Kinget al. obtained VBO values as low
as (0.6– 0.7)60.2 eV @(1.0– 1.1)60.2 eV# for SiC surfaces
exposed to NH4 ~Al ! prior to AlN growth.9 These values are
almost 2 eV smaller than the calculated VBO of neutral
terfaces with one intermixed cation layer, and also somew
smaller than those with one intermixed anion layer. It sho
be mentioned, however, that in the experiment, after
cleaning procedure and prior to AlN deposition, the SiC u
derlayers exhibited a Si-terminated (131) surface,9 which is
surprising for a C-terminated (0001)̄ wafer. The expected
long ~single! and short~triple! bond sequence along (0001)̄
of a C-terminated wafer is Si-C–Si-C–Si-C, with a sho
bond at the surface for stability reasons. Such a stack
naturally leads to a Si-terminated surface with a long bond
the surface~Si-C–Si-C–Si!, which is highly unstable. It is
very likely thus, that the observed ‘‘Si-terminated surfac
of the C-terminated SiC (0001)̄ wafer has a complex nons
toichiometric atomic structure, possibly involving more th
one Si layer. The resulting AlN/SiC interface may therefo
have a rather complex atomic geometry, involving more th
two intermixed layers. Although high formation energies a
expected for heterojunctions exhibiting large dipoles, gen
ated by intermixing over more than two atomic layers, su
configurations may actually form at some surfaces, for
netic reasons.

VI. CONCLUSIONS

By means of first-principles calculations we have stud
various properties of the band offsets in nitride heteroju
tions, including their dependence on interface orientati
heterovalency, and polytype. We considered selected pr
typic isovalent~GaN/AlN! and heterovalent~GaN/SiC and
AlN/SiC! systems with zinc-blende, wurtzite, and mixe
zinc-blende/wurtzite structures.

In the isovalent zincblende GaN/AlN~100!, ~110! and
~111! heterojunctions, the band offsets are relatively insen
tive ~to within 0.1 eV! to the orientation and structural detai
of the interface, consistent with the trend established fr
linear-response theory for the conventional, smaller-g
semiconductor heterojunctions. For the ionic nitride syste
however, the presence of common~N! ions is essential to
insure a transitive behavior of the band offsets. Strain effe
have an important impact on the band discontinuities, p
ducing modifications as large as 0.4 eV in the offsets
coherently strained AlN/GaN~100! and GaN/AlN~100! het-
erojunctions. These effects, however, are determined by
bulk properties~deformation potentials! of the interface con-
stituents, as opposed to interface-specific effects.

In the nonpolar heterovalent GaN/SiC~110! and AlN/
SiC~110! systems, the offsets show significant deviations~a
6-11
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few tenths on an eV! from the predictions of the transitivity
rule. These deviations derive from both the local chemis
and the local atomic relaxation at the interfaces.

At the polar GaN/SiC~111! and AlN/SiC~111! junctions,
the band alignment critically depends on the interface che
cal composition, and differences in the offsets as large a
eV are found between neutral interfaces including mixed
ion ~N/C! and mixed cation@Al ~Ga!/Si# planes. Local atomic
relaxation also plays a major role in determining the ba
offsets at these interfaces. This is in contrast to the cas
the conventional semiconductor heterojunctions, and follo
from the high ionicity of the heterovalent nitride system
However, even in these highly ionic systems, provided lo
atomic relaxation is taken into account, the band-offset
pendence on interface orientation and heterovalency can
be qualitatively explained using a linear-response-theory
proach.

Finally, a change from zincblende to wurtzite cryst
structure in GaN/AlN, GaN/SiC, AlN/SiC~111! and ~0001!
heterojunctions selectively affects the conduction-band
set, and has only a minor influence on the valence disco
h

r

,

,

.
.
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nuity. This behavior derives from two general properties o
served in highly ionic systems, and that apply to oth
hexagonal polytypes. First, the stacking faults involved
the transformations from cubic to hexagonal polytypes h
only a negligible influence on the potential lineup. Seco
the bulk band-structure terms involved in the VBO rema
essentially invariant in fourfold-coordinated cubic and he
agonal crystal structures. We may therefore conclude tha
general, the change in the band-gap discontinuity resul
from a cubic~111! to hexagonal~0001! structural modifica-
tion in a wide-gap-semiconductor heterojunction will be s
lectedly found in the conduction-band offset.
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