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The stability and electronic structure of cation- and anion-compensated interfaces between
(0001) lattice-matched slabs of GaN and ZnO have been considered. It was found that,
irrespective of interfacial polarity, cation-compensated interfaces are by approximately 20
meV/unit cell more stable than the corresponding anion-compensated interfaces. Valence
band offsets of 1.0 and 0.5 eV have been found at the cation- and anion-compensated
interfaces, respectively. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Due to its favourable electronic properties GaN has
been investigated extensively over the last 10 years. In
particular its large, direct band gap has been exploited
for the fabrication of optoelectronic devices, such as
short-wavelength LEDs [1] and LDs [2]. Despite the
substantial successes achieved so far, there are still a
number of issues that need to be resolved to realise the
full potential of GaN-based devices. In particular, its
high melting temperature in excess of 2500 K precludes
the large-scale growth of bulk GaN, which is why the
material is generally grown epitaxially. Sapphire and
SiC are commonly used as substrates. However, due to
their significant lattice constant and thermal expansion
coefficient mismatches with GaN, the GaN epilayers
grown on them tend to be highly defective. Many dif-
ferent materials have been tried, but so far no ideal
substrate has been found.

In many ways ZnO is very similar to GaN. Itis also a
semiconductor material with the wurtzite structure and
has similar lattice constants (basal-plane lattice con-
stant difference of only 1.8%). In addition, ZnO ex-
hibits an equally large band gap of 3.37 eV at room
temperature [3], is strongly bonded like GaN with bond
energies as large as 1.89 eV [4] and displays a corre-
spondingly high melting point of 2248 K [5]. It is there-
fore not surprising that ZnO has also been considered
for short-wavelength device applications. However, its
isomorphism with GaN, the closely matching lattice
constants as well as its similar thermal expansion co-
efficient make ZnO a promising candidate as a buffer
layer or indeed substrate (bulk samples of ZnO recently
became available at relatively low cost [6]). Its isomor-
phism, in particular, sets it apart from other substrates
that have been considered previously and should reduce
the density of threading defects [7] extending into the
GaN epilayers. This hypothesis has been corroborated
somewhat by Hamdani et al. [8], who have reported
the absence of the generally observed yellow lumines-
cence band in the PL spectrum of GaN epilayers grown
on high quality ZnO substrates.
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The epitaxial growth of high quality GaN films on
ZnO (0001) buffer layers has also been reported by
various other groups [9-13]. However, there are some
important problems associated with the use of ZnO as
a substrate for GaN epitaxy. In particular, ZnO is at-
tacked at high temperatures in reducing atmospheres
and is therefore ill suited for growth under conditions
typically employed in MOCVD or HVPE [14]. There-
fore low temperature techniques such as MBE or PLD
are generally used. The problem is further relieved by
using a low temperature GaN buffer layer between the
ZnO substrate and the epitaxial GaN film, which has
been found to effectively protect the ZnO substrate [11].
Another pertinent issue is the observation [15] that GaN
films grown on the Zn-face of ZnO are unstable against
Ga-droplet formation. However, Hamdani et al. [11],
who have studied the growth of GaN on both faces of
Zn0, do not report the formation of Ga droplets on the
Zn-face of the ZnO substrate. Instead, they observed
that the GaN epilayer grown on the Zn-face exhibited
a considerably rougher surface than the GaN epilayer
grown on the O-face ZnO surface. It is also worth men-
tioning that GaN has been successfully used as a buffer
layer for ZnO heteroepitaxy [5, 16—18].

In addition to the similar structural and thermal prop-
erties of GaN and ZnO, there is also an interest in the
electronic properties of the GaN/ZnO (0001) interface.
In particular, the heterovalent nature of the interface po-
tentially allows for band-offset engineering, as will be
explained below. Recently the formation of n-ZnO/p-
GaN heterojunction light-emitting diodes has been re-
ported [19, 20]. However, despite the considerable tech-
nological potential of the GaN/ZnO (0001) heterointer-
face, its fundamental properties are only poorly under-
stood. In particular the relative stabilities of the different
possible interfacial atomic structures, which determine
the observed band-offset of 0.8 eV at the interface [28],
have not been considered so far. The only theoretical
study available is one by Nakayama and Murayama
[21], who have reported an average value for the band
offset at the interface, without considering the stability
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of the different interfacial atomic configurations. It is
therefore the aim of this study to determine the rela-
tive stability of the different interfaces and to derive
the corresponding band offsets. The two materials are
artificially lattice matched by using an averaged basal-
plane lattice constant of the bulk GaN and ZnO struc-
tures in all calculations reported. The effects of strain
are currently being investigated and will be reported in
a separate communication.

2. Theoretical method
2.1. Atomic mixing at the GaN/ZnO (0001)
heterovalent interface

In bulk wurtzite materials, such as GaN and ZnO, each
atom forms four bonds to its next nearest neighbours.
Each cation-anion pair contains eight valence electrons
that are equally distributed amongst its four bonds.
Hence each bond is occupied by two electrons. In other
words, each atom donates 1/4 of its valency to each of
its four bonds. Hence the occupation of a bond between
atoms A and B is given by

foe = (20 +27) /4 M
where fL_ is the occupation of the bonds formed by
cation A and anion B, as determined by their respec-
tive valency Z#4 and ZB. At the (0001) interface, bonds
between atoms are formed, whose valencies do not add
up to eight and hence the bond occupation Obcc is differ-
ent from two. Thus for the Zn—N interface each Zn—N
bond will be electron deficient by !/ of an electron,
while bonds in the Ga—O interface will contain an elec-
tron excess of /4 of an electron. Hence electronic charge
will accumulate at the Ga—O interface, while the Zn—N
interface will be electron deficient, which results in the

formation of a negatively and a positively charged in-
terface, respectively. The charged interfaces would give
rise to electric fields that extend throughout the over-
layer, which is energetically unfavourable, as was first
pointed out by Harrison et al. [22]. The accumulation of
charges can only be avoided if the number of electron-
deficient bonds in the interface is balanced by the same
number of electron-rich bonds. Due to the polarity of
the semiconductor materials under consideration, this
balance can only be achieved by allowing atomic mix-
ing of the interfacial layers. Taking the Ga—O interface
between the Ga-polar GaN slab and the O-polar ZnO
slab as an example, the charge accumulation can either
be compensated by replacing 1/4 of all the Ga atoms in
the interfacial Ga layer by Zn atoms, or alternatively by
replacing !/4 of all the O atoms in the interfacial O layer
by N atoms, as is shown in Fig. 1. It should be noted that
there are other possible compensations, such as inter-
faces with two mixed layers; however, these have been
disregarded in this study.

2.2. Formation energies and chemical
potentials

In order to compare the stability of the various inter-

faces, the interfacial formation energy, Ei;“ is used,

which is generally defined as [23]: ’

. 1
E‘f‘.lt = E(Etot — ZnApLA)/(ab)
A

A =Ga,N,Zn, O 2)

where E'*!is the calculated total energy of the supercell
containing the interface, n? is the number of atoms of
species A and p# is the chemical potential of atom A.
(ab) corresponds to the number of atoms in the layers

Figure 1 (a) Abrupt (non-compensated), (b) cation-compensated and (c) anion-compensated Ga-O interface. The charge accumulation can only be
avoided if the total number of electron rich Ga—O bonds is balanced by the same number of electron-deficient Zn-N bonds. Cation- and anion-
compensated interfaces give rise to interfacial dipoles pointing in opposite directions, as indicated by the black arrows; Note the colour scheme: Ga
atoms are black, N atoms are light grey, Zn atoms are dark grey and O atoms are white.
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parallel to the interface. Thus the interface formation
energy refers to the (1 x 1) cell. The prefactor of 1/
accounts for the fact that the supercells actually consist
of two interfaces which are assumed to be identical.

In thermodynamic equilibrium the chemical poten-
tials are in equilibrium with the bulk, i.e.

MGaN — MGa 4 ,U«N
ZnO Zn (0] (3)
e

where 12N is the chemical potential of bulk GaN and
u?"0 is the chemical potential of bulk ZnO. Hence
Equation 2 can be rewritten as

Eint — l(EtOt _ nGaNMGaN _ nZnOMZnO _ AnGaMGa
—An”" ") /(ab) 4)
where An® = n% — N and An?t = 2 — pO ac-

count for the deviation from the ideal bulk stoichiom-
etry. However, the supercells considered in this study
can all be represented in terms of integer numbers of
ZnO and GaN pairs and hence the interfacial forma-
tion energies can be derived in terms of the chemical
potentials of GaN and ZnO only:

int 1 tot GaN  GaN ZnO ,,ZnO
E} = 2(E n>* n“ ) /(ab) - (5)
This avoids having the formation energy be dependent
on 19, uN, %" and 0, the precise values of which are
unknown. However, the polarity of both GaN and ZnO
means that the two interfaces in the supercells will be
different and therefore the interfacial formation ener-
gies determined using Equation 5 will correspond to an
averaged formation energy for the two different inter-
faces. It is therefore impossible to derive absolute inter-
facial formation energies using this approach. However,
at least the relative stability of the various interfaces
can be determined by keeping one of the two interfaces
constant in all calculations, which in turn is only possi-
ble for supercells containing crystal slabs of the same
orientation. Hence, two sets of relative interfacial sta-
bilities will be reported in this study—one involving
interfacial bonds between the Zn-face of the ZnO slab
and the N-face of the GaN slab (Zn—N interfaces) and
another one involving interfacial bonds between the O-
face of the ZnO slab and the Ga-face of the GaN slab
(Ga—O interfaces).

As only relative formation energies can be deter-
mined, the factor of 14 in Equation 5 above has to be
removed since energy differences between the various
interfaces are being considered. In other words, by sub-
tracting the formation energy of one supercell from the
formation energy of another supercell containing the
same reference interface, the reference interface is ef-
fectively removed and hence the relative stability of
the interfaces of interest can be obtained. This can be
expressed as:

AE;lt =

e — B2 (6)

where ES™ is the formation energy of the two interfaces
contained in supercell x, which is given by:

GaN GaN

ESL (EtOt x w

7 —n"u”) [(ab) - (7)
where E'*" is the calculated total energy of supercell x,
containing n™N GaN units and n%"© ZnO units.

2.3. The valence band offset

The determination of the valence-band offset across
the interface between two semiconductor materials in-
volves lining up the band structures of the two materials.
Hence, the band structures of the two semiconductors
have to be determined with respect to some reference
level, which is generally chosen to be their macroscopic
average electrostatic potential, V. The valence band
offset is then determined by aligning the macroscopic
average electrostatic potentials of the two semiconduc-
tors.

For the purpose of determining the valence band oft-
set between two semiconductor slabs, only the variation
of the electrostatic potential perpendicular to the inter-
facial plane is of interest. The other two coordinates
can be removed by averaging in planes parallel to the
interface:

V(z) = l/ V(x,y,z)dxdy, (8)
s

S

where S is the area of the unit cell in the plane of the in-
terface. This results in a one-dimensional function that
still exhibits periodic variations in the direction perpen-
dicular to the interface. The macroscopic average is then
found by averaging V (z)over a distance corresponding
to one period:

<n

1 z+a/2 _
(2)=— f V()dz, )

a Jz—a/2

where a is the length of one period in the z-direction.
However, V cannot be determined on an absolute scale
[24] and hence a common reference for the two macro-
scopic average electrostatic potentials, V 4 and V 3, has
to be found. In order to find that common reference,
V 4 and V  have to be determined from a calculation
involving both semiconductor slabs joined at the in-
terface. This ensures that the electrostatic potentials of
both materials are expressed with respect to the same
reference and allows direct extraction of A Vi, which
is defined as the offset of the average electrostatic po-
tential across the interface. The valence-band offset,
AE,, can then be determined using

AE, = AViy + (E2 Vo) (10)

— Vi) — (EF =

where E2 and E 8 are the valence band maxima of se/gm—
conductor A and B, respectively. Note that EX, V.,
EB and Vbulk are all bulk properties, while AViy
depends on the atomic structure of the interface. A
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Figure 2 Schematic diagram of the band line-up at the interface between
semiconductors A and B, exhibiting different band gaps, E ? and E g.
Vin and V. are the macroscopic average electrostatic potentials of
semiconductor slab A and B joined at the interface. EA and E? are the
conduction band minima and AE, is the conduction band offset. Adapted
from [24].

schematic diagram of the procedure used to determine
the valence band offset is shown in Fig. 2.

In order to derive the macroscopic average electro-
static potentials of the two semiconductor slabs joined
at the interface, it is necessary to find a ‘bulk-like’ re-
gion in each of the two semiconductor slabs, where the
value of the macroscopic average electrostatic poten-
tial can be determined. In other words, a region of the
semiconductor slabs has to be identified that is not sig-
nificantly affected by the interface. It should be noted
that the calculated valence-band offset can also be used
to determine the conduction band offset, provided the
band gaps of the two semiconductor materials joined at
the interface is known.

The observed valence-band offset at a polar, het-
erovalent semiconductor interface is strongly depen-
dent on the interfacial atomic configuration. Depend-
ing on the relative position of the charge-deficient and
charge-rich bonds at the interface, interfacial dipoles of
different orientations will be formed, as is indicated in
Fig. 1. In particular, the dipoles at cation- and anion-
compensated interfaces point in exactly opposite direc-
tions, which is why different band offsets are expected
at the differently compensated interfaces. This depen-
dence of the band offset on the atomic structure of the
interface opens the possibility of controlled band offset
engineering.

2.4. Interfaces considered

In this study ideally stacked, compensated interfaces
(involving one mixed interfacial layer only) between
ZnO (0001) and GaN (0001), excluding interfaces in-
volving cation-cation or anion-anion interfacial bonds,
were considered. In addition to the cation- and
anion-compensated Ga—O interfaces between a Ga-
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terminated slab of GaN and an O-terminated slab
of ZnO, shown in Fig. 1, the cation- and anion-
compensated Zn—N interfaces between a N-terminated
slab of GaN and a Zn-terminated slab of ZnO were con-
sidered. The supercells used to determine the relative
stability of the various interfaces are depicted in Fig. 3.

Note that an averaged basal-plane lattice constant of
the bulk ZnO and GaN cells has been used for all su-
percells considered in this study. However, all cell con-
stants were allowed to relax in all calculations, which
resulted in basal plane lattice constants ranging from
6.453 to 6.457 A.

3. Computational details

The calculations described below are based on density
functional theory using the PBE [25] exchange corre-
lation functional. The wave functions were expanded
using a plane-wave basis set up to an energy cut-off
of 380 eV, which is found to reproduce the bulk lat-
tice constants of ZnO and GaN to within 0.9% of the
experimental values. The electron-ion interaction is de-
scribed using ultrasoft pseudopotentials [26] and the d-
electrons in Zn and Ga are modelled explicitly. Relax-
ation of the atomic structure is performed until forces
on the atoms are less than 0.03 eV/A. The Brillouin
zones of all compensated supercells, containing four
atoms in the interfacial plane and either 5 or 7 double
layers (defined as a Ga—N or Zn—O pair of planes) of ei-
ther semiconductor material parallel to the interface, are
sampled using a4 x 4 x 1 Monkhorst Pack [27] k-point
grid. The Brillouin zone of the supercells containing the
non-compensated interfaces, containing only one atom
in the interfacial plane and between 3 and 9 double lay-
ers of both ZnO and GaN parallel to the interface, is
sampled using a 8 x 8 x n k-point grid, where n var-
ied depending on the length of the supercell. Hence the
electronic structure of the supercell containing 3 dou-
ble layers of either semiconductor material (henceforth
referred to as a (3 4 3) supercell) was sampled using
an 8 x 8 x 2 k-point grid, while an 8 x 8 x 1 k-point
grid was used to sample the electronic structure of the
larger supercells. The entire computational methodol-
ogy is implemented in the CASTEP program [29].

4. Results and discussion

4.1. Interfacial formation energies

The formation energies of the four supercells contain-
ing the different compensated interfaces considered, as
well as the relative formation energies of the different
interfaces are summarised in Table I.

The table shows that the cation-compensated inter-
faces are about 20 meV/unit cell more stable than the
corresponding anion-compensated interfaces, irrespec-
tive of interfacial polarity. The fact that this pattern
holds for interfaces of either polarity, suggests that the
different stability of cation- and anion-compensated in-
terfaces is not due to different bonding interactions at
these interfaces, but rather due to another factor, such
as the disturbance of the crystal periodicity by the intro-
duction of the compensating anion, which appears to be
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(a) (b)
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Interface
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Reference
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Figure 3 Supercells used to model (a) the Zn- and (b) N-compensated Ga-O interfaces and (c) the Ga- and (d) O-compensated Zn—N interfaces. The
reference interface was chosen to be cation-compensated in all supercells, however, due to the polarity of the materials, the reference interface used in
calculations of the Ga-O interface is different from the reference interface used in calculations of the Zn—N interface. The colour scheme is the same

as in Fig. 1.

more pronounced than the corresponding perturbation
to the crystal periodicity resulting from the insertion of
the compensating cation.

It should be noted that (5 + 5) supercells were
sufficient to determine the formation energy of the
cation-compensated interfaces, while (7 + 7) super-
cells were needed to obtain converged results for the
anion-compensated interfaces. The different conver-
gence properties of cation- and anion-compensated
interfaces can be explained in terms of the differ-
ent directionality of the interfacial dipoles at these
interfaces, mentioned in Section 2.3. Thus, irrespec-
tive of interfacial polarity, the interfacial dipole in
cation-compensated interfaces points towards the GaN
slab, while it points towards the ZnO slab in anion-
compensated interfaces. Now, as the reference interface
was chosen to be cation-compensated in all supercells,
the interfacial dipoles of the two interfaces in the super-

TABLE I Relative stability of cation- and anion-compensated Ga—O
and Zn—N interfaces. E S/L is the formation energy of the supercells con-
taining the different interfaces, determined using Equation 7; AE:‘%
is the relative stability of the cation- and anion-compensated interfaces,
which was determined using Equation 6. Note that the elements in brack-

ets indicate the nature of the interfacial compensation

Interface E Sf"-L (eV/unit cell) AE:‘_‘}_ [eV]
Zn-polarity ZnO

Ga—0 (Zn) 0.154 -

Ga—O (N) 0.175 0.021
O-polarity ZnO

Zn—N (Ga) 0.155 -

Zn—N (0O) 0.180 0.025

cells containing the cation-compensated interfaces (of
interest) both point towards the GaN slab, while they
point towards different semiconductor slabs in super-
cells containing the anion-compensated interfaces—
towards the GaN slab at the reference interface and
towards the ZnO slab at the anion-compensated inter-
face of interest. Hence in the supercells, containing the
cation-compensated interfaces, no charge transfer be-
tween the interfaces is expected, while charge trans-
fer between the interfaces is conceivable for super-
cells containing the anion-compensated interfaces. This
charge transfer interaction is clearly dependent on the
interfacial separation and hence explains the different
observed convergence properties of cation- and anion-
compensated interfaces.

In order to assess the effect of compensation on the
interfacial stability, the formation energy of the non-
compensated equivalent to the compensated Ga—O and
Zn—N interfaces, depicted in Figs 3a and b, was deter-
mined. The formation energy of the (9 + 9) supercell
containing the two non-compensated interfaces was de-
termined to be 374 meV, which is more than double the
formation energy of the supercells containing the cor-
responding compensated interfaces (see Table I). The
actual formation energies of the non-compensated in-
terfaces will be even larger, as the quoted result is not
converged with respect to supercell-size perpendicular
to the interfacial plane, as can be seen in Table II. The
rapid increase in interfacial formation energy with in-
creasing supercell size is due to the weakening of the
attractive interaction between the electron-rich and the
electron deficient interface with increasing interface-
interface distance. This interaction is clearly spurious
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TABLE II Variation of the formation energy of a supercell containing
two non-compensated interfaces, as a function of supercell size

TABLE III The valence band offsets at the cation- and anion-
compensated interfaces

Supercell size EJS,L (eV/unit cell) AE?-L (eV) Interface VBO (eV)
B+3) 0.096 - GaO(Zn)/ZnN(Ga) 1.0
5+5) 0.222 0.126 GaO(N)/ZnN(O) 0.5
T+7) 0.330 0.108

949 0.389 0.059

and the supercell size has to be increased until the cal-
culated interfacial formation energies cease to exhibit
a dependence on supercell size.

4.2. Valence band off-sets

The valence band offsets (VBO) at the cation- and
anion-compensated interfaces were determined using
(5 + 5) supercells, having both interfaces either cation-
or anion compensated. As was pointed out before, the
two interfaces in these supercells are different. The
VBO at these interfaces will nonetheless be very simi-
lar, since they mainly depend on the interfacial dipoles,
which point towards the same semiconductor slab at
equally compensated interfaces. A plot of the electro-
static potential along the z-axis of the supercell [0001]
containing the cation-compensated Ga—O and Zn—n
interfaces is shown in Fig. 4.

The band structure of appropriately strained bulk
7ZnO and GaN were aligned to the average electrostatic
potential of the corresponding semiconductor slab in
the supercell containing the interfaces, as described in
Section 2.3 above, to yield the valence band offsets
given in Table III.

The calculated valence band offsets correspond well
to the experimentally found band offset of 0.8 eV [28].

However, they are substantially smaller than the theo-
retical band offsets previously reported by Nakayama
etal. [21], who found a VBO of 2.2 and 1.0 eV at the
cation- and anion-compensated interface, respectively.
The difference in the calculated band-offsets may well
be due to the different methodologies used. In partic-
ular, Nakayama et al. treated the d-electrons of Zn as
core electrons, while they were modelled explicitly in
this study. In addition, Nakayama et al. employed the
virtual crystal approximation, while the actual interfa-
cial structure was considered in this study. However, in
agreement with Nakayama et al. and experimental data
[28], it was found that the band offsets at the cation- and
the anion-compensated interface are of type 2 align-
ment with the valence band maximum and the conduc-
tion band minimum of ZnO lying below the valence
band maximum and the conduction band minimum of
GaN, respectively.

5. Conclusions

Both the relative formation energies and the valence
band offsets at lattice-matched interfaces between
(0001) GaN and (0001) ZnO have been determined.
It was found that compensated interfaces are more than
twice as stable as non-compensated interfaces. In addi-
tion, cation compensated interfaces were determined
to be about 20 meV/unit cell more stable than the

-3 4
-8 -
; ZnO
= I/l L 7 daN|
>N 13 IA int I/int
-18 A
-23 “Zn(Ga) Zn Zn Zn Zn Ga(Zn) Ga Ga Ga Ga
(0] (0] (0] (0] (0] N N N N N
atomic plane

Figure 4 Variation of the average electrostatic potential in the supercell along [0001] normal to the cation-compensated interfaces. The macroscopic

ZnO
int

GaN
int

average electrostatic potential of ZnO, 1% and GaN, v
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ELEVENTH INTERNATIONAL CONFERENCE ON INTERGRANULAR AND INTERPHASE BOUNDARIES 2004

corresponding anion-compensated interfaces, irrespec-
tive of interfacial polarity. This energy difference is very
small and hence the nature of the interfacial compensa-
tion will be largely dependant on the growth conditions
employed. Type 2 valence band offsets of 1.0 and 0.5 eV
were found at the cation- and anion-compensated inter-
faces, respectively. The effect of strain on the stability
and the valence band offset of the ZnO—GaN interface
is currently being investigated and will be reported in
a separate communication.
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