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Abstract

The electronic properties of a ¥ = 13 32.2° [0001] tilt grain boundary in
ZnO have been investigated using first-principles calculations. Two atomic
models for the boundary have been considered, one of which contains structural
units that are consistent with those observed for this orientation using electron
microscopy. Doping both the grain boundary models with antimony reveals
a strong driving force for segregation. Analysis of the electronic densities of
states, bond populations and Mulliken charges shows that antimony creates a
localized impurity state in the grain boundary and acts as a donor dopant. The
resulting charge accumulation at the grain boundary together with the presence
of local bonds that are metallic in character, will influence the mechanism for
charge transport across the interface and this is discussed in relation to varistor
applications.

1. Introduction

Zinc oxide has attracted renewed interest in recent years due to the development of thin-film
fabrication techniques which have extended the range of possible device applications for this
wide band gap semiconductor [1]. The possibility of growing large-scale single crystals [2]
has enabled the construction of blue laser diodes [3] and also electrodes for solar cells and
flat panel displays [4]. Varistors are the traditional use of ZnO when the material is prepared
in polycrystalline form [5]. In all applications, defects and impurities are the key factors in
determining functionality. In particular, grain boundaries in polycrystalline ZnO have received
much attention [6—12] because in the double Schottky barrier (DSB) model [13—-16] they are
considered to be the origin of the material’s non-linear /-V characteristic, a property which is
essential in varistor applications. The DSB model assumes that the grain boundary contains
interface states which trap conduction electrons. This creates a depletion region close to the
boundary that acts as a barrier for electron transport between adjacent grains. The breakdown
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of the barrier is connected to the release of the trapped charge carriers. This breakdown may
be enhanced by an avalanche mechanism [15] where holes from field-induced electron—hole
pairs travel back to the grain boundary and recombine with trapped electrons.

There have been few theoretical investigations at the microscopic level to test the DSB
model mainly because individual grain boundaries must be studied. Oba et al [17, 18] have
recently used a computational approach to calculate the atomic and electronic structure of an
undoped £ = 7 [0001] tilt grain boundary in ZnO. However, no interface states were found and
vacancy-induced states seem to be insufficient to explain the extreme electrical non-linearity
found in commercial varistor material [19]. The structural or electrical properties of this
boundary have not been determined experimentally but the atomic structure of another [0001]
tilt boundary near ¥ = 13 has been observed and characterized using high-resolution electron
microscopy (HREM) [8, 9]. In the present paper, therefore, we have focused on the ¥ = 13 tilt
grain boundary as our model system and analysed its properties with and without impurities
using first-principles electronic structure calculations. Antimony was chosen as the impurity
since antimony oxide is a common additive in ZnO varistor ceramics [20]. The oxide additive
is often observed to react with the host material to form a spinel [21] which then inhibits grain
growth by residing on the grain boundaries and at triple junctions [22]. However, the effect of
Sb per se on the atomic or electronic structure of grain boundaries and the degree to which it
contributes to varistor activity are not understood. Energy-dispersive x-ray analysis has shown
that Sb can be distributed in the grain boundaries, the grains and the secondary spinel phase
depending on the concentration of antimony oxide in the system [23]. Our aim, therefore, is
to get a clearer understanding of the effects of Sb segregation on the atomic and electronic
structure of a model tilt boundary system in ZnO.

2. Computational method

The calculations are based on density functional theory (DFT) and use a supercell approach
to model the grain boundary. The supercell for the ¥ = 13 32.2°(1340)[0001] tilt boundary
system contained two symmetry equivalent boundaries and used 104 atoms. To begin with,
however, the lowest energy translation states of the boundary were determined using a classical
shell model and lattice relaxation techniques [24]. These calculations predicted two stable
translation states for the ¥ = 13 tilt boundary which were chosen for final optimization using
the DFT methodology [25-27]. The two low-energy states of the boundary are labelled ¥ =
13, and ¥ = 13, and are shown after full relaxation in figure 1. The DFT calculations used a
plane wave basis set with a kinetic energy cut-off of 300 eV, ultrasoft pseudopotentials [28], a
GGA [29] exchange-correlation functional and four k-points selected by the Monkhorst—Pack
scheme [30]. This scheme was used to calculate the total energy, the density of states (DOS),
the partial DOS projected onto atomic orbitals (PDOS) and the Mulliken charges and bond
populations. Figure 1 also shows the three Zn sites chosen for Sb substitution, one in the
core of the ¥ = 13, boundary and the other two in the core of the ¥ = 13, boundary. The
grain boundary Egp and segregation energies E, are shown in table 1 and were determined
by performing separate DFT calculations on undoped and doped bulk cells under the same
computational conditions as the grain boundary calculations.

3. Results and discussion

The HREM observations [8, 9] indicate that periodic segments of a near-X = 13 [0001]
tilt boundary are constructed from 5- and 7-atom arrangements of atomic columns (rings).
Six-atom rings have also been observed in a lower angle boundary and 4- and 8-atom rings
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Figure 1. The two stable translation states found for the ¥ = 13 grain boundary in ZnO.
(a) ¥ = 13 and (b) ¥ = 13;, both viewed down the [0001] tilt axis. Zinc atoms are shown black
and oxygen atoms are shown white. The Sb substitution sites are indicated by Sby, Sb, and Sbs.
The horizontal dashed line indicates the position of the boundary plane.

have been seen in tilt boundaries of GaN [31] which has the same crystal structure as ZnO.
Thus, a number of characteristic structural units are observed and their precise arrangement
depends on the boundary geometry and its deviation from the ideal low-X configuration. Our
two low-energy configurations for the £ = 13 boundary contain all these ring structures.
The lower energy boundary, ¥ = 134, consists of a periodic array of 4-, 6-, 8- and 10-atom
rings while the higher energy boundary, ¥ = 13,, comprises a zig-zag chain of 10-atom rings
as seen in figure 1. The 10-atom ring is equivalent to a 5- and 7-atom ring since the bond
dividing the 5- and 7-atom rings is absent due to lattice mismatch. Thus the configuration
which most closely matches the HREM observations is the ¥ = 13, structure, although we
compute it to have a slightly (5%) higher energy than ¥ = 13;. The similarity in computed
grain boundary energies would indicate that both geometries could coexist and this is known as
structural multiplicity [32]. The preference for a particular geometry may depend on various
experimental factors such as deviations from the precise coincidence site lattice misorientation,
crystal stoichiometry and impurity concentration.



9940 J M Carlsson et al

Table 1. The grain boundary energy Egg for the two translation states of the ¥ = 13 boundary
and the segregation energy Egeg for the three substitution sites shown in figure 1.

Grain boundary ~ Egp (Jm™2)

¥ =13 1.35
=13 1.42
Substitution site  Egeg (€V)

¥ = 13;:Sb; —1.44
¥ =135:Sb; —1.35
¥ = 135:Shy 0.09

The formation of structural units in the ¥ = 13 grain boundary inevitably breaks the
Zn-0 bonds. However, the atoms in the bridge between the 8- and 10-atom rings in ¥ = 13;
are re-coordinated into a planar structure which does not have a dangling bond. Consequently,
the DOS for this structure only shows a small shift and no interface states are formed. In
the ¥ = 13, boundary the broken tetrahedral bonds across the neck of the 10-atom ring (i.e.
between the equivalent 5- and 7-atom rings) lead to under-coordination of the atoms in the
neck positions. In particular, for the O-atoms the under-coordination produces a dangling bond
directed into the interior of the 10-atom ring that can be seen as a peak in the DOS indicated
by Ogg in figure 2(b). The PDOS for those O-atoms in figure 2(b) shows an interface state
of p-character above the top of the valence band. The corresponding wave-function has a
pronounced p-character localized on the O-atoms. The atoms across the neck of the 10-atom
ring are found to relax inwards towards the bulk in a manner which is similar to that observed on
the ZnO non-polar (1010) surface [33]. Both the Zn and O neck atoms move into the adjacent
hexagonal ring away from the more open 10-atom ring. However, the Zn-atom moves 0.01 nm
further than the O-atom causing the surface of the ring to be slightly uneven. This rumpling is
similar to that observed on the (1010) surface using LEED [33]. The character of the interface
state is also similar to that of a (1010) surface state found using first-principles calculations
[34]. This indicates that the under-coordinated atoms in the 10-atom ring experience the
structural unit as an internal surface.

In order to understand the effects of Sb segregation on the ¥ = 13 tilt boundary we have
first studied Sb incorporation in the bulk crystal assuming a cation substitution mechanism.
Antimony is a slightly larger atom than Zn and the substitution causes a small local outward
relaxation of the nearest and next nearest neighbour atoms of about 0.01 nm due to the
equilibrium length of the Sb—O bonds. The chemical effect of this substitution is the formation
of a predominantly covalent bond between the Sb-atom and the four nearest neighbouring O-
atoms which is in contrast to the more ionic Zn—-O bond. Both the bonding and anti-bonding
states of the covalent Sb—O bonds are occupied in bulk ZnO. The bonding state, indicated by
the Sb-arrow in figure 2(a), has an energy of 11 eV below the Fermi level, which is lower than
the energy of the d-bands from the Zn-atoms in pure ZnO. The energy of the anti-bonding
Sb-0O bond, indicated by Sb* in figure 2(b) is located in the band gap of ZnO with an energy
of 0.24 eV above the valence band edge at the I'-point. The location of the anti-bonding
state in the band gap is unfavourable and Sb-atoms prefer to increase their distance to the
nearest neighbours which explains the outward relaxation of these atoms. The PDOS shows
that the covalent bond has an s—p character and we conclude that the covalent bond between
the Sb-atom and the neighbouring O-atoms is formed by the 5s electrons from the Sb-atom
and the 2p electrons from the O-atoms. The 5p electrons from the Sb-atom are partly donated
to the conduction band as can be seen from the shift of the Fermi level in the DOS plot in



Electronic properties of grain boundary 9941

100 T
if '
1 |! ]
i ol
1N
oy
|
T
PETI
i
I =
n ! ”.'
O : 1
A : {0
b yl)
Ik '
/
i
i
1
1
!
1k °
B
E-E " [eV]
F
35 0.7
0.6 d)
2.5 0.5
25 LR0.4
o o %
81. EOS Sb\
0.2
0.5

Figure 2. A comparison of the DOS for the undoped and Sb-doped bulk ZnO and £ = 13
grain boundaries. The shaded area is the bulk DOS and the vertical dotted, dashed and solid
curves indicate the position of the Fermi level in the ¥ = 131, ¥ = 13, and ¥ = 13,:Sb systems,
respectively. (a) Sb indicates the Sb—O bonding orbital while (b) the anti-bonding orbital is labelled
Sb*. The peak for the under-coordinated O-atoms in the ¥ = 13, boundary is highlighted by Ogg
in (b) and (c) compares the s- and p-resolved PDOS for these atoms in the ¥ = 13; and £ =13,
boundaries. (d) The relaxation of the anti-bonding Sb—O orbital in terms of the change in PDOS
for the Sb-atom in moving from the bulk to the £ = 13,:Sbs site.

figure 2(a). This creates a local accumulation of charge carriers around each Sb-atom. A
simple estimate of the radius of the orbital for these electrons gives a value of approximately
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1.5nm. To getamore detailed description of the effects of the Sb-induced charge accumulation
we performed the Sb-substitution in an extended bulk cell. In this case a clear band bending
centred at the Sb-atom is observed and the decay can be estimated. The extrapolation gives
an extension of the band bending of 3 nm.

The grain boundary segregation calculations indicate that for two of the chosen
substitution sites there is a strong driving force for Sb segregation. These sites are labelled
Sb; in the ¥ = 13; boundary and Sbj in the ¥ = 13, boundary and have large negative
segregation energies as shown in table 1. It is concluded that these particular sites offer more
freedom for relaxation compared to the bulk crystal. In both cases the Sb-atom relaxes inwards
by about 0.03-0.05 nm towards the centre of the adjacent ring structure. This is the case even
though the site Sb; is 4-coordinated and the site Sbs is 3-coordinated. On the other hand, the
impurity labelled Sb; in the ¥ = 13, boundary has a positive segregation energy and is an
unfavourable site for segregation. In this case the site that directly connects adjacent 10-atom
rings, is 4-coordinated and offers little freedom for relaxation even though it is in the core of
the grain boundary. It is thus a bulk-like site as far as impurity segregation is concerned. We
conclude that both the models for the ¥ = 13 tilt boundary can attract Sb impurities although
some sites are more strongly preferred energetically than others.

We have analysed the nature of the Sb—O orbitals in the grain boundary and compared
them to the corresponding orbital in the bulk. The Sb—O bonding orbitals in the bulk and the
boundary have the same character while the anti-bonding orbital changes character depending
on the boundary substitution site. In the 4-coordinated sites, ¥ = 131:Sb; and ¥ = 13,:Sb,,
the anti-bonding state shows a distinct peak in the atom-resolved DOS, but the energy of that
state is relaxed below the valence band edge. In the 3-coordinated site, ¥ = 13,:Sbs, the
anti-bonding state broadens into a less-pronounced state of a more delocalized character as can
be seen in figure 2(d). The valence bond orbital around the Sb-atoms is more extended which
increases the charge density inside the empty regions of the structural unit for the ¥ = 13;:Sb;
and ¥ = 13,:Sbs sites. The charge density overlaps with the next nearest neighbouring Zn-
atom across the structural unit but the Sb—Zn overlap does not form a bond. A Mulliken
population analysis on the atoms and bonds around the ¥ = 13;:Sb; and ¥ = 13,:Sb;
sites shows clear evidence of anti-bonding between Sb-Zn atoms. For example, near the
¥ = 13;:Sb; site the Sb—Zn bond population is —0.35 electrons whereas the Sb—O bond
population is +0.65 electrons. As with the doped bulk, 5p electrons are partly donated to the
conduction band when the Sb-atom occupies a boundary site. This results in an upshift of
the Fermi level in the ¥ = 13,:Sb; system (indicted by the vertical solid line in figure 2(a))
of about 1.3 eV from the position in the undoped ¥ = 13, grain boundary (marked by the
vertical dashed line in figure 2(a)). The segregation of Sb-atoms then suggests that there is
a higher concentration of charge carriers in the grain boundary region compared to the bulk.
Our results indicate a 2D grain boundary interface that is more metallic in character than the
interior of the grains for the doping levels that can occur in varistor materials. On the other
hand, for conduction perpendicular to the grain boundary the charge accumulation may act as
a repulsive barrier.

4. Conclusions

To conclude, we have analysed the electronic structure of two atomic models for the ¥ = 13
[0001] tilt grain in ZnO and found that under-coordinated oxygen atoms in one of the structures
creates occupied interface states just above the valence band edge. Doping this structure with
Sb reveals a strong driving force for segregation which can be explained in terms of the
relaxation of the Sb—O anti-bonding orbital. Antimony donates 5p electrons to the conduction
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band causing charge accumulation in the grain boundary. Our results therefore indicate a
varistor mechanism in which charge carriers are frozen into the grain boundary region and
only released upon application of a critical external field. Further investigations concerning
the transport properties of such a boundary have to be performed in order to determine whether
this mechanism is quantitatively compatible with the non-linear /-V characteristics found for
commercial varistors.
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