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Fumiyasu Oba, Shigeto R. Nishitani, and Hirohiko Adachi
Department of Materials Science and Engineering, Kyoto University, Sakyo, Kyoto 606-8501, Japan

Isao Tanaka
Department of Energy Science and Technology, Kyoto University, Sakyo, Kyoto 606-8501, Japan

Masanori Kohyama and Shingo Tanaka
Department of Materials Physics, Osaka National Research Institute, Agency of Industrial Science and Technology,
1-8-31 Midorigaoka, Ikeda, Osaka 563-8577, Japan
(Received 5 September 2000; published 9 January)2001

The atomic and electronic structure of lﬂﬁOOl]/(ﬁS 0) X =7 symmetric tilt boundary in ZnO has been
investigated by amb initio plane-wave pseudopotential method within the local-density approximation. Two
types of equilibrium geometries are obtained with similar boundary energies. Atomic arrangement is largely
reconstructed to vanish dangling bonds in one configuration, whereas the other shows small bond distortion but
has dangling bonds at the boundary core. The balance between the energies for deforming atomic arrangements
and vanishing dangling bonds should be significant in determining the boundary energies. The electronic
structure of the grain boundaries is discussed with a special interest in the relationship with the bond disorder.
Owing to the bond distortion and/or the presence of the dangling bonds, localized states form mainly at the
lower valence band and the bottom of the upper valence band. On the other hand, the electronic states in the
vicinity of the band gap are not significantly affected by the bond disorder. Deep electronic states are not
generated in the band gap even for the configuration with dangling bonds. This behavior can be generally
explained by the band structure intrinsic to ZnO.
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[. INTRODUCTION istics is attributed to the double Schottky barrier based on the
interfacial electronic statéS:*°In ZnO varistors, deep inter-
Grain boundaries have attracted much attention due to thiacial states have been observed at 0.6—1.0 eV below the
significant roles in the mechanical and electrical propertiedottom of the conduction barid=3®* A number of reports on
of polycrystalline materials. The variety of the atomic ar-the nonlinear properties suggest that the formation of the
rangement, chemical composition, and electronic structure dfiterfacial electronic states is related to the presence of some
the grain boundaries, however, has made it difficult to accesénpurities _and/or excessive oxygen at the grain
the microscopic origins of the boundary-induced propertiedoundaries® *However, it should be significant to under-
in general. It has therefore been required to investigatétand the electronic structure originating from the deformed
simple boundaries such as the coincidence site Iatt@sl) ~ atomic arrangements at the grain boundaries themselves, dif-
boundaries systematically. CSL boundaries are often opferentiating from the extrinsic effects by the impurities and

served in chemical-vapor-deposited films of semiconductord'€ defects associated with the oxygen excess. For this pur-
such as Si and Si3 On the other hand they are not nec- pose, we opt to investigate the stoichiometric configurations

essarily representative in sintered materials. However, th8f the % =7 symmetric tilt boundary in ZnO.

local atomic and electronic structure of the CSL boundaries V\/_e_ haye prewogsly mod_eled tHe=7 boundar_y. using
: . empirical interatomic potentiafS. Two types of equilibrium
should have features common to arbitrary boundaries. Thé . . ; )
eometries with and without dangling bonds were found to

systematic knowledge of the CSL boundaries is therefor ave the lowest grain-boundary energies of similar magni-
useful in understanding the atomic and electronic structurg o Although the empirical potentials were confirmed to
that governs macroscopic properties originating from bounde oy ce the bulk properties of ZnO well, there may have
ary regions. For metal oxides, CSL boundaries have beegeen some systematic errors on the boundary geometries and
investigated both experimentaly®and theoreticalf~2°in energies

ordgr to elucidate the atomic structure. Recently, the ele_c- The first objective of the present study is the evaluation of
tronic structure has been revealed for some CSL boundarigfe poundary geometries and energies in a quantitatively re-
likewise: . . : liable manner based on tlab initio method. We eventually

In the present study, we investigate the atomic and elecgj that the equilibrium geometries and energies of the
tronic structure of th¢0001/(123 0) % =7 symmetrictiit =7 poundaries of ZnO obtained by the empirical method are
boundary in ZnO by aab initio plane-wave pseudopotential qualitatively the same as those obtained by the preabnt
method. Grain boundaries in ZnO are interesting especiallyhitio method.
for the nonlinear current-voltage characteristics, which are The second objective is the elucidation of the effects of

widely utilized as varistor§~? The origin of the character- the bond disorder on the electronic structure. This is essential
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TABLE |. Calculated lattice constants and internal parameter. z: [1230]
Deviations from the experimental ones are shown in parentheses.
y: [6410]
Calculated Experimental x: [0007]
Lattice constants a (A)  3.2214(-0.9%  3.2507 A & ’.".o!
c(A) 5.2031(—-0.1% 5.2083 . - 3
ol

Internal parameter u (frac) 0.3790(—0.9% 0.3825

8Reference 53.

to bridge the boundary-induced electrical properties and the
atomic arrangements. As a consequence, we find that the
electronic states in the vicinity of the band gap are not sig-
nificantly affected by bond distortion and the presence of B
dangling bonds. Deep electronic states are not recognized in

the band gap even for the configuration with dangling bonds.
These results can be generally explained by the band struc-

ture intrinsic to ZnO. Deep interface states observed for ZnO
varistors should not be attributed solely to bond disorder at
stoichiometric boundaries.

Il. METHODOLOGY

The ab initio calculations were performed using a plane-  FIG. 1. Equilibrium boundary geometries calculated by the em-
wave pseudopotential metHBdvithin the local-density ap- Pirical method. The scale indicates the periodicity unit of the
proximation(LDA).*® The self-consistent total energy in the boundary. The filled and open circles denote Zn and O atoms, re-
ground state was obtained by the conjugate-gradient elespectively. In thg 0001] view, three of the four basal planes in the
tronic minimization techniquéz which has been reported to ZnO unit cell can be seen in the order of O-Zn-O. For the boundary
be very efficient for semiconducting/insulating large A core structure is described as a sequence of fourfold- and
systemg® Atomic positions were iteratively relaxed accord- €ightfold-coordinated channels. For the boundaratoms possess-
ing to the Hellmann-Feynman fo%to achieve the opti- N9 dangling bonds are labeled with
mum geometry.

Troullier-Martins-type ~ pseudopotentidis were con- tentials in the Buckingham forfi?. As a result, some types of
structed for neutral Zn and O atoms. The valence electroquilibrium configurations were obtained with different
configurations of (8)*%(4s)?*(4p)° and (%)*(2p)* and the  translation states of the two half-crystals. Among them, we
cutoff radii of 2.34 bohr(1.24 A) and 1.35 boh0.71 A ¢chose two configurations with the lowest and the second
were chosen for Zn and O, respectively. These pseudopotefsyest houndary energies as the initial configurations in the
tials were used in the Kleinman-Bylander fofhwith the present study. The atomic structures are shown in Fig. 1.
local components o for Zn andp for O. BoundaryA was obtained with the translation states of 0.5

To begin with, we made calculations for the perfect C1YS“and 0.41 in fraction of the unit boundary lengths for the

tal of ZnO to check the applicability of the pseudopotentials. ndy directions, respectively. The translation in theirec-

The lattice constants and internal parameter were optimize? . .
L h ion, which corresponds to the volume expansion normal to
for the four-atom primitive cell with a plane-wave cutoff

energy of 100 Ry(1360 e\ and six speciak points in the the interface, was 0.6 A. The boundary energy was calcu-

irreducible part of the Brillouin zon® The results are listed lated to be 1.37 J/frby the empirical method. In the©001]
in Table I. The calculated values show small deviations fronview, the bulk region of the wurtzite structure looks like a
the experimental ones. For this optimized geometry, eigensequence of sixfold-coordinated channels, whereas the
states were calculated at 1R5points in the irreducible part boundary core structure is constructed by a sequence of
of the Brillouin zone. The density of stat€®0S) was then  fourfold- and eightfold-coordinated channels. All of the at-
obtained by substituting Gaussian functions of 0.5 eV fulloms have complete fourfold coordination of the first nearest
width at half maximum(FWHM) for the eigenstates. The neighbors. In other words, there are no dangling bonds in
shape of the DOS, which will be shown later in Fig. 4, wasthis boundary.
confirmed to be very similar to those reporfed™° BoundaryB has the translation states of 0.5, 0 in fraction,
For the calculation of th¢0001]/(1230) =7 sym- and 0.9 A for thex, y, andz directions, respectively. At the
metric tilt boundary, the geometries modeled in our previousoundary core, there are large open channels along the
study?® were employed as initial configurations. We calcu-[0001] direction. Some atoms adjacent to the channels have
lated the equilibrium geometries using empirical potentialdost one of the first nearest neighbors, which are label&x
that are composed of the long-range electrostatic potentiaignify dangling bonds. The number of dangling bonds is
with formal ionic charges and the short-range two-body pofour per unit boundary area. Despite the presence of the dan-
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1.5 T T T T T T T 1 < were calculated at ninle points in the irreducible part of the
T [ Jsg 2 Brillouin zone for the boundary supercells. In this case, the
= - Boundary A o .
S 14F Boundary B ] 3 plane-wave _cutoff energle§ 0f_80 Ry were employed because
z 3.8 > of computational economy: with the cutoff energy, the ener-
g 1sk 136 8 gies of.e|g_enstates at thé A, H K, L andM points _for the
"é i 1 § bulk primitive cell converged within 0.006 eV relative to the
g I {34 @ results with the cutoff energy of 100 Ry, and the grain-
s tlz2r 1 5 boundary energies per unit boundary area converged within
a [ 132 % 0.05 eV as shown in Fig. 2.

5 11F :3 s The electronic structure specific to the grain boundary
o : | 2 will be discussed using a local population and a local density
1L ' L . L L ! ! J28 (@ of states(LDOS). The local population in a regioa for an

70 75 80 8 90 95 100 eigenstate is defined as
Plane-Wave Cutoff Energy (Ry)
@ 2
FIG. 2. Grain-boundary energies as a function of plane-wave Pik= L|€Di,k(r)| dr, (N
cutoff energy. The right-hand ordinate indicates the energy per unit o ) ] ]
boundary area, i.e., energy per boundary in the supercell. where ¢ (r) indicates the wave function for ti¢h eigen-

state at thekth k point. Since the wave function is hormal-
gling bonds, the boundary energy was calculated to be onl{zed, P, ranges from 0 to 1. A larger population indicates
0.11 J/nt higher than that of boundar by the empirical that the localization of an electronic state on a region is
method. higher. We classified the boundary supercells into two re-
For these boundaries, we constructed 80-atom supercelgdons, the “grain-boundary region” where the boundary
that contain two identical boundaries to match three-core exists and the other which is called the “quasibulk re-
dimensional periodic boundary conditions, as will be showrgion,” as will be shown later in Fig. 3. These regions were
later in Fig. 3. The supercells have the glide-plane symmetrghosen to be half in volume, respectively. The local popula-
with respect to the-z plane. First the atomic positions in the tions were calculated by numerical integration using 64
supercells were redetermined by the empirical calculation<128x128 mesh points in respective regions. The LDOS
under three-dimensional periodic boundary conditions. Invas obtained by substituting Gaussian functions of 0.5 eV
these calculations, the relaxation for twelve atoms locatedfWHM for the local populations at respective electronic
between the two boundaries was restricted within the rigidstates.
body translation parallel to thgdirection. The resultant ge-
ometries were very similar to the ones shown in Fig. 1. The IIl. RESULTS AND DISCUSSION
cell dimensions and the atomic coordinates institérection
were then changed on the basis of the lattice constants and _. . i
internal parameter optimized by tlad initio method, which Figure 3 shows equilibrium boundary geometries calcu-
are shown in Table I. lated by theab initio method. For both the boundaries, all the
For the calculation of the 80-atom boundary supercelis, Seviations of the atomic_positions from the basal planes are
plane-wave cutoff energy of 100 Ry andklpoint at the less than 0.2 A in th€0001] direction. The basal planes can
center of the irreducible part of the Brillouin zone, which is therefore be regarded as continuous across the interfaces.
one quarter in volume, were employed. In order to test the The calculated geometries are very similar to the initial
convergency with respect to cutoff energy, calculations withones made by the empirical method. The translation states
the cutoff energies ranging from 70 to 95 Ry were also doneare kept unchanged through the geometry optimization. The
Figure 2 shows the grain-boundary energies as a function gitomic structure of these boundaries can therefore be dealt
cutoff energy, which were calculated as half the differencewith qualitatively by the empirical potentials. Quantitatively
between the total energy of the boundary supercell and 28peaking, however, atomic positions are slightly different.
times the total energy of the bulk primitive cell. With the For boundaryA, the positions of the atoms composing four-
cutoff energy of 100 Ry, the boundary energies are satisfadold channels are relaxed by 0.14 A at maximum from the
torily converged: the cutoff energies more than 80 Ry givelnitial configuration. For boundar, the atoms with dan-
the convergence within 0.02 J#0.0012 eV/R) or 0.05 eV gling bonds showed the largest relaxation: the Zn atoms have
per boundary in the supercell. moved toward the bulk region by 0.08 A, whereas the O
The geometry optimization was performed under the conatoms toward the open channels by 0.18 A. In the resultant
dition that the relaxation for twelve atoms located betweerlocal geometry, the Zn atoms are located closer to the bulk
the two boundaries in the supercells was restricted within théegion by 0.25 A. This behavior is similar to surface rum-
rigid-body translation parallel to thg direction, as in the pling in which smaller cations relax more inwardly than
empirical calculations for the construction of the initial con- larger anions on the surface. For the (00QXurface of ZnO,
figurations. The optimization procedure was truncated whemnumpling features have been recognized both experimentally
all the residual forces for the unrestricted atoms became lessd theoretically: Dukeet al®>"°® have reported that the
than 0.2 eV/A. amounts of the relaxation for the Zn and O atoms are differ-
In order to discuss the one-electron structure, eigenstatesmt by 0.2—0.4 A on the basis of the analysis of low-energy

A. Atomic structure and energetics
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TABLE Il. Grain-boundary energies calculated by #ie initio
and the empirical methods.

Grain boundary energ§d/nt)

BoundaryA BoundaryB

Ab initio (80-atom cell 1.45 1.42
Empirical (80-atom cell 1.76 1.71
Empirical (192-atom ce)l 1.54 1.59
Empirical (304-atom ce)l 1.51 1.47

$g'

’

g

The ab initio results show that the energies of boundaries
A andB are nearly the same. This tendency is common to all
the empirical results for the supercells with respective sizes.
Although the empirical results suggest that the boundary en-
ergies have not fully converged with respect to cell size for
the 80-atom supercells, boundarfeandB are likely to have
similar boundary energies within theb initio method used
in the present study.

Comparing the results for the 80-atom supercells, the
QB boundary energies calculated by the empirical method are
- not so much different from the results by thad initio

method. The grain boundaries in ZnO are likely to be dealt
GB with fairly well in energy by the empirical method based on
the fully ionic model, as well as in geometry. This may be
due to considerable ionicity of ZnO, which was also sug-
QB gested by the distribution of the valence charge density.

Table Il summarizes the distribution of the bond lengths

and angles for the first and the second nearest neighbors in
GB the grain-boundary supercells. For the second nearest neigh-
bors, atom pairs which give the bond length of less than 3.5
A are chosen. The bond properties for the bulk ZnO, where
two types of bonds are present for the first and the second
nearest neighbors, respectively, are also shown for compari-
son.

FIG. 3. Equilibrium boundary geometries calculated by ahe Regarding the first nearest neighbors, the average of bond
initio method. The filled and open circles denote Zn and O atomslengths in boundary deviates from the bulk average more
respectively. The inner frame indicates the 80-atom supercell. Borthan that of boundar. Likewise, the standard deviation,
ders between the grain-bounddB) and quasibulKQB) regions e, the deviation from the average, is larger. This tendency
are shown with dotted lines. Atoms possessing dangling bonds afig standard deviation is also recognized for the bond angles
labeled withd. and the bond lengths between the second nearest neighbors

electron diffraction patterns, while Sclm Kriger, and @although the averages are not so much different between
Pollmanrt® and Jaffe, Harrison, and H&8#ave reported the boundariesA and B. At the core of boundary, the large
differences of 0.12 and 0.075—-0.09 A throughinitio LDA  distortion of the bonds between the first nearest neighbors is
and Hartree-Fock calculations, respectively. The differenceequired to preserve the complete fourfold coordination. The
of 0.25 A in the present boundaByis slightly larger than the |engths and the angles are thus disturbed by 10.3% and
calculated values for the surface. o 33.1% at maxima relative to the bulk averages, respectively.
Grain-boundary energies calculated by #@iinitio and |5 aqdition, the second nearest neighbors of like sign are

the empirical methods are listed in Table Il. To investigateforced to be very close to each other around the fourfold

the cell size dependence, empirical calculations were per- i 0 -
formed for supercells of three sizes. Even for the Iarges?hannels' the bond lengths are reduced by 22.9% at maxi

304-atom cells, the resultant boundary energies are slightlg‘um'

different from our previous results obtained by the calcula- BoundaryB also has fourfold channels at the boundary
tion under two-dimensional periodic boundary conditions,core but the number is a half of that for boundaky The
1.37 and 1.48 J/ffor boundariesA and B, respectively’®>  atoms composing the fourfold channels show similar bond
This should be due to the difference in cell size and/ordistortions to those in boundarf. The bonds associated
boundary conditions. with the atoms possessing dangling bonds are also different
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TABLE Illl. The distribution of bond lengths and angles for the first and the second nearest neighbors
(NN's). For the bulk, the number of bonds with a length or an angle is shown in parentheses.

BoundaryA BoundaryB Bulk
1st NN Length(A)  Average 1.980 1.971 1.966
Minimum 1.844 1.867 1.96®)
Maximum 2.171 2.040 1.97@)
Standard deviation 0.053 0.038 0.004
Angle (deg  Average 109.0 109.2 109.5
Minimum 73.2 82.2 108.13)
Maximum 144.2 140.9 110.38)
Standard deviation 10.2 7.6 0.8
2nd NN Length(A)  Average 3.207 3.203 3.210
Minimum 2.476 2.672 3.196)
Maximum 3.478 3.384 3.22(B)
Standard deviation 0.149 0.110 0.012

from the bonds in the bulk. The bond lengths between the A core structure with large open channels and dangling
first nearest neighbors are 2.1-5.1% shorter than the bullkonds has been observed in {881]/(310) £ =5 symmetric
average. The 5.1% is the largest deviation in this geometrytilt boundary of NiO by Merkle and Smith. Likewise,
Except for the contributions of the atoms composing theatomistic simulations on th& =5 boundaries in NiO and
fourfold channels and the atoms possessing dangling bonds|gO have suggested that core structures with large open
the bond distortion is very small in boundaBy as can be channels and dangling bonds have the lowest boundary en-
recognized in Fig. 3. The small bond distortion should beergies at the ground state although the calculated structures
favorable in reducing the boundary energy. On the othemre somewhat different from the observed &h¥:82!
hand, some energy penalty must have been paid due to the In the present study on the grain boundary of ZnO, a
presence of the dangling bonds. The balance of the two corsimilar core structure is obtained as one of the equilibrium
tributions in opposite sign may have resulted in nearly theconfigurations with the lowest boundary energies. The equi-
same boundary energy as that of boundary librium core structures with dangling bonds have also been
Thus, the equilibrium core structures with and withoutrecognized for the tilt boundaries in TjO and
dangling bonds are suggested to be present with similar er\l,05.%71%142 The energy gain by vanishing dangling
ergies in theX =7 boundary of ZnO. Although there has bonds may not necessarily be dominant in determining
been no experimental observation for the-7 boundary as boundary energy for metal oxides with ionicity. In ionic ma-
far as we know, an analogy in atomic arrangement can begerials, it should be quite unfavorable in energy to make ions
found between the present boundaries and other tilt boundf like sign closer to each other. Since large reconstruction of
aries in literature. Kiselevet al. have reported high- atomic arrangements should be accompanied by such an en-
resolution images of thf0001] X =13 boundary in a ZnO ergy penalty, core structures with dangling bonds may be
bicrystal® They found some types of core structures in thefavorable at some boundaries rather than being reconstructed
tilt boundary. The core structures are constructed by a sdargely to vanish dangling bonds. For covalent materials such
guence of channels with coordination numbers close to sixas Si and SiC, on the other hand, it has been reported that the
In the present results, the core structure of bounddsyalso  energy penalty produced by the presence of dangling bonds
constructed by a sequence of channels. An important differare so large that atomic arrangements tend to be recon-
ence is that there are only the channels with even coordinstructed to eliminate dangling bon#i$®*%2A further sys-
tion numbers in boundanp, whereas a number of fivefold- tematic study will allow us to elucidate the grain-boundary
and sevenfold-coordinated channels are recognized in thgeometry more clearly in terms of chemical bonding charac-
high-resolution images reported by Kiseleval. The odd ter.
coordination number is inconsistent with the ionic nature of
ZnO since it means that at least two first nearest neighbors of
like sign are present per channel. We cannot clearly explain
the observation of such many odd coordination numbers at Figure 4 shows the LDOS for the grain-boundary super-
the present moment. It may be significant for the observedells. The grain-boundary and quasibulk regions are chosen
structures to take atomic displacement along[®@01] di- to be half in volume, respectively, as shown in Fig. 3. In
rection into account: if the displacement is indeed large, théerms of the number of atoms, however, they are not half
actual coordination number can be even for the channelsince there is volume expansion associated with the presence
whose coordination numbers look odd from {8801 direc-  of the interface: the boundary regions contain 0.47 and 0.46
tion. times the 80 atoms for boundari@sandB, respectively, and

B. Electronic structure
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lence band situated between7 and O eV is composed

150 B mainly of Zn 3d and O 2. Above the band gap, the unoc-
cupied conduction band is constructed mainly by Zna#d
100 4p. Near the bottom of the conduction band, the density of
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states is very small due to the large dispersion of the con-
stituent band. For the bulk primitive cell of ZnO, the band
gap was calculated to be 0.76 eV. This value is considerably
smaller than the experimental one of 3.30 ®\m addition,

the peaks associated with Zm 3which is located between
—7 and—4 eV, is about 2.5 eV higher in energy than that
observed by x-ray photoelectron spectrosc8i®. It has
been known that these discrepancies are associated with the
LDA.%*®vogel, Kriger, and Pollmann have made LDA cal-
culations including the self-interaction and electronic relax-
ation correction§® Their results showed that the band gap
and the position of the -associated peaks became much
closer to the experimental ones with these corrections. How-
ever, the character of the electronic states near the band
edges seems not to be affected significantly by the correc-
tions. We therefore believe that the effect of bond disorder
on the electronic structure, which is expected to appear
mainly at band edges, can be discussed without the correc-
tions.

The LDOS'’s for the boundary and quasibulk regions in
the boundary supercells are somewhat different from each
other. In the quasibulk regions, the electronic structure is
expected to be similar to that for the bulk. However, the
shapes of the LDOS's, especially the peaks located at about
8.5 eV in the conduction band, are slightly affected. This
seems to be caused by the small disturbance of atomic ar-
rangements and/or interactions with the boundary regions.

In the boundary regions, the shapes of the LDOS'’s are
flatter in general than those for the LDOS'’s in the quasibulk
regions and the bulk DOS. The lower and upper valence
bands are wider. This indicates that the electronic states as-
sociated with the grain boundaries are present at the valence
band edges. For the conduction band, the density of states in
the energy range of about 2—5 eV is slightly higher than that
of the bulk. Grain boundary states should form here likewise.
It is interesting that these main features in the LDOS'’s are
common to boundarie8 with large bond distortion and no

Energy (eV)
dangling bonds, and boundaBywith small bond distortion

FIG. 4. Local density of stated DOS) for the supercells of)) ~ and some dangling bonds. The bond distortion and the pres-
boundaryA and (b) boundaryB. The upper and the lower show the ence of the dangling bonds seem to show similar effects on
LDOS's in the grain-boundaryGB) and quasibulKQB) regions,  the shape of the LDOS.
respectively. The DOS for the bulk primitive cell is also shown with  \we now focus on the electronic states in the vicinity of
dotted curves, which is normalized by the number of atoms in eaclhe pand gap since they are important for the boundary-
region. The top of the valence band for the bulk primitive ceII.is induced electrical properties of ZnO. The bulk primitive cell
chos_en as 0 eV. The LDOS's for the boundary sup(_ercells are Sh'ﬂegxhibited the direct band gap at tRepoint. In other words,
to align the average of the lower valence band in the quasibull,q 1o of the valence band and the bottom of the conduction
region with that for the bulk primitive cell band were given at thE point. This feature was also recog-
the quasibulk regions contain the rest. In comparison, th&ized for both boundaried and B supercells. We therefore
DOS for the bulk primitive cell is superimposed on the discuss the electronic states at fheoint for the boundary
LDOS's: the bulk DOS is normalized by the number of at- supercells. Figure 5 shows the local population in the grain-
oms in each region of the boundary supercells. The shape doundary regions for the electronic states at hpoint. A
the bulk DOS is confirmed to be very similar to the reportedlarger population indicates that the localization of the elec-
LDA results?>°4%5 tronic state on the boundary region is higher. When elec-

In the bulk ZnO, the lower valence band located at aboutronic states delocalize ideally and/or are constructed equally
—17 eV is composed mainly of Os2 while the upper va- by the contributions from the grain-boundary and quasibulk
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valence band or the bottom of the conduction band do not
localize significantly on the boundary regions. In the vicinity
of the band gap, the shape of the LDOS'’s is therefore very
similar to that of the bulk DOS although the apparent band
gaps, 0.60 and 0.67 eV for boundatyand B supercells,
respectively, are slightly smaller than the bulk gap of 0.76
eV. Deep interfacial electronic states are not recognized even
for the boundanB with dangling bonds.

Energy (eV) For the (10D) surface of ZnO, specific states have been
reported to form at both the edges of the lower valence band
and the bottom of the upper valence bafds is the case
with the boundaries dealt with in the present study. For the
surface, a state associated with @ @angling bonds has also
”l been reported to appear slightly above the top of the upper
valence band. In the present study, such a state is not clearly
recognized for boundar with dangling bonds: localized
states associated with Op2dangling bonds seem to form
5 10 somewhat below the top of the upper valence band. Since the
Energy (eV) Zn and O atoms with dangling bonds face each other across

o ) _ the open channels in the boundary geometry, the effect of the
FIG. 5. Local populations in the grain-boundary regions for thedangling bonds may be reduced.

electronic states at thé point: (a) boundaryA and (_b) boundaryB For the surface, it has also been reported that the elec-
?Sjrpggcueriljér-irehsiernecjr%ncr?e:;lal::‘tsiie?; tgiep(;ﬂg@::o:vistho:cf)?rizaonn(ia(l)At?oniC structure near the conduction band bottom is very
lines. The arrows indic:slte the bottorﬁ of the conduction band similar t(.) that of the bulk. This feature is common t(.) the
' " boundaries in the present study. The conduction band in ZnO
seems not to be significantly affected by the bond disorder at
regions, the local populations should be 0.47 and 0.46 fothe surface and interfaces.
boundarieA andB, respectively, on the basis of the number In order to understand the character of the conduction
of atoms in the boundary regions. We use these values dmnd, the spatial distribution of the wave function at the
references of the local populations. As mentioned abovegonduction-band bottom is investigated. Figure 6 shows con-
these are slightly smaller than 0.5 due to the volume expartour plots for the square of the absolute value of the wave
sion normal to the interface. function on the(000)) Zn plane. For the perfect crystal of
In the lower valence band situated at abetit7 eV, elec- ZnO, a calculation based on the linear combination of atomic
tronic states with large populations, which are constructedrbitals (LCAO) suggested that the conduction-band bottom
mainly by O % in the grain boundary regions, distribute is constructed mainly by bonding interactions among 2n 4
through the band for both the boundaries. In the upper vaerbitals®’ The relatively high values among the Zn atoms in
lence band situated betweeri7 and 0 eV, electronic states Fig. 6@ also indicate the bonding character. The interac-
with large populations appear mainly near the band bottontions among Zn 4 orbitals are very large at the bottom of
These states should consist mainly of Zahi the boundary the conduction band, which can be understood by the large
regions. The localization is recognized more clearly for thedispersion of the constituent band or the small density of
boundaryB, presumably due to the effects of the dangling-states shown in Fig. 4. In other words, the electronic state at
bonds associated with Znd3 Some states somewhat below the conduction band bottom is considerably delocalized.
the top of the valence band also show large populations for The interactions among Zrsérbitals are also recognized
both the boundaries. On the other hand, the local populations the quasibulk regions for the boundary supercells. In the
at the band top, 0.56 and 0.53 for boundaeandB, re-  boundary regions, moreover, the hybridization ppfnd d
spectively, deviate only slightly from the reference values.characteristics into thecharacteristic is obvious. For bound-
This indicates that the electronic states do not localize sigary A [Fig. 6(b)], such characteristics are recognized for al-
nificantly on the boundary regions. most all the Zn atoms composing the fourfold- and/or
In the conduction band, the electronic states with relaeightfold-coordinated channels. The values of the wave func-
tively large populations are recognized at about 1 eV abovéion are relatively high at these parts. For bound@rFig.
the bottom for both the boundaries. At the bottom, the locab(c)], the hybridization for the Zn atoms composing the
populations are 0.51 and 0.50 for boundaresind B, re-  fourfold-coordinated channels is similar to the case of the
spectively. The localization is quite low, as the top of theboundaryA. In addition, the Zn atoms possessing dangling
valence band is. bonds showvs-p hybridized characteristics, spreading toward
The features in local population were very similar at thethe open channels. Thus;p and/ors-d hybridized charac-
otherk points: for both boundaries, electronic states localiz-teristics appear in the boundary regions for both boundaries.
ing highly on the boundary regions appear mainly in theThe localization of the electronic states on the boundary re-
lower valence band and near the bottom of the upper valenagions, however, should be low since the local populations
band. Likewise, the electronic states closest to the top of thdeviate only slightly from the reference values as discussed

(

)

Local Population

—
=)
=

Local Population
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above. This is presumably due to the domination of the Zn
4s character at the bottom of the conduction band. Since the
interaction amongs orbitals is not very sensitive to bond
angles in general, the distortion of the angles in the boundary
geometries may not have affected the electronic state signifi-
cantly. In addition, the effect of the dangling bonds on the
electronic state seems to be small, presumably due to the
delocalized character.

Thus, the effects of the bond disorder are very small for
the electronic states in the vicinity of the band gap, espe-
cially for that at the bottom of the conduction band. This can
be generally explained by the band structure intrinsic to ZnO
as follows.

For covalent materials such as Si, Ge, and SiC, the va-
lence band is constructed mainly by the bonding interactions
between adjacent atoms, while the conduction band by the
antibonding interactions. In this case, bond distortion and the
presence of dangling bonds have the potential to generate
electronic states in the band gap since these effects tend to
diminish or vanish the splitting between the bonding and
antibonding states. In practice, it has been reported that bond
disorder induces highly localized electronic states around the
top of the valence band and the bottom of the conduction
band for tilt and twist boundaries in Si, Ge, and $f¢8-"*
and that such electronic states can be deep in the band gap
when bond distortion is large and/or dangling bonds are
presenf®="1

For ZnQ, its ionicity should make the valence and con-
duction bands consist of the interactions among like atoms in
addition to the interactions between Zn and O atoms. If the
former feature dominates, bond distortion and the presence
of dangling bonds do not necessarily induce electronic states
in the band gap: the localized electronic states associated
with the bond disorder should tend to form within the va-
lence or conduction band. Considering the electronic struc-
ture of the boundaries dealt with in the present study and the

(1010) surface reported by Schen Kriger, and
Pollmann®® such a feature is likely to be strong, especially in
the conduction band. In other words, the small effects of the
bond disorder in the vicinity of the band gap can be attrib-
uted to such band structure of ZnO.

For the grain boundaries in other oxides such as
AlL,O5, TiO,, and SITiQ, it has been reported that deep
electronic states do not form either, although localized states
have been recognized at the valence- and/or conduction-band
edges for the boundaries of &; and Ti0,.22~2* This be-
havior may also be attributed to the band structures with

0.0005 some ionicity in metal oxides. For the grain boundaries of
lp(nI* (1/supercell volume) ZnO dealt with in the present study, the effects of the bond
disorder on the conduction-band bottom is much smaller
the conduction band fdia) the bulk primitive cell andb) boundary than thqse in the abpve.-noted oxides. Th|§ should pe due to
A and(c) boundaryB supercells. The contours for the square of themUCh higher delocalization of the condqctlon band in ZnO. .
absolute value of the wave functiohp(r)|?, are plotted on the Thus,_ the absence of deep EIGQUOH'C states at the grain
(0001 Zn plane. The thickest contour also indicates the valuedOUndaries can be generally explained by the band structure
between 0.0005 and 0.0012/supercell volumg For the bulk, the ~ intrinsic to ZnO. Bond disorder at the grain boundaries is
lo(r)|? is normalized by the number of atoms in the boundarytherefore unlikely to result in the generation of deep elec-
supercellg80 atoms. The filled circles denote the positions of the tronic states even if arbitrary boundaries are investigated. In
Zn atoms on the Zn plane. The open circles denote the positions ginO varistors, deep interfacial states have been observed at
the O atoms which are located on the (0p@ plane adjacent to 0-6—1.0 eV below the bottom of the conduction bahd>
the Zn plane.

FIG. 6. Spatial distribution of the wave function at the bottom of

045410-8



AB INITIO STUDY OF SYMMETRIC TILT ... PHYSICAL REVIEW B 63 045410
The present results suggest that such deep states are unlikblgundary states form mainly at the lower valence band and
to originate solely from bond disorder at the grain boundarieshe bottom of the upper valence band due to the bond distor-
when the stoichiometry is preserved. The roles of native detion and/or the presence of the dangling bonds. On the other
fects and/or impurities segregating at the grain boundariefand, the electronic states in the vicinity of the band gap are
should therefore be significant for the boundary-inducechot significantly affected by the bond disorder. Deep elec-
electrical properties of ZnO varistors. tronic states are not generated in the band gap even for the
configuration with dangling bonds. This behavior can be
generally explained by the band structure intrinsic to ZnO.
. . _ . The deep interface states observed in ZnO varistors should
We have investigated the atomic and electronic SWUCtUrg, e efore not originate solely from bond disorder at stoichio-
of the [0001]/(1230) %=7 symmetric tilt boundary in metric boundaries. Native defects and/or impurities segregat-

ZnO by anab initio plane-wave pseudopotential method. ing at the grain boundaries should play central roles for the
Two types of the equilibrium geometries are obtained withhoundary-induced electrical properties.

similar boundary energies. The atomic arrangement is
largely reconstructed to vanish dangling bonds in one con-
figuration. The other shows small bond distortion but has
four dangling bonds per unit boundary area. The balance
between the energies for deforming atomic arrangements and This work was performed through the ACT program of

vanishing dangling bonds should be significant in determinthe Japan Science and Technology Corporation, and Special
ing the boundary energy. Coordination Funds of the Science and Technology Agency

Regarding the electronic structure, localized grain-of the Japanese Government.

IV. CONCLUSION
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