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The atomic structure of[0001]-tilt grain boundaries in ZnO was investigated using high-resolution trans-
mission electron microscopy(HRTEM) and atomistic calculations. HRTEM observation was conducted for
[0001] fiber-textured ZnO thin films grown on quartz-glass substrates by the pulsed-laser deposition. The
[0001]-tilt boundaries observed in the films can be classified into three types: low-angle boundaries composed

of irregular dislocation arrays, boundaries withh101̄0j facet structures, and near-lowS boundaries represented
by symmetric periodicity units. The atomic structure of the boundaries is discussed with a focus on aS=7
boundary in conjunction with atomistic calculations and HRTEM image simulations. TheS=7 boundary
consists of multiple structural units that are very similar to the core structures of edge dislocations. Straight or
zigzag arrangements of the dislocationlike structural units constitute other high-angle boundaries with sym-

metric andh101̄0j facet structures as well. It is suggested that[0001]-tilt boundaries in ZnO are generally
described as an array of the dislocationlike units.
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I. INTRODUCTION

It is recognized that the macroscopic properties of poly-
crystalline materials are often determined by the atomic and
electronic structure of grain boundaries. The importance has
stimulated experimental and theoretical investigations in the
past decades. High-resolution transmission electron micros-
copy (HRTEM) and scanning TEM(STEM) are known as
powerful experimental techniques to reveal the atomic struc-
ture of grain boundaries.1–6 In combination with electron
energy-loss spectroscopy, it is also possible to access the
electronic structure even with an atomistic spatial
resolution.5,6 Theoretical calculations based on empirical and
first-principles methods have been employed for the model-
ing of grain boundaries as well.7–16 However, these experi-
mental and theoretical approaches have been applied mostly
to special grain boundaries with relatively simple geom-
etries. The systematic understanding of interfacial atomic-
electronic structure is still lacking, especially for metal ox-
ides. This is partly due to the limitation in HR-TEM
and -STEM observation; the number of grain boundaries that
are accessible on an atomistic scale is usually limited in
polycrystalline materials.

An effective way to study the atomic structure of grain
boundaries is the use of bicrystals, in which grain boundaries
with aimed misorientations are fabricated by the diffusion
bonding of two single crystals. There are a number of reports
on interfacial atomic structure in metal oxide
bicrystals.3,5,6,17–27Another type of specimen suited to this
objective would be fiber-textured materials. Since tilt grain
boundaries with a common rotation axis can be dominantly
present because of the fiber-texture, HR-TEM and -STEM
observation would be applicable to most of the boundaries. It

is even possible to gather systematic information on tilt grain
boundaries from one specimen. HRTEM observations of tilt
boundaries in fiber-textured ZrO2 and GaN have been per-
formed to reveal their atomic structures.28,29 In particular,
Potin et al. have conducted an extensive HRTEM study of
[0001] grain boundaries in GaN films, and systematically
discussed the atomic structure in comparison with that of
edge dislocations.29

Among metal oxides, ZnO exhibits one of the most inter-
esting phenomena associated with grain boundaries. In a
doped polycrystalline form, it shows highly nonlinear
current-voltage characteristics that are suited to applications
as varistors.30–32 These characteristics are attributed to the
electrostatic potential barriers formed at grain boundaries
and strongly depend on the geometry and chemical compo-
sition of boundaries, as well as the microstructure.33–37 Re-
cent studies on the electrical properties of single grain
boundaries in ZnO bicrystals indicate that the disorder in
atomic arrangement does not essentially affect the properties,
and dopants and native defects segregated at boundaries play
primary roles.38–41 Still, it is important to understand the
atomic structure since it mainly determines the dopant-native
defect segregation behavior. For basal inversion boundaries,
the relationship between atomic structure and dopant segre-
gation has been investigated in detail using HRTEM and
x-ray energy-dispersive spectroscopy.42,43 ZnO has also at-
tracted increasing interest because of the transparent con-
ducting and ultraviolet light-emitting properties.44–47 In this
case, the discontinuity of crystal lattices at grain boundaries
mostly degrades the electrical and optical properties. A de-
tailed knowledge on grain boundary atomic structure should
be required to understand the deterioration mechanism.

In the present study,[0001] fiber-textured ZnO thin films
were fabricated, and many types of tilt grain boundaries

PHYSICAL REVIEW B 70, 125415(2004)

1098-0121/2004/70(12)/125415(12)/$22.50 ©2004 The American Physical Society70 125415-1



therein were investigated by HRTEM in conjunction with
atomistic calculations. The atomic structure of the grain
boundaries is discussed with a focus on a relationship to
edge dislocation core structures.

II. EXPERIMENTAL AND COMPUTATIONAL
PROCEDURES

ZnO thin films with a thickness of about 150 nm were
grown on quartz-glass substrates by the pulsed-laser deposi-
tion. Using a KrF excimer laser beam(wavelength, 248 nm
pulse duration, 20 ns repetition frequency, 10 Hz), the depo-
sition was made under a substrate temperature of 400 °C,
and an oxygen partial pressure and a back pressure of 1.2
310−3 and 1310−6 Pa, respectively. X-ray diffractometry
revealed that the thin films have a fiber-textured structure
with a common[0001] axis normal to the substrate surfaces.
The rocking curve of the(0002) peak showed a full width at
half maximum of 2.2°, indicating that most of the grains
have (0001) out-of-plane misalignments of less than 1°.
Therefore, many of the grain boundaries in the films are
expected to be near[0001]-tilt type. To obtain energetically
favorable boundaries, the films were annealed at 800 °C for
3 h in air after the deposition.

Plan-view TEM foils were prepared by back thinning the
as-deposited and annealed specimens from the substrate side,
which includes mechanical grinding and dimpling down to
about 20mm and argon-ion-beam thinning to an electron
transparency using DuoMill Model 600 with gun energies of
3–4 keV and a beam angle of 13°(Gatan, Inc., Pleasanton,
CA). The TEM observation was conducted on a JEM-4010
operated at 400 kV(JEOL, Tokyo, Japan).

Atomistic calculations and HRTEM image simulations
were employed to investigate the atomic structure of one of
the boundaries in lowS coincidence site lattice(CSL)
misorientations,48 the S=7, h123̄0j boundary, in comparison
with HRTEM. As shown in Table I, this boundary has the
lowest S value among[0001] boundaries in hexagonal sys-

tem, and theh123̄0j boundary planes give a symmetric peri-
odicity unit with the smallest periodicity. The atomistic cal-
culations were performed using theGULP program code

based on the lattice statics method.49 Under three-
dimensional periodic boundary conditions, the lattice energy
was described as a long-range Madelung potential and short-
range Buckingham potentials. The potential parameter set
reported by Lewis and Catlow was used,50 which has been
confirmed to reproduce lattice and elastic constants of ZnO
fairly well,14 and to give boundary atomic configurations
very close to those obtained by first-principles calculations.15

The total energy was iteratively minimized to achieve the
optimum atomic positions in simulation cells at 0 K using
the quasi-Newton method with the Broyden-Fletcher-
Goldfarb-Shanno hessian update scheme.51 For the calcula-
tion of theS=7 boundary, supercells containing two identi-
cal boundaries were constructed to match the three-
dimensional periodic boundary conditions. To test the
convergence of the boundary energy with respect to the dis-
tance between the boundaries, two sizes of supercells com-
posed of 180–192 atoms and 292–304 atoms were employed,
where the distances are about 2.5 and 4 nm, respectively.
The geometry optimization, namely energy minimization,
was performed for the supercells of theS=7 boundary in
various three-dimensional translation states with an incre-
ment of about 0.03 nm. The boundary energy was evaluated
as a function of the translation states, and configurations in
the local energy minima were selected as equilibrium struc-
tures. Calculations were then performed around the local
minima with finer translational increments of approximately
0.01 nm in order to refine the obtained structures. These
computational procedures are based on two-dimensional lat-
tice static simulations previously conducted for the sameS
=7 boundary.14 The structures obtained in the present study
are essentially identical with the results of the two-
dimensional simulations. In addition, configurations with an
atomic column added to or removed from the equilibrium
structures were investigated to find other possible equilib-
rium structures, since these configurations are not equivalent
to those obtained through the simple translation.

HRTEM image simulations were conducted for the mod-
eled atomic configurations using theTEMPAS program code
(Total Resolution, Berkeley, CA) based on the multislice
method.52 HRTEM images were systematically calculated as
a function of defocus and specimen thickness to search con-
ditions that give the best agreement with an experimental
image.

III. RESULTS AND DISCUSSION

A. Microstructure of ZnO thin films

Figure 1 shows plan-view bright-field images and
selected-area diffraction patterns taken from as-deposited
and annealed ZnO films. It is recognized that the as-
deposited film is a polycrystal with a grain size of less than
30 nm. The diffraction pattern shows rings composed of a
series of spots, which are particular to polycrystalline mate-
rials. The detailed analysis, however, revealed that the spots
associated with(000n) planes are absent. This indicates that
all the grains have[0001] axes nearly parallel to the incident
electron beam direction. Therefore, many of the grain bound-
aries in this film are expected to be tilt type with a[0001]

TABLE I. CSL misorientations withS,50 for grain boundaries
with a [0001] rotation axis in the hexagonal system. Boundary
planes that provide symmetric tilt grain boundaries(STGBs) are
also listed.

Svalue Rotation angle(degree) Boundary plane for STGB

7 21.79 {1 2 3̄ 0}, {1 4 5̄ 0}

13 27.80 {2 5 7̄ 0}, {1 3 4̄ 0}

19 13.17 {2 3 5̄ 0}, {1 7 8̄ 0}

31 17.90 {4 7 11 0}, {1 5 6̄ 0}

37 9.43 {3 4 7̄ 0}, {1 10 11 0}

43 15.18 {5 8 13 0}, {1 6 7̄ 0}

49 16.43 {3 5 8̄ 0}, {2 11 13 0}
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rotation axis. The bright-field images shown in Fig. 1 were
taken with an incident electron beam direction little off from
the [0001] in order to clarify the microstructure. If the zone
axis was exactly set at the[0001], all the grains just appeared
dark, which supports a good out-of-plane alignment indi-
cated by x-ray diffractometry.

For the annealed film shown in Fig. 1(b), a grain growth
has occurred to result in a grain size of 30–100 nm. The
diffraction pattern is again ringlike without the spots/rings
arising from the(000n) planes. The[0001] fiber-textured
structure had been preserved during the annealing. In this
annealed film, many of boundaries look flat and located par-
allel to the [0001] axis, at least within a thickness of the
TEM foil as recognized in HRTEM images shown later.
These features may be attributed to a grain growth to reduce
the boundary area, and hence the total boundary energy that
is the product of the boundary area and energy per area.

HRTEM observation was conducted for grain boundaries
in the annealed film to investigate their atomic structures.
Figure 2 displays HRTEM images of typical grain bound-
aries with different characters in atomic structure. Under the
imaging condition employed, the bright spots approximately
correspond to the open channels along the[0001] direction in
ZnO. The crystal structure is schematically shown in Fig. 3.
The open channels represent the edge of the ZnO primitive
cell in the wurtzite structuresP63mcd and have the sixfold
symmetry in the[0001] projection, as well as the atomic
columns. The distance between the open channels or bright
spots in the HRTEM images is equal to the lattice constanta,
0.325 nm.53 Because of the sixfold symmetry in the[0001]

projection, the rotation angle of[0001]-tilt boundaries ranges
between 0° and 30°. Various microscopic geometries are
present within respective rotation angles, depending on
boundary planes and translation states.54

FIG. 1. Plan-view bright-field images and selected-area diffrac-
tion patterns taken from ZnO thin films.(a) As deposited.(b) An-
nealed at 800 °C for 3 h.

FIG. 2. HRTEM images of typical[0001]-tilt grain boundaries
in annealed ZnO thin films.(a) 10.6±0.1° boundary composed of a
dislocation array.(b) 20.1±0.2° nearS=7 boundary having a

h101̄0j facet structure.(c) 20.0±0.2° nearS=7 boundary with a
symmetric structure.

FIG. 3. (a) Schematic of the ZnO primitive cell. The smaller and
larger circles denote Zn and O, respectively.(b) View from the

f0001̄g direction.a1–a3 correspond to three of 1/3k112̄0l primitive
translation vectors. The rhombus indicates the primitive cell.
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The boundary shown in Fig. 2(a) has a rotation angle of
10.6±0.1°, which was estimated from Fourier transforms of
the HRTEM image. An array of strong contrasts is recog-
nized along the boundary. This is due to the presence of edge

dislocations with a Burgers vector of 1/3k112̄0l, as will be
discussed in the following sections. Such a boundary com-
posed of a dislocation array is often referred to as a low-
angle boundary. It is presumed that the misorientation is fully
accommodated by dislocations at this type of boundary, and
the distance between adjacent dislocations is inversely re-
lated to the rotation angle.55 An extensive HRTEM observa-
tion indicated that the arrays of dislocations have a tendency
to be more irregular when boundaries have relatively low
rotation angles, i.e., relatively large dislocation intervals. The
boundary shown in Fig. 2(a) has a somewhat curved and
irregular array of dislocations, but this feature was clearer for
boundaries with lower rotation angles. On the other hand,
when the rotation angles were relatively large, dislocations
mostly showed regular alignments to form nearly flat bound-
aries. Such a straight arrangement is considered to be favor-
able in terms of the elastic field associated with
dislocations.56

Figure 2(b) shows a boundary with a rotation angle of
20.1±0.2°. This is composed of two types of flat structures.
In the left-hand side of the figure, the boundary is located

almost on as101̄0d plane of the lower grain to give an asym-
metric structure. Moving on to the right-hand side, the
boundary is gradually shifted toward the upper grain, and
finally has a nearly symmetric structure. Such a symmetric
structure is particular to the boundaries with a lowS CSL
misorientation. As recognized in Table I, the rotation angle of
this boundary is actually close to that of theS=7, 21.79°,
and the symmetric boundary plane is located near one of the

h145̄0j planes. Another boundary of this type is presented in
Fig. 2(c), where flat and symmetric structures are recognized

between two steps. In the figure, thes101̄0d planes of the
upper and lower grains making an angle of 40° are indicated
by lines for consistency with the boundaries shown in Figs.
2(a) and 2(b), but the rotation angle actually corresponds to
20.0±0.2°. This angle is almost the same as that of the
boundary shown in Fig. 2(b), and hence is close to that of the

S=7. This boundary is located near one of theh123̄0j planes,
the other set of the planes that gives a symmetric structure in
the S=7 misorientation. The difference in the boundary
plane between the boundaries shown in Figs. 2(b) and 2(c)
makes a significant dissimilarity in local atomic structure, as
will be shown later.

A comprehensive HRTEM observation of grain bound-
aries in the annealed ZnO thin film indicated that the[0001]-
tilt boundaries therein can be classified into the three types
mentioned above: low-angle boundaries that are described as

an irregular array of dislocations, boundaries withh101̄0j
facet structures, and near-lowS boundaries composed of
symmetric structural units. The detailed atomic structures of
these grain boundaries will be discussed in the following
sections.

B. Atomic structure of a S=7 boundary

In order to approach the general atomic structure of
[0001]-tilt boundaries in ZnO, aS=7 h123̄0j boundary was
investigated using atomistic calculations in conjunction with
the HRTEM observation. This boundary was selected be-
cause boundaries nearly in this misorientation were fre-
quently observed in the present ZnO thin films, and its peri-
odic structure with the smallest periodicity among the[0001]
boundaries is suited for a detailed theoretical analysis. As a
result of the atomistic calculations, some types of boundary
atomic configurations were obtained as equilibrium configu-
rations that correspond to the local minima in boundary en-
ergy. Among them, four configurations with relatively low
boundary energies are shown in Fig. 4. In accordance with
the figures, these will be noted as configurations A–D here-
after. The configurations contain some atoms that have three-
fold and fivefold coordination of the first-nearest neighbors
in contrast to the fourfold coordination in wurtzite structure.
Such atoms are marked with asterisks in the respective fig-
ures. The figures also display simulated HRTEM images
based on these models in comparison with an enlargement of
the HRTEM image of the 20° boundary shown in Fig. 2(c).
Additionally, the calculated boundary energies are listed
along with the number of threefold- and fivefold- coordi-
nated atoms per unit interfacial area in Table II. These ener-
gies were obtained for the supercells containing 292–304
atoms, while smaller supercells composed of 180–192 atoms
gave larger energies by 8% for the configuration A and 1%
for the configurations B–D. It is therefore considered that the
values listed in the tables converge well with respect to the
boundary separation, and the four configurations have simi-
lar boundary energies within the approximation used in the
present calculation. In our previous study on the sameS=7
boundary, two other atomic configurations have been mod-
eled with comparable boundary energies.14 However, these
configurations were not investigated in the present study be-
cause of the largely asymmetric core structures in contrast to
the experimental image.

It is recognized that the local atomic arrangements are
significantly different between the four configurations de-
spite the similarity in energy. The configuration A was ob-
tained in a[0001] translation state with an amount of half the
lattice constantc. A large open channel is present at the
boundary core, and this includes four atoms that are missing
one of the four first-nearest neighbors as marked with aster-
isks. The configuration B also has four threefold-coordinated
atoms per periodicity unit. However, this does not include a
translation in the[0001] direction, and the structure is mirror
symmetric. In this configuration, there is also a large open
channel, which can be represented by a connection of
fivefold- and sevenfold-coordinated channels. The lattice is
somewhat bent around this channel, particularly at the
threefold-coordinated atoms. This can be attributed to a re-
pulsive interaction between the atoms(ions) of like sign lo-
cated close across the interface. A similar mirror symmetric
structure is found in the configuration C. This configuration
was obtained by adding one atomic column in the periodicity
unit of the configuration B. As a result, only a small open
channel coordinated by eight atomic columns has been left at
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the boundary core. In addition, the density of threefold-
coordinated atoms has been reduced to half, without a sig-
nificant enhancement of the lattice distortion. This may ex-
plain the lower boundary energy than that of the
configuration B. The configuration D with a mirror symmet-
ric structure was generated by removing one of the threefold-
coordinated atomic columns from the configuration B. In the
resultant atomic arrangement, there are no threefold-

coordinated atoms but some atoms have five first-nearest
neighbors. These atoms form a fourfold-coordinated channel
at the boundary core, in contrast to the sixfold-coordinated
channels in the bulk regions. Around the fourfold-
coordinated channels, atoms(ions) of like sign are very close
to each other. This may be a reason why the boundary energy
is comparable to those of the other configurations despite the
absence of threefold-coordinated atoms.

HRTEM image simulations were conducted using the four
atomic configurations with a defocus and a specimen thick-
ness varied. The results indicated that the configurations
B–D with a specimen thickness of 5 nm and a defocus of
−26 nm give the best agreement with the experimental image
shown in Fig. 4(e) as discussed below. The simulated images
shown in Figs. 4(a)–4(d) were obtained under this condition,
where atomic columns located parallel to the[0001] direc-
tion appear dark and the bright spots approximately represent
open channels. The latter corresponds to the corners of the
ZnO primitive cell as indicated in Fig. 4(a).

The experimental image shown in Fig. 4(e) has a periodic
and nearly mirror symmetric character as clarified by draw-

ings of the structural units alongh101̄0j planes. In detail, it
seems to include a variation in the shape of the units. The
third to fifth units from the left look wider than the first and
second ones in the direction of the boundary normal, and
show somewhat different image features. In accordance with
the experimental image, the simulated images for the mod-
eled configurations have a symmetric character. However,
the configuration A shows a T-shaped bright spot associated
with a large open channel at a left half of the unit, in contrast
to the experimental image. This tendency was also found in
the simulated images obtained under other conditions. The
configuration A can therefore be ruled out from the candi-
dates. Concerning the configuration B, a notable feature is
that the bright spot located inside the unit is connected to a
vertically elongated spot at the right-hand edge of the unit. It
is also T shaped, but is much smaller than that in the con-
figuration A. This can be attributed to such a shape of the
open channel in the boundary atomic configuration shown in
the left figure. On the other hand, the spot inside the unit is
clearly separated from the one at the right-hand edge in the
configuration C. Moreover, the latter is significantly
stretched to be U shaped. These features were not recognized
in the configuration B under any image simulation condi-

TABLE II. Energies of atomic configurations of theh123̄0j S
=7 boundary obtained by atomistic calculations. Number of
threefold- or fivefold-coordinated atoms per unit boundary area is
also shown along with the coordination number(in parentheses).

Configuration EnergysJm−2d Number of threefold- or
fivefold-coordinated atoms

per unit boundary area
(coordination number)

A 1.47 4 (3)

B 1.69 4(3)

C 1.54 2(3)

D 1.54 2(5)

FIG. 4. (a)–(d) Atomic configurations of theh123̄0j S=7
boundary modeled by atomistic calculations, A–D, along with cor-
responding simulated HRTEM images. The smaller and larger
circles denote Zn and O, respectively. Atoms coordinated by three
or five first-nearest neighbors are marked with asterisks. The bound-
ary core structural units are represented by quadrilaterals; the
smaller quadrilaterals in the figure(a) indicate the primitive cell.(e)

HRTEM image of a 20° nearS=7 h123̄0j symmetric tilt boundary,
which corresponds to part of the image shown in Fig. 2(c).
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tions. The configuration D shows a narrower unit in the di-
rection of the boundary normal. The bright spot inside the
unit is relatively weak, which should be due to a small open
channel surrounded only by four atomic columns as recog-
nized in the left figure. In addition, the spots located at the
upper and lower edges of the unit are elongated toward one
of the neighboring spots.

Considering above-mentioned features in the simulated
images, the first and second structural units from the left in
the experimental image shown in Fig. 4(e) can be assigned to
the configuration D, the third and fourth units to the configu-
ration C, and the fifth unit to the configuration B or C. It
seems that this nearS=7 boundary has multiple structural
units. Such configurations, particularly the configurations C
and D, were also recognized in the other areas of the same
boundary and at different boundaries with similar rotation
angles. As shown in Table II, the configurations B and C
have four and two threefold-coordinated atoms per unit
boundary area, 0.45 nm−2, respectively. The presence of
these configurations indicates that a high density of dangling
bonds has been left along the boundary cores rather than
reconstructed as in the case of the configuration D.

For GaN that also has wurtzite structure, very similar pe-
riodicity units of the S=7 boundary have been
reported.29,57,58Potin et al. have conducted extensive inves-
tigation of edge dislocations and[0001]-tilt grain boundaries
in GaN using HRTEM and anisotropic elasticity calculations.
They suggested that three types of core structures are present
in edge dislocations, and many of the lowS tilt boundaries,
including the S=7 can be described as an array of these
dislocations.29 Such boundary atomic configurations in GaN
have also been modeled through empirical atomistic calcula-
tions by Béré and Serra57 and by Chenet al.58 It appears that
the structural units of[0001]-tilt boundaries in ZnO have a
similar character, as discussed in the next section.

C. Relationship between core structures of [0001]-tilt
boundaries and edge dislocations

Figure 5 shows typical HRTEM images of isolated edge
dislocations with drawings of their core structural units.
These dislocations were located in the same grain with a
separation of about 30 nm, and therefore the local TEM foil
thicknesses are expected to be similar. Additionally, a defo-
cus employed for these images is close to that for the image
of the S=7 boundary shown in Fig. 4(e). The Burgers cir-
cuits, which are made on the basis of bright spots represent-
ing the primitive cell edges, indicate that the dislocations

have an edge component withb=1/3k112̄0l. A screw com-
ponent is likely to be absent at these dislocations since no
anisotropic contrast was observed with an incident beam
tilted. It is interesting that image features at the dislocation
cores look very similar to those at the 20° nearS=7 bound-
ary given in the Fig. 4(e). For the dislocation shown in Fig.
5(a), a U-shaped bright spot is recognized at the right-hand
edge of the core structural unit. This suggests that the atomic
configuration is similar to the modeled configuration C of the
S=7 boundary, where an eightfold-coordinated channel is
present. On the other hand, the core unit of the dislocation

shown in Fig. 5(b) comprises a relatively weak bright spot
near the center and elongated spots at the upper and lower
edges. These characters agree with the modeled configura-
tion D with a fourfold-coordinated channel.

HRTEM observation was conducted for more than 15 iso-

lated edge dislocations withb=1/3k112̄0l. Three of them
looked very similar to the one shown in Fig. 5(b), indicative
of the atomic configuration corresponding to the configura-
tion D of theS=7. The others were basically assigned to the
configuration C, but some of them showed features between
the configurations B and C and may correspond to the con-
figuration B. The atomistic calculations conducted for the
S=7 boundary suggested that the configuration B with five-
fold and sevenfold-coordinated channels shows a somewhat
higher energy than the configurations C and D with
eightfold- and fourfold-coordinated channels. This may hold
for dislocations likewise and explain why the configurations
C and D were more frequently observed in the present ZnO
thin film.

The core structure of 1/3k112̄0l edge dislocations in GaN
has been investigated in detail through HR-TEM and -STEM
observations and first-principles and empirical
calculations.29,59–62 Potin et al. have reported that fivefold
and sevenfold-coordination and eightfold-coordination core
structures were observed at the edge dislocations in GaN
with a similar frequency, while configurations with fourfold-
coordinated channels were not found.29 Béré and Serra have
shown through atomistic calculations that the eightfold and

FIG. 5. HRTEM images of typical isolated edge dislocations.

Burgers circuits and core structural units are drawn alongh101̄0j
planes.
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fourfold configurations are correlated with each other by
glide of the dislocations, and both are connected with the
fivefold-sevenfold configuration by climb.61 The eightfold
and fourfold configurations are similar in energy, while the
fivefold-sevenfold configuration is somewhat lower.61 Atom-
istic calculations done by Chenet al. also show that the
fivefold-sevenfold configuration has the lowest energy
among the three configurations.62 In GaN, Ga-Ga and N-N
bonding interactions are possible in addition to Ga-N bond-
ing because of a covalent nature.61 The fivefold-sevenfold
configuration, where the same species are forced to be close
to each other, may therefore be relatively favorable, com-
pared to ZnO with more ionicity. Although a further
experimental-theoretical study should be required to draw a
conclusion on the dominant configurations of the edge dislo-
cations in ZnO, it can be concluded that there are multiple
dislocation core structures that are closely related to the
structural units of theS=7 boundaries. It seems that other
boundaries have similar local atomic structures as discussed
below.

Figure 6 displays enlargements of part of the boundaries
shown in Figs. 2(a) and 2(b) with drawings of edge disloca-

tionlike units alongh101̄0j planes. The images have been
flipped horizontally so that the directions of the units are
close to those at theS=7 boundary and the edge dislocations

shown in Figs. 4 and 5. It is found that the 10.6° boundary
shown in Fig. 6(a) comprises a series of dislocationlike units.
Image features of these units look similar to the ones recog-
nized at the dislocation given in Fig. 5(a) and therefore to the
configuration C with an eightfold-coordinated channel. The
dislocation array is not regular, and interestingly, the second
dislocation from the left has a Burgers vector that makes an
angle of about 60° with the others. This character can be
generally explained in terms of the orientation of local
boundary planes. When a local boundary plane makes a low
angle with respect to one of theh112̄0j planes, i.e., the
boundary normal is close to the direction of the Burgers vec-
tor, the misorientation can be readily accommodated by dis-
locations with a Burgers vector nearly perpendicular to the
boundary. The right half of the low-angle boundary shown in
Fig. 6(a) can be categorized into this case, where a local
boundary plane is relatively close toh112̄0j, as represented
by a broken line. On the other hand, a zigzag array compris-
ing the two types of dislocations is required to form a mac-
roscopic boundary plane close to one of theh101̄0j planes,
since its normal makes 30° with the Burgers vectors. The left
half of the boundary shown in Fig. 6(a) is regarded as an
example of this kind if we assume, for instance, a macro-
scopic boundary plane located on the coarser broken line.
Alternatively, it is considered from a more microscopic
viewpoint that this part consists of small facets or steps that
have local boundary planes identical or crystallographically
equivalent to the right half. This is approximately repre-
sented by the finer broken line in Fig. 6(a).

The 20.1° asymmetric boundary shown in Fig. 6(b) is also
composed of dislocations with two types of the Burgers vec-
tor directions. These dislocations look similar to the configu-
ration C with an eightfold-coordinated channel although the
assignment is somewhat ambiguous, particularly for the units
drawn with broken lines. The boundary plane is located near

one of h101̄0j planes of the lower grain as clarified by a
straight line. A zigzag arrangement of dislocationlike units
forms this boundary plane, which is consistent with the
above discussion. Since this misorientation is close to the
S=7, the boundary plane also corresponds approximately to

one of h358̄0j planes of the upper grain. This boundary,
therefore, has a possibility to exhibit a periodicity associated
with this plane as indicated by a drawing. Atomistic calcula-
tions reported on the asymmetricS=7 boundary in GaN
show that a periodicity unit is formed by a zigzag array of
three dislocationlike units where two are inclined toward the

grain having as101̄0d boundary plane and one is toward the
other grain.57 The first and second periodicity units from the
left at the present boundary may have a similar character
although the structure inside the units is not regular. The
imperfectness in the periodicity units may be attributed to a
1.7° deviation in rotation angle from the exactS=7. It has
been reported that the asymmetricS=7 boundary with al-

most no angle deviation in GaN has a very flats101̄0d struc-
ture with a regular periodicity unit, where fourfold-
coordinated channels are also present as in the case of the
configuration D modeled in the present study.29 On the other

hand, Kiselevet al. have shown that as101̄0d S=31 asym-

FIG. 6. Enlargements of part of the HRTEM images shown in
Fig. 2. (a) 10.6° boundary with a drawing of dislocationlike struc-
tural units (solid) and approximate local boundary planes in two

ways (broken). (b) 20.1° boundary with ah101̄0j facet structure.
The boundary plane and periodicity are approximately shown by

lines alongh101̄0j planes as well as dislocationlike units.
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metric boundary in a ZnO bicrystal comprises smalls101̄0d
facets rather than a large flats101̄0d boundary plane, despite
the nearly exact misorientation.19

Core structures described as a linkage of dislocationlike
structural units were also found at other boundaries in the
present thin films. Figures 7 and 8 display HRTEM images
of boundaries nearly in lowS CSL misorientations with
symmetric structures. For the boundaries shown in Fig. 7, the

lowest angles made by theh112̄0j planes of the upper and

lower grains are equal to the rotation angles. The boundary
planes are located almost in the middle of them and therefore

closer to one of theh112̄0j planes than any of theh101̄0j
planes. It is found in the right figures that all the boundaries
have dislocationlike structural units, and the dislocations
with the same Burgers vectors are aligned almost straightly,
consistent with the above discussion. Most of the structural
units at these boundaries have image features similar to the
configuration B or C, but the detailed assignment is rather
difficult from these images. Apart from distortion, the ar-

FIG. 7. HRTEM images of boundaries nearly in lowS CSL

misorientations where the lowest angles made by theh112̄0j planes
of the upper and lower grains are equal to the rotation angles.(a)
18.9±0.1° nearh4 7 11 0j S=31 boundary.(b) 13.8±0.2° nearS

=19 h235̄0j boundary.(c) 10.4±0.2° nearS=37 h347̄0j boundary.
The right figures show enlargements of part of the left figures. The

ideal periodicity units are drawn alongh101̄0j planes as well as
dislocationlike units(solid) and bulklike units(broken).

FIG. 8. HRTEM images of boundaries nearly in lowS CSL

misorientations where the lowest angles made by theh101̄0j planes
of the upper and lower grains are equal to the rotation angles.(a)

20.1±0.2° nearS=7 h145̄0j boundary.(b) 18.9±0.1° nearS=31

h156̄0j boundary.(a) 14.9±0.4° nearS=43 h167̄0j boundary. The
right figures show enlargements of part of the left figures. The ideal

periodicity units are drawn alongh101̄0j planes as well as disloca-
tionlike units (solid) and bulklike units(broken).
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rangement of the bright spots between the dislocationlike
units is similar to the bulk region. The combination of these
dislocationlike and bulklike units constructs periodicity units
particular to respectiveS values and boundary planes. This
is schematically shown in Fig. 9 for the exact CSL misori-
entations. As illustrated in Fig. 9(a), to the left, a vector of

1/3f45̄10g can represent the periodicity and as213̄0d bound-

ary plane of theh123̄0j S=7 boundary. The circuit drawn in
right figure indicates that this periodicity unit corresponds to

the 1/3k112̄0l edge dislocation. The other boundary planes
can be described as a straight array of theS=7 dislocation-
like units and the bulklike units. Accordingly, as the rotation
angle decreases from theS=31 in Figs. 7(a) and 9(b) to the
S=37 in Figs. 7(c) and 9(d), the bulklike regions become
wider as in the case of the so-called low-angle boundaries.
On the other hand, the periodicity units cannot be repre-
sented by a straight arrangement of the dislocationlike and
bulklike units under some misorientations. One example is

the h257̄0j S=13 boundary given in Fig. 9(e). In this case, a
shift of the dislocationlike units may complete the periodic-
ity unit, as shown in the lower figure. This model looks simi-

lar to the structure of ah257̄0j S=13 boundary observed in a
ZnO bicrystal by Kiselevet al.19 and that simulated for GaN
by Béré and Serra.57 Thus, this type of symmetric boundary
in ZnO may comprise an array of dislocationlike and bulk-
like units. When a misorientation is represented by a straight
array of these units, the atomic arrangement at the boundary
can be purely symmetric in view of the symmetric nature of
the structural units. On the other hand, the arrangement
should be locally asymmetric under some misorientations
where a shift of the structural units is required as in the case
of the S=13 boundary.

The boundaries displayed in Fig. 8 look somewhat differ-
ent from those given in Fig. 7. At these boundaries, the low-

est angles made by theh101̄0j planes of the upper and lower
grains are equal to the rotation angles. The boundary planes
are located almost in the middle of them and therefore closer

to one of theh101̄0j planes than any of theh112̄0j planes, in
contrast to the boundaries shown in Fig. 7. The periodicity
units are constructed by a zigzag array of dislocationlike
units plus bulklike units, which should be associated with the

boundary planes relatively close to one ofh101̄0j, as men-
tioned above. In Fig. 10, the geometries of these boundaries
are illustrated for the exactS misorientations. As shown in

Fig. 10(a), a periodicity unit vector of theh145̄0j S=7

boundary, thef32̄1̄0g, can be represented by a combination

of the 1/3f45̄10g and 1/3f51̄4̄0g S=7 units. In other words,
two dislocations whose Burgers vectors make 60° with each
other constitute the periodicity unit. In detail, the nearS=7
boundary given in Fig. 8(a) does not have such a simple
periodicity unit but includes a shift of one of the dislocation-
like units, as schematically shown in the lower part of Fig.
10(a). The nearS=31 and 43 boundaries in Figs. 8(b) and
8(c) seem to have similar structural units. These geometries

can be described as a pair of 1/3f45̄10g and 1/3f51̄4̄0g S
=7 units plus bulklike units, as illustrated in Figs. 10(b) and

10(c), where a shift of the units is not shown for simplicity.
The number of bulklike units increases as the rotation angle
decreases from the 21.79°sS=7d to 15.18°sS=43d. On the
other hand, there should be misorientations that cannot be
described in this way. For instance, theh134̄0j S=13 bound-

ary has a shorter periodicity than theh145̄0j S=7 boundary

and it cannot be completed by the 1/3f45̄10g and 1/3f51̄4̄0g
S=7 units without an overlap as shown in the upper part of
Fig. 10(d). In this case, the periodicity unit may include a
shift of the units similar to theS=7, 31, and 43 boundaries
to avoid an overlap, as shown in the lower figure. Actually, a
structure similar to the latter has been observed at ah257̄0j
S=13 boundary in a ZnO bicrystal by Kiselevet al.19 and
modeled using a combination of empirical and first-
principles calculations by Carlssonet al.16 This type of
boundary may thus be generally represented by a zigzag ar-
ray of dislocationlike units plus bulklike units. The image
area in Fig. 8(a) corresponds to a symmetric part of the 20.1°
nearS=7 boundary given in Fig. 2(b) and is therefore adja-

cent to theh101̄0j facet structure shown in Fig. 6(b). These
two structures are smoothly connected through a shift of dis-
locationlike units at this boundary. Such a transition is also
found at the right-hand side of theS=43 boundary in the left
of Fig. 8(c), where a symmetric structure was observed at a
very small area compared to the other boundaries. The dis-

locations may be easily rearranged to shift localh101̄0j
boundary plane in a structural unit with a large periodicity.

At the boundaries shown in Figs. 7 and 8, the interval of
dislocation units is not perfectly regular in the whole of the
boundary areas, which may be attributed to the deviations of
0.3°–1.7° from the exact CSL misorientations illustrated in
Figs. 9 and 10. Nevertheless, the boundaries are nearly sym-
metric in relatively wide areas. This may be due to the ten-
dency that the boundary structural units are composed of
edge dislocations. In this case, dislocations can be readily
shifted to accommodate the deviation in rotation angle from
the exact lowS CSL misorientations, without significantly
disturbing the symmetry with respect to boundary planes.
Such shift of the dislocationlike structural units can be inter-
preted on the basis of the displacement shift complete.29,63

Alternatively, the geometries with angle deviations from
those of the exact lowS correspond to the CSL misorienta-
tions with highS valuessS.50d, which in turn implies that
such highS boundaries are represented by similar structural
units. It appears that many of[0001]-tilt boundaries can have
nearly symmetric structures composed of dislocationlike
structural units even if there are some angle deviations from
the highly coincident geometries. In practice, not limited to
the boundaries shown in Figs. 7 and 8, nearly symmetric
structures were frequently observed in the present thin film
when the rotation angles were not very low(roughly speak-
ing, higher than 10°). The symmetric structures, i.e., the
straight or regular zigzag arrangements of dislocations, may
be energetically preferable, compared to the others, such as

irregular dislocation array andh101̄0j facet structures.
The [0001]-tilt boundaries in ZnO can thus be generally

described as an array of dislocationlike structural units. Such
atomic structures are very similar to those reported for
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FIG. 9. Schematics showing symmetric periodicity units for
boundaries in lowS CSL misorientations where the boundary

planes make angles ofu /2 with the s112̄0d plane and thef11̄00g
direction(u: rotation angle). The filled circles denote open channels
or the primitive cell edges in the[0001] view of the wurtzite struc-

ture. a1–a3 correspond to three of 1/3k112̄0l primitive translation
vectors.(a) S=7 su=21.79°d. The periodicity unit is drawn for half
the unit associated with the lower grain. The bold arrow indicates

the periodicity unit vector of 1/3f45̄10g and the corresponding

boundary plane ofs213̄0d. The circuit S-T-U-T8-S8 in the right rep-
resents the full unit, showing that this unit corresponds to an edge

dislocation with a Burgers vector of 1/3f1̄1̄20g. (b)–(d) S=31 su
=17.90°d, S=19 su=13.17°d, and S=37 su=9.43°d. The bound-
aries displayed in Fig. 7 are nearly in these misorientations. Period-
icity unit vectors and corresponding boundary planes(bold) are

described as a combination of the 1/3f45̄10gS=7 units(solid) and
bulklike units (broken). (e) S=13 su=27.80°d. An incomplete unit
formed by twoS=7 units(upper) and a complete unit including a
shift of theS=7 units(lower).

FIG. 10. Schematics showing symmetric periodicity units for

boundaries in lowS CSL misorientations where the boundary

planes make angles ofs60°−ud /2 with the s112̄0d plane and the

f11̄00g direction(u: rotation angle). The corresponding angles with

the s011̄0d plane and thef21̄1̄0g direction that are parallel toa1 are

equal tou /2 (a1–a3: three of 1/3k112̄0l primitive translation vec-

tors). The filled circles denote open channels or the primitive cell

edges in the[0001] view of the wurtzite structure.(a)-(c) S=7 su
=21.79°d, S=31 su=17.90°d, andS=43 su=15.18°d. The bound-

aries displayed in Fig. 8 are nearly in these misorientations.(d) S

=13 su=27.80°d. Periodicity unit vectors and corresponding bound-

ary planes are described as a pair of 1/3f45̄10g and 1/3f51̄4̄0g S

=7 units(solid) and bulklike units(broken). The lower figures in(a)

and (d) denote periodicity unit models that include a shift of the

S=7 units.
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GaN,29,57,58 despite a difference in ionicity and covalency.
This may indicate that the structure of[0001]-tilt boundaries
in the wurtzite system is mainly determined by geometric
and symmetric constraints. Further systematic experimental
and theoretical studies including other hexagonal systems
will clarify the generality and specialty of the boundary
structures.

IV. CONCLUSIONS

HRTEM observation was conducted for[0001]-tilt grain
boundaries in fiber-textured ZnO thin films to investigate
their atomic structures. Three types of boundaries were ob-
served: low-angle boundaries described as an irregular array

of dislocations, boundaries withh101̄0j facet structures, and
near-lowS boundaries with symmetric structural units. The
atomistic calculations combined with HRTEM image simu-
lations for aS=7 boundary indicated the presence of mul-

tiple structure units that are very similar to edge dislocation
cores. Not only low-angle boundaries, but also high-angle

boundaries with nearly symmetric andh101̄0j facet struc-
tures are composed of the dislocationlike structural units.
The structural units are arranged straightly or in a zigzag to
accommodate the rotation angles, depending on boundary
planes. The present results suggest that[0001]-tilt boundaries
in ZnO are generally described as an array of the dislocation-
like units.
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