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The atomic structure of [0001] X7 tilt grain boundaries with {1230}]/{1230}, {1450} {1450},
and {1010}|/{3580} boundary planes in ZnO was investigated through high-resolution
transmission electron microscopy observation of fiber-textured thin films and atomistic
calculations. These boundaries were found to comprise three kinds of common structural
units that are characterized by fourfold- to eightfold-coordinated channels along the [0001]
direction in contrast to sixfold-coordinated channels in wurtzite structure. The boundary
structural units are very similar to the multiple core structures of edge dislocations with
Burgers vectors of 1/3 <1120>. Transformation between two of the three configurations
can easily occur through an atom flipping corresponding to dislocation glide. Depending
on the orientation of boundary planes with respect to the Burgers vectors, the
dislocation-like units exhibit straight or zigzag arrangements with periodicities
corresponding to the X7 misorientation. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Grain boundaries (GBs) have been a target of interest
because of the significant impact on macroscopic prop-
erties. Their specific atomic and electronic structures
can even generate properties that are not obtained from
materials in single crystalline form. Efforts have there-
fore been made for the understanding of GB structures
at microscopic levels. To investigate the atomic struc-
ture of GBs, high-resolution transmission electron mi-
croscopy (HRTEM) and scanning TEM (STEM) are
often employed [ 1-5]. Their high spatial resolution can
reveal not only detailed atomic structures but also local
compositions and electronic structures by combining
with spectroscopic techniques [4, 5]. Theoretical ap-
proaches based on empirical and first-principles meth-
ods have been effectively used for the investigation of
GB atomic and electronic structures as well [6—14].

A difficulty in the investigation of GBs, however,
arises from the variety and complexity in geometry
and atomic structure. To overcome this, we have opted
to systematically investigate GBs with relatively sim-
ple geometries. Since it requires a lot of effort to find
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boundaries of interest in polycrystalline specimens, the
investigation of fabricated GBs, for instance, in bicrys-
tals, is an efficient approach. A number of study on GB
atomic structure in metal oxide bicrystals have been re-
ported sofar[2,4,5, 15-25]. In addition, bicrystals have
been effectively used to investigate the relationship be-
tween the structure and the electrical property at oxide
GBs [19, 26-28]. Another type of specimens suited for
TEM and STEM study of GBs is fiber-textured mate-
rials in which tilt GBs with a common rotation axis
are dominantly present. TEM and STEM observation
is applicable to most of the GBs with an incident elec-
tron beam direction parallel to the fibers and therefore
the common axis. HRTEM observations have been per-
formed for fiber-textured ZrO, and GaN films to inves-
tigate tilt GBs therein [29, 30].

Recently, we have systematically investigated the
atomic structure of [0001] tilt GBs in ZnO through
HRTEM observation of fiber-textured ZnO films and
atomistic calculations [31]. It was suggested that the
GBs can be generally described by a linkage of
dislocation-like structural units. Such information on
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GB atomic structures in ZnO should be important to un-
derstand the GB-induced electrical properties [32-35].
In the present study the atomic structure of high coin-
cidence GBs with a X7 misorientation [36] was inves-
tigated in detail by HRTEM and atomistic calculations.
These GBs have periodic structures with the smallest
or relatively small periodicities among the [0001] tilt
boundaries, which are suited for a detailed analysis.
%7 boundaries with three kinds of boundary planes,
{1230}1{1230}, {1450}/{1450}, and {1010}/{3580},
were examined to elucidate the relationship between
the atomic structures and boundary planes.

2. Experimental and computational
procedures

ZnO thin films with a [0001] fiber-texture were fab-
ricated on quartz-glass substrates by the pulsed-laser
deposition. The detail of deposition conditions can be
found elsewhere [31]. The films were subjected to post-
annealing at 800°C for 3 h in air to obtain energet-
ically favorable GBs. In order to observe [0001] tilt
GBs from the direction parallel to the [0001], plan-
view TEM foils were prepared by back-thinning the
annealed specimens from the substrate side. This proce-
dure includes mechanical grinding and dimpling down
to about 20 pwm and argon-ion-beam thinning to an elec-
tron transparency using DuoMill Model 600 (Gatan,
Inc., Pleasanton, CA) with gun energies of 3—4 keV
and a beam angle of 13°. The TEM observation was
conducted on a JEM-4010 operated at 400kV (JEOL,
Tokyo, Japan).

Atomistic  calculations were conducted for
{1230}1{1230} and {1450}||{1450}X7 GBs using
the GULP program code [37] based on the lattice
statics method. Under three-dimensional periodic
boundary conditions, the total lattice energy, described
as a long-range Madelung potential and short-range
Buckingham potentials, was iteratively minimized to
achieve the optimum atomic positions in simulation
cells at 0 K. A potential parameter set reported by
Lewis and Catlow [38] was employed, which has been
confirmed to reproduce lattice and elastic constants
of ZnO fairly well [12], and to give boundary atomic
configurations very close to those obtained by first-
principles calculations [13]. Supercells containing two
identical X7 boundaries were constructed to match the
three-dimensional periodic boundary conditions. We
have previously modeled the atomic configurations
of the {1230}{1230} boundary using this method
[31]. Two kinds of supercells composed of about
180 and 290 atoms where the distances between the
boundaries are 2.5 and 4 nm, respectively, were used
to examine the convergence of the energy with respect
to the cell size. The energy differences were confirmed
to be less than 0.01 Jm~2 for equilibrium boundary
configurations shown later in Fig. 3. Based on these
results, supercells containing about 220 atoms with a
boundary-boundary distance of 1.8 nm were chosen
for the calculations of the {1450}||{1450} GB in this
study. The geometry optimization, namely energy
minimization, was performed for the GB supercells
in various three-dimensional translation states. Incre-
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ments of about 0.015 nm and 0.01 nm were used for
the directions parallel and perpendicular to the GB,
respectively. The boundary energy was evaluated as a
function of the translation states, and configurations in
the local energy minima were selected as equilibrium
structures.

Using atomic configurations modeled by the atom-
istic calculations, HRTEM image simulations were car-
ried out using the MacTempas program (Total Resolu-
tion, Berkeley, CA) based on the multi-slice method
[39]. HRTEM images were calculated as a function
of defocus and specimen thickness to search condi-
tions that give the best agreement with experimental
images.

3. Results and discussion

Fig. 1a shows a HRTEM image of a [0001] tilt GB ob-
served with an incident electron beam direction parallel
to the [0001] direction of both grains. The rotation angle
was estimated at 20.1 £ 0.2° from Fourier transforms
of the HRTEM image, which is close to that of the X7
misorientation, 21.79°. The boundary is curving and
therefore shows various characters in atomic structure.
In Fig. 1b and c, parts of the boundary are highlighted.
A nearly symmetric structure is recognized at the area
shown in Fig. 1b. {1010} planes in the upper and lower
grains making an angle of 39.9° are indicated by lines to
clarify the symmetric feature, but the lowest rotation an-
gle are given by the {1120} planes as 60—39.9 = 20.1°.
The boundary plane approximately corresponds to one
of the {1230} for both grains, which provide a symmet-
ric structure under the X7 misorientation.

The portion of the GB presented in Fig. 1c is some-
what different in geometry and atomic structure from
that shown in Fig. 1b. In the image area, the GB is mak-
ing a turn around the middle. In the left-half, the bound-
ary is located almost on a (1010) plane of the upper grain
to give an asymmetric structure. Moving on to the right-
hand side, the boundary is shifted toward the lower grain
to form a nearly symmetric structure. These structures
approximately correspond to the {1010}/ {3580} and
the {1450}||{1450}, respectively. The latter is the other
set of the planes that gives a symmetric structure un-
der the X7 misorientation. Basically, the local atomic
structure of GBs should depend on the local bound-
ary plane. However, these GBs with {1230}]{1230},
{1450}]]{1450}, and {1010}|/{3580} boundary planes
seem to have common structural units as will be dis-
cussed in detail below. In addition, there are some
similarities between the GB structural units and edge
dislocation core structures. The image area shown in
Fig. la includes an edge dislocation, which is high-
lighted in Fig. 1d. The Burgers circuit, which was
made on the basis of bright spots representing the prim-
itive cell edges along the [0001] direction (detailed
later), indicate that the dislocation has an edge com-
ponent with an Burgers vector b = 1/3<1120>. The
local atomic structure of such isolated edge disloca-
tions will also be discussed in comparison with the GB
structures.

Fig. 2a shows a HRTEM image of a {1230} {1230}
symmetric structure found at a GB with an estimated



ELEVENTH INTERNATIONAL CONFERENCE ON INTERGRANULAR AND INTERPHASE BOUNDARIES 2004

2nm

7010}

2NMEY Bttt 20m

Figure 1 (a) HRTEM image of a [0001] tilt GB with a misorientation close to ¥7. The incident electron beam direction is parallel to the [0001]
direction in both grains. (b—d) Enlargements of areas labeled correspondingly in Fig. (a). (b) Near {1230}]|{1230} symmetric structure. (c) Near
{1010} {3580} asymmetric and {1450} {1450} symmetric structures. (d) Edge dislocation. A Burgers circuit is drawn along {1010} planes. The arrow

denotes the resultant Burgers vector of 1/3 <1120>.

rotation angle of 20.0 & 0.2°. Systematic image simu-
lations indicated that under the imaging condition em-
ployed, the bright spots approximately correspond to
the open channels along the [0001] direction in ZnO
with wurtzite structure. The distance between the open
channels and therefore bright spots in the HRTEM im-
ages is equal to the lattice constant a, 0.325 nm [40].
The open channels have the highest symmetry as well
as the atomic columns, and represent the edges of the
primitive cell. In Fig. 2, the GB structural units are in-
dicated by quadrilaterals drawn along the bright spots.
It is recognized that the two units from the left, which
are denoted by dotted quadrilaterals, have image fea-
tures somewhat different from the others indicated by
solid lines. The difference can be summarized as: (i) the
dotted units are narrower in the direction perpendicular
to the GB; (ii) the spots located inside the dotted units
are weaker in contrast; (iii) the spots at the right-hand
edges of the units have a circular shape, while those
at the solid units are U-shaped; and (iv) the spots at
the upper and lower edges are elongated in the dotted
units. These differences indicate that there are at least
two kinds of units for the X7 GB.

Fig. 2b and c shows two HRTEM images of iso-
lated dislocations. The edge components of the Burg-
ers vectors were determined to be 1/3<1120> for both
dislocations, as in the case of the dislocation shown

in Fig. 1d. A screw component may be absent since
no anisotropic contrast was observed with an incident
beam tilted. Interestingly, the core structures described
by quadrilaterals show similarity to the structural units
of the X7 GB. In addition, differences found between
the two kinds of the GB units can be recognized be-
tween the two dislocations. The one shown in Fig. 2b
is similar in image feature to the solid units in Fig. 2a
while the other shown in Fig. 2c looks like the dotted
units. The dislocations seem to have multiple configu-
rations as well.

The atomistic calculations for the {1230}]|{1230} GB
also suggested the presence of multiple structural units.
Some types of equilibrium configurations were ob-
tained with nearly the same boundary energies [12, 31].
Among them, three configurations and their simulated
images that showed good agreements with experimen-
tal images of the X7 GBs are presented in Fig. 3. The
configuration given in Fig. 3a contains a relatively large
open space at the GB core. It is composed of a linkage of
channels surrounded by five and seven atomic columns,
respectively. The structural unit of the configuration
shown in Fig. 3b has U-shaped channels surrounded by
eight atomic columns at the right-hand side edge. The
channel located inside the unit is sixfold coordinated as
in the case of the perfect crystal. The unit shown in the
Fig. 3c has fourfold and sixfold coordinated channels.
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Figure 2 (a) HRTEM image of a near {1230} /{1230} X7 boundary. The
structural units are denoted by solid and dotted quadrilaterals. (b), (c)
Typical HRTEM images of isolated edge dislocations with Burgers vec-
tors of 1/3<1120>.

Based on these shapes of the open channels, the con-
figurations will be noted 5/7, 6/8, and 4/6 hereafter, as
indicated in the figure. Relating to the presence of the
open channels that have different coordination num-
bers from six, some atoms are coordinated by three or
five first-nearest neighbors in contrast to the fourfold
coordination in wurtzite structure. The columns con-
taining these atoms are labeled with the coordination
numbers in the figure. The 5/7, 6/8, and 4/6 configu-
rations showed boundary energies of 1.69, 1.54, and
1.54 Jm~2, respectively. The higher energy of the 5/7
configuration than the others can be partly attributed
to the presence of twice number of the miscoordinated
atoms per structural units.

Simulated HRTEM images shown in the lower pan-
els of the figures were obtained with a foil thickness
of 5 nm and a defocus of —26 nm, which gave the
best agreement with the experimental image shown in
Fig. 2a. A comparison between the modeled atomic
configurations and the simulated images indicates that
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Figure 3 Modeled atomic configurations of the {1230}{1230} X7
GB viewed from the [0001] direction (upper) and their simulated
HRTEM images (lower). The smaller and larger circles designate Zn
and O atoms, respectively. Columns containing miscoordinated atoms
are labeled with coordination numbers. The small and larger quadrilat-
erals indicate the primitive cell and GB structural units, respectively.
The configurations shown in the panels (a), (b), and (c) are noted as 5/7,
6/8, and 4/6 on the basis of the coordination numbers of open channels,
respectively.

atomic columns located parallel to the [0001] direction
appear dark and the bright spots approximately repre-
sent open channels as mentioned above. The shapes of
the channels specific to the GB configurations are re-
flected as bright spots in the simulated images as well.
Based on the results of the atomistic calculations and
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image simulations, the solid and dotted structural units
of the X7 GB and edge dislocations shown in Fig. 2 can
be assigned to the 6/8 and 4/6 configurations, respec-
tively. These configurations were frequently observed
at X7 GBs and edge dislocations [31]. Units that show
image features between the 5/7 and 6/8 configurations
were also found. Therefore, the 5/7 configurations may
coexist although it was difficult to surely differentiate
them from the 6/8 configuration. In GaN that also has
wurtzite structure, the three configurations, namely 5/7,
6/8, and 4/6, have been modeled for [0001] tilt GBs
and edge dislocations with Burgers vectors of b = 1/3
<1120>. [41-45] Among them, the 6/8 and 5/7 con-
figurations have been experimentally observed at a X7
GB and dislocations in GaN [30, 46].

It has been pointed out that the structural transition
can readily take place between the 6/8 and 4/6 config-
urations by the glide of dislocations in GaN, and these
two configurations can be connected with the 5/7 con-
figuration by dislocation climb [44]. The occurrence of
such a structural transition was also implied for £7 GB
in the present study. Fig. 4a and b shows HRTEM im-
ages of a X7 GB taken from nearly the same area with an
interval of about 10 sec. Interestingly, the structures and
positions of GBs are different between the two images.
In the former, all the units can be assigned to the 6/8 or
5/7 configurations; some of them have image characters
between the two configurations and the further assign-
ment is difficult to make. Turning to the latter, some
units represented by dotted quadrilaterals show image
features particular to the 4/6 configuration, suggesting
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Figure 4 HRTEM images of a near {1230}||{1230} GB taken succes-
sively from almost the same image area with an interval of about 10 s.
The 5/7 and 6/8 type structural units are denoted by solid quadrilaterals,
while the 4/6 units are dotted.

Figure 5 Atomic structure models showing the relationship between (a)
the 5/7 and 4/6 configurations and (b) the 6/8 and 4/6 configurations. The
smaller and larger circles designate Zn and O atoms, respectively. Dif-
ferences between the structural units can be represented by the location
and number of atomic columns labeled s and 7.

that structural transition has occurred. In Figs 5a and b,
the relationship between the 5/7 and 4/6 configurations
and the 6/8 and 4/6 configurations is illustrated using
the atomic configuration models, respectively. The 4/6
configuration can be made from the 5/7 configuration
by removing and sharing one of the atomic columns
labeled ¢, as shown in Fig. 5a. On the other hand, the
transition from the 6/8 configuration to the 4/6 con-
figuration does not require the change in the number
of atoms. The atomic column labeled s is little sepa-
rated from the one labeled ¢ in the 6/8 configuration
as shown in the left panel of Fig. 5b. If these atomic
columns become closer and bonded, it results in the
formation of the 4/6 configuration. This atom flipping
can correspond to a dislocation glide as has been sug-
gested for GaN [44]. The structural transition is there-
fore accompanied by the shift of the structural units
toward one of the <1120> directions. Such a mecha-
nism may have taken place at the GB shown in Fig. 4a
and b.

The dislocation-like structural units were also rec-
ognized at X7 GBs with different boundary planes.
Fig. 6 displays a HRTEM image of a 20.1° GB with near
7{1450}||{1450} misorientation along with amodeled
atomic configuration and its simulated HRTEM image.
As in the case of the {1230}||{1230} GB, a configura-
tion that showed a good agreement with the experimen-
tal image was selected from a number of equilibrium
configurations obtained by the atomistic calculations.
The calculated GB energy of 1.86 Jm~2 is one of the
smallest among them. The condition of the image sim-
ulation was chosen to be a foil thickness of 4 nm and
a defocus of —36 nm. The comparison between the
experimental and simulated images indicates that this
GB can be described by the dislocation-like structural
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Figure 6 (a) HRTEM image of a {1450}||{1450} =7 GB. The arrows and
quadrilaterals indicate periodicity and dislocation-like structural units,
respectively. (b) GB configuration modeled by atomistic calculation (up-
per) and its simulated HRTEM image (lower). The smaller and larger
circles denote Zn and O atoms, respectively. (c) The same configuration
and simulated image as that shown in Fig. (b) but dislocation-like units
are described differently.

units as well as the {1230}|{1230} GB. The arrange-
ment of the units, however, is zigzag rather than straight
in this case. This can be understood by the orientation of
the boundary plane. If the boundary normal is close to
the direction of the Burgers vector of the edge disloca-
tions, 1/3 <1120>, i.e., the boundary plane is near one
of the {1120} planes, the misorientation can be read-
ily accommodated by the dislocations as in the case
of so-called low angle boundaries. On the other hand,
when the boundary plane is relatively close to one of
the {1010} planes that is parallel to the Burgers vector,
a zigzag arrangement is required to accommodate the
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misorientation by dislocations with b = 1/3 <1120>.
Such a tendency has been generally found at [0001]
tilt GBs in our previous study [31]. For the X7 GB, the
{1230}/{1230} and {1450} ||{1450} GBs should be cate-
gorized into the former and the latter cases, respectively.
At the {1450} {1450} GB, a pair of the dislocation-like
structural units oriented toward different directions can
be considered as a periodicity unit. There are spaces
between the pairs of the dislocation-like units so that
the geometry is consistent with the 7. In the modeled
configuration, an average distance between dislocation
cores is 0.75 nm, which is somewhat smaller than that
of the 6/8 and 4/6 configurations of the {1230} |{1230}
GB, 0.86 nm~2. This can be a part of the reason for the
higher boundary energy, 1.86 v.s. 1.54 Jm~2, although
the difference in the arrangement of the dislocation-like
units and the local atomic relaxation should also have
affected the energies.

In the experimental image shown in Fig. 6a, the peri-
odicity is not perfect; a larger space can be recognized
between the first and second pairs of the structural units
from the left. This is probably due to the deviation in
rotation angle by 1.7° from the exact one. Such shift
of structural units can also be interpreted on the ba-
sis of the displacement shift complete [30, 47]. Con-
cerning the local atomic structure of the dislocation-
like units, most of them look similar to the 6/8 or
5/7 configuration. The exact assessment, however, is
difficult to make since the units are somewhat dis-
torted from the original symmetric structure particu-
larly at this GB with a zigzag arrangement. This is also
the case with the modeled structure. In Figs 6b and
¢, the same atomic configurations are depicted with
dislocation-like units described differently. The peri-
odicity unit can be represented by a pair of the 6/8 units
(Fig. 6b), or it can be considered as a combination of
the 6/8 and 4/6 units (Fig. 6¢). In detail, some structural
units in Fig.6a have image features between the 6/8 and
4/6 units.

In Fig. 7, a HRTEM image of 20.1° GB near X7
{1010} {3580} is presented. This is an enlargement of
part of the GB depicted in Fig. 1a and shows nearly
the same position as that highlighted in Fig. lc al-
though the image has been rotated. In most of the image
area around the middle, the boundary plane is located
near one of the {1010} planes of the lower grain to
form an asymmetric structure. This GB is composed
of dislocation-like units with two types of the Burgers
vector directions as in the case of the {1450} ||{1450}
GB. Many of units look similar to the 6/8 configura-
tion although distortion makes the detailed assignment
difficult. The arrangement of the units is not regular
presumably due to the imperfectness in the misorienta-
tion.

Moving to the left-hand side, the boundary plane is
shifted toward the upper grain to form a structure near
the {1450}/{1450}. An alternate arrangement of two
kinds of the dislocation units can be recognized as in
the case of the GB shown in Fig. 6a, but the separations
between the units are larger. Actually, this image was
taken from almost the same area as that in Fig. 6a about
10 sec before. The structural units may easily move as
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Figure 7 HRTEM image of a X7 boundary. Structural units are denoted by solid quadrilaterals. The boundary plane varies from left to right in the

order of {1450} {1450}, {1010}]|{3580}, and {1230}]|{1230}.

in the case of the {1230}||{1230} GB shown in Fig. 4.
Turning to the right-hand side, the structure becomes
closer to the {1230}||{1230}. The ratio of the units ori-
entated parallel to the GB plane is increased although
there still is a unit that is oriented differently from
the others because of the incompleteness in the struc-
tural transition. The {1230}||{1230}, {1450}|/{1450},
and {1010}|/{3580} structures can thus be connected
with one another by the change in the arrangement and
orientation of the common structural units.

4. Conclusions

HRTEM observation was conducted for [0001] tilt X7
{1230}1{1230}, {1450}||{1450}, and {1010}||{3580}
GBs in fiber-textured ZnO thin films to investigate the
relationship between their atomic structures and bound-
ary planes. The atomistic calculations combined with
HRTEM image simulations indicated that three kinds
of structural units can coexist at the X7 GBs. These
are characterized by fourfold- to eightfold-coordinated
channels located along the [0001] direction. The atomic
structures of the units are very similar to those of edge
dislocations with Burgers vectors of 1/3 <1120>. A
structural transformation between two of the three con-
figurations can easily take place through an atom flip-
ping corresponding to dislocation glide. The structural
units are common to the three kinds of GBs but arranged
differently depending on the orientation of boundary
planes with respect to the Burgers vectors.
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