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Arrangement of multiple structural units in a [0001] 249 tilt grain boundary in ZnO
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Arrangement of structural units in a ZnO [0001] =49 symmetric tilt boundary was investigated using a
combination of high-resolution electron microscopy and atomistic calculation in detail. The boundary is found
to be described by the combination of two different dislocationlike structural units and a bulklike structural
unit. The two dislocationlike units were very similar to structural units found in a 2 =7 boundary. One of the
dislocationlike units contains threefold-coordinated atoms and the other one has fivefold-coordinated atoms in
contrast to fourfold coordination in ZnO bulk. Interestingly, the =49 boundary dominantly consists of a
straight alternate array of dislocationlike units and a bulklike unit. A zigzag array of the units partly appeared,
which can be related to the straight array via atom flipping at the boundary core. It is considered that the
alternate array of dislocationlike units effectively relaxes local strain in the vicinity and, hence, minimizes the

boundary energy.
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I. INTRODUCTION

Physical properties in polycrystalline materials are often
influenced by the grain boundaries, and the importance of
grain boundary atomic structure has been stimulating a large
number of studies. Both experimental and theoretical tech-
niques have revealed grain boundary atomic structure in
many kinds of crystalline materials, such as metals and metal
oxides.!"!® Through a number of studies, the structural unit
model has been proposed and developed to describe system-
atical change in grain boundary atomic structure with mac-
roscopic degrees of freedom, i.e., misorientation or
inclination.'®* In the structural unit model, grain boundary
atomic structure can be described by the array of fundamen-
tal units (structural units). For example, atomic structure of
several [110] tilt boundaries in Al can be systematically de-
scribed by the combination of the structural units.”>?* An
understanding of detailed arrangements of the structural units
is very important to know the nature of grain boundary
atomic structures. However, it seems that arguments about
arrangement of the structural units have been limited so far,
especially for oxide materials.

ZnO is one of the most promising oxide materials for
light-emitting and transparent electronic devices because of
its substantial advantages in these applications.>>"? Since the
grain boundaries generally degrade the optical and/or electri-
cal properties of ZnO, their detailed structure must be under-
stood at atomistic and electronic levels to improve their
properties. On the other hand, the grain boundaries in poly-
crystalline ZnO are well known to show one of the most
important properties: highly nonlinear current-voltage
characteristics.’*34 These characteristics have been widely
utilized to protect electronic devices as varistors. It is also
important to understand the generation mechanism of the
varistor property. In order to clarify the generation mecha-
nism, the understanding of the grain boundary atomic struc-
ture should be indispensable.

The atomic structures in some of ZnO [0001] tilt bound-
aries have been investigated in previous studies.’>>% The
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boundaries were found to have various coordinated (from
fourfold- to tenfold-coordinated) open channels, which are
particular to their proper structural units.>37 The presence
of such various coordinated open channels changed the co-
ordination numbers of specific atomic columns.?” Recently, it
was reported that the atomic structure of [0001] tilt bound-
aries can be described by the combination of multiple struc-
tural units.’” However, it has not been understood how the
multiple structural units arrange along the boundaries. This
should be very important to understand the atomic structure
of general ZnO grain boundaries. In the present study, a ZnO
[0001] =49 symmetric tilt boundary was investigated. The
atomic structure of the boundary was revealed using a com-
bination of high-resolution electron microscopy and atomis-
tic calculation. The 2 =49 boundary with a relatively large 2,
value is selected, as it has a relatively long periodicity unit.
The boundary is expected to include some structural units in
the long periodicity unit, which is suited to investigate the
arrangement of multiple structural units.

II. EXPERIMENTAL AND COMPUTATIONAL
PROCEDURES

A. Experimental procedure

A [0001] X =49 symmetric tilt grain boundary was fabri-
cated in a ZnO bicrystal as schematically shown in Fig. 1.

The tilt angle, which is made by the [1100] direction of two

crystals, is 16.4° and the boundary plane is (3580). The bi-
crystal was fabricated by hot-pressing two ZnO single crys-
tals (99.99%, Furuuchi Chem. Co., Ltd.) at 1100 °C for 10 h
in air under a uniaxial load of 1.5 MPa. The fabrication pro-
cedure has been previously described in detail.>®

Several slices were cut from the ZnO bicrystal for trans-
mission electron microscopy (TEM) observations. The slices
were mechanically polished and dimpled down to about
20 wm and finally thinned by an argon-ion beam (PIPS,
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FIG. 1. Schematic of the ZnO bicrystal fabricated in the present
study. Common rotation axes of both crystals are [0001], and

boundary planes are composed of (3580) of both crystals. A tilt

angle of the boundary, which is made by [1100] of both crystals, is
16.4°.

Gatan Co., Ltd.) with gun voltages of 2—4 kV and beam
angles of 6°-7° to make an electron transparency. The
boundary was observed from the [0001] direction of both
crystals using conventional and high-resolution TEM (JEM-
2010HC and JEM-4010, operated at 200 and 400 kV, JEOL
Co., Ltd.).

B. Computational procedure

Atomistic calculations were separately performed to theo-
retically predict stable boundary atomic structures. Similar to
our previous studies,’”-3%40 the atomic structures were mod-
eled by the lattice-statics method with the GULP program
code.*! Buckingham-type two-body ionic potentials were
employed with the potential parameters reported by Lewis
and Catlow.*> The validity of the potential parameters has
been confirmed by the agreement with experimental lattice
and elastic constants of ZnO.38

The lattice-statics calculations were made using supercells
containing initial structure of two same [0001] X =49 bound-
aries. Two boundaries were set in the supercell by pairing

two half-crystal cells with (3580) surfaces. An example of
the half-crystal cell is shown in Fig. 2. As recognized in the
figure, there are two different termination planes for the

(3580) surface in ZnO with wurtzite crystal structure

O @,
@00l . (3580)a

-------

FIG. 2. Example of a half-crystal cell with (3580) surfaces.
Here, an upper and a lower side of the half-crystal is terminated

with (3580), and (3580)j, respectively. Solid horizontal lines indi-
cate (3580), and dotted ones show (3580)p in the figure.
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FIG. 3. Example of a supercell used in the atomistic calculation.
Here, the boundary planes were composed of terminations of
(3580)5 and (3580)p. Initial structures with a translation state of
0 nm in both the x and y directions and 0.1 nm in the z direction are
shown in the figure. Rectangles show the initial supercell and ar-
rows indicate the positions of grain boundaries.

[(3580), and (3580)]. In the present calculation, three types
of boundary models were considered, where combinations of

the two same or two different (3580) planes compose the
boundary planes: (3580), and (3580),,, (3580), and (3580)5,
and (3580)5 and (3580). Figure 3 shows an example of the

supercell, where (3580); and (3580); compose the boundary
plane. Supercells with a number of initial structures, in
which one half-crystal was three dimensionally translated
relative to the other one, were prepared. In the x and z direc-
tions, translation states with increments of 0.02 and 0.01 nm
were considered. On the other hand, translations of zero and
a half of a ZnO unit cell (about 0.26 nm) were taken into
account in the y direction (corresponding to the [0001] direc-
tion in ZnO), because optimized structures were found only
from these two translations in our previous study on a 2=7
boundary with the same rotation axis of [0001].%® In addi-
tion, basal planes of two adjacent crystals can be connected
without any deviations only in the two translations, which
would cause a reduction of total lattice energy to form a
stable structure. Boundary expansion was considered as the
translation in the z direction. The translation state in the z
direction is defined to be zero, when the interfacial spacing
between upper and lower half-crystal cells is the same as a

half of the interplanar spacing between neighboring (3580),,.
This corresponds to the average spacing between the neigh-

boring (3580), and (3580),. Since distances between two
parallel boundaries in the supercells should be long enough
to avoid interaction between the boundaries, the distances
were set to be about 2.2 nm, which are similar to our previ-
ous study with the same calculation method.’” As a result,
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FIG. 4. (a) TEM bright field image and (b) HRTEM image of
the =49 boundary in the ZnO bicrystal. A selected area diffraction
pattern obtained from the boundary region is shown in the inset in
(a). An incident electron beam in (a) is slightly misaligned from the
common [0001] direction to make the contrast difference between
both crystals.

the supercells contain 440—456 atoms. Respective atomic po-
sitions were optimized so as to minimize the total lattice
energy under three dimensionally periodic boundary and
constant volume conditions. Energetically favorable atomic
structures can thus be obtained in the present study. In addi-
tion, initial structures with certain atomic columns added or
removed from the obtained stable structures were investi-
gated to find other possible stable structures, since these
atomic structures are different from those obtained through
the simple translation. Boundary energy was also evaluated
as a function of the three-dimensional translations.

Finally, theoretically calculated stable structures were
compared to the experimental high-resolution TEM
(HRTEM) images. HRTEM image simulations were con-
ducted for the calculated structures using the TEMPAS pro-
gram code®’ based on the multislice method.** HRTEM im-
ages were systematically simulated as a function of defocus
and specimen thickness to yield an appropriate match to ex-
perimental images.

III. RESULTS AND DISCUSSIONS

A. Dominant structure: straight array of structural units

Figure 4 shows TEM bright field and HRTEM images of

the (3580) =49 boundary. There are no intergranular
phases such as an amorphous film at the boundary and two
ZnO single crystals were joined smoothly at the atomic level.
The inset in Fig. 4(a) is a selected area diffraction pattern
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FIG. 5. (a) AHRTEM image showing an array of dislocationlike
(larger quadrilaterals) and bulklike (smaller quadrilaterals) units and
(b) the magnified HRTEM image showing the straight alternate ar-
ray of dislocationlike units and a bulklike unit (the unit ¢). The
periodicity unit of the boundary is indicated in the lower part of (b).
Two different dislocationlike units, which are denoted by dotted
(the unit a) and solid larger (the unit b) quadrilaterals, are clearly
observed in (b).

obtained from the region including both crystals. From the
diffraction pattern, a tilt angle of the boundary was estimated
at ~16.4°, which is almost the same as the intended orien-
tation in the fabricated bicrystal.

From a detailed analysis of the HRTEM image, the
boundary was found to be described by the array of structural
units. To clarify this, an enlargement of the part in the
HRTEM image is shown in Fig. 5(a), where the structural
units are designated by quadrilaterals. The smaller ones cor-
respond to the unit cell of ZnO with some distortion, as
illustrated by modeled atomic structures shown later in Fig.
6(a). They will be denoted as bulklike units (c¢) hereafter. The
larger ones are different from the smaller and hence particu-
lar to the grain boundary. In our previous study, similar struc-
tural units were observed at other [0001] tilt grain boundaries
in ZnO.¥” These units were found to be very similar to the
structures of edge dislocations,3” and will be denoted as dis-
locationlike units in this paper.

Figure 5(b) shows the magnified HRTEM image of the
array of straightly aligned structural units in Fig. 5(a). In the
figure, noticeable differences can be recognized among the
dislocationlike units. Some of the units (dotted quadrilater-
als; a) show the following imaging features: weaker contrast
at the center and a circular spot on the right-hand corners.
The other units (solid large quadrilaterals; b) differ in some
points; there is a circular bright spot at the center and a
U-shaped elongated spot on the right-hand corner. Thus, the
two units are expected to have different atomic structures.
Another interesting thing featured by Fig. 5(b) is that the
periodicity unit of the boundary, represented by the two dis-
locationlike units plus one bulklike unit, contains two kinds
of dislocationlike units. That is, the periodicity unit is com-
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FIG. 6. (a) Most stable structure of the =49 boundary obtained
by the present atomistic calculations. (b), (c) Stable structures of a
3,=7 boundary reported in Ref. 37. Position of the boundaries is
indicated by arrows. Dotted and solid large (black) quadrilaterals
show the dislocationlike units and solid small (black) one shows a
bulklike unit. A periodicity unit of each boundary is indicated in the
lower part of the figures. Atoms marked with 3 and 5 indicate
undercoordinated (threefold-coordinated) and overcoordinated
(fivefold-coordinated) atoms in contrast to fourfold-coordination
7Zn0O in the bulk. As a result, a small fourfold-coordinated channel
in the unit a and an eightfold-coordinated channel in the unit b are
formed, which are shown by gray polygons. For comparison, a
sixfold-coordinated open channel in ZnO bulk is also indicated by a
gray hexagon in (a).

posed of a+b+c as clearly recognized in the figure. Exten-
sive HRTEM observation indicated that this is a dominant
structure in the present 2 =49 boundary.

Figure 6(a) shows the most stable structures obtained by
the present atomistic calculation. This structure has a bound-
ary energy of 1.25J/m?, which is the lowest among the
structures modeled in the present calculation. This structure

was obtained from the termination of (3580), and (3580),
and the translation state of 1.18 nm along the x direction and
O nm in the y and z directions. The boundary energy of
1.25 J/m? is lower than those of stable structures in the 3,
=7 boundary (1.54 J/m?) obtained by the same method.’’
This is considered to be due to the lower density of atoms
with different coordination number from the perfect crystal.
It has been reported that grain boundary energy in yttria-
stabilized cubic zirconia can be related to the density of at-
oms with different coordination number.*’ In the modeled
structure of the =49 boundary, the density of atoms with
different coordination number is about 3.4/nm2, which is
lower than that of a 3=7 boundary, about 4.6/nm?3’

In detail, the modeled =49 boundary is composed of a
+b+c as in the case of the experimentally observed struc-
ture. Detailed comparison revealed that a is very similar to
one of those in the %=7 boundary modeled by the same

PHYSICAL REVIEW B 72, 064109 (2005)
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FIG. 7. Comparison between experimental and simulated
HRTEM images. (a) An enlarged experimental image of straight
array of the units. (b) Another experimental image obtained from
the same region but under a different defocus. (c) and (d) Simulated
images based on the calculated structure as in Fig. 4(a). (c) A simu-
lated image with a specimen thickness of 4 nm and a defocus of
—28 nm. (d) Another simulated image with a thickness of 4 nm and
a defocus of —78 nm. These imaging conditions were found to give
the best matches to the images shown in (a) and (b). Quadrilaterals
indicate the dislocationlike and bulklike units.

method’” [Fig. 6(b)] and b is also close to the other one in
the =7 boundary [Fig. 6(c)]. The former has overcoordi-
nated (labeled with the coordination number 5 in the figure)
and the latter contains undercoordinated atoms (labeled with
the coordination number 3 in the figure). All other atoms
have fourfold coordination as in the ZnO perfect crystal.
Correspondingly, fourfold-coordinated small open channel
and eightfold-coordinated open channel are formed along the
[0001] direction in a and b, respectively. These are in con-
trast to the sixfold-coordinated channels recognized in the
grain interior.

Figure 7 shows a comparison between the experimentally
observed HRTEM images and simulated images based on the
calculated stable structure in Fig. 6(a). Figures 7(a) and 7(b)
show the experimental images obtained from the same area
with different imaging conditions. For the image in (a), the
simulated image with a specimen thickness of 4 nm and a
defocus of —28 nm [Fig. 7(c)] was found to give the best
match to this experimental image. On the other hand, the
simulated image with a specimen thickness of 4 nm and a
defocus of —78 nm [Fig. 7(d)] yielded an appropriate match
to the image shown in Fig. 7(b). Since the features of experi-
mental images under two defocus conditions are well repro-
duced by the simulated images, the atomic structure as
shown in Fig. 6(a) is assumed to be actually observed.

Atomic structures of the 3=49 (3580) boundary in GaN,
which has the same wurtzite structure as ZnO, have been
also reported through atomistic calculations.*®*” Similar to
the present result, the structures contain two dislocationlike
units and one bulklike unit. However, the detailed atomic
structure seems different from the present result. The GaN
>,=49 boundaries contain the units that are characterized by
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FIG. 8. (a) Enlargements of the experimental HRTEM image, in
which a zigzag array of the units is recognized. (b) Atomistic model
of structural transition via atom flipping. One of the dislocationlike
units becomes the other through the flipping of atomic columns
labeled with asterisk. In addition, the straight array is changed to
the zigzag array.

the linkage of fivefold- and sevenfold-coordinated open
channels, in contrast to eightfold-coordinated open channels
in the present study. To make a further conclusion as to why
the different atomic structures were observed between GaN
and ZnO, further experimental or computational studies
would be needed.

B. Zigzag array of the structural units

The X =49 boundary is, thus, found to dominantly consist
of a straight array of a+b+c. However, a zigzag array of the
units was partly observed in Fig. 5(a). A typical image of
such a structure is shown in Fig. 8(a), which is an enlarge-
ment of a part of Fig. 5(a). Two dislocationlike units (b in the
left half and a in the right half) are zigzag arrayed. Detailed
analysis suggested that the zigzag array is formed as a result
of the structural transition from the straight array of a+b
+c. As found in previous studies,*®* structural transition
between a and b may take place. In the lower panel of Fig.
8(b), a straight array of a+b+c as in Fig. 6(a) is again

PHYSICAL REVIEW B 72, 064109 (2005)

FIG. 9. 3=49 boundaries with straight array of the same two
dislocationlike units. (a) A boundary with straight array of the units
a+b+c. (b) A boundary with straight array of the units b+b+c.

shown. If atomic columns labeled with an asterisk in the
left-hand side become farther and debonded and those la-
beled with an asterisk in the right-hand side become closer
and bonded, one of the dislocationlike units will be trans-
formed into the other as shown in the upper part. Subse-
quently, the straight array will be changed to be the zigzag
array. Structural transition via this atom flipping is consid-
ered to occur in the 3=49 boundary, changing the straight
array to the zigzag array.

C. Arrangement of the structural units

As noted in Sec. IIT A, the present boundary was found to
have the characteristic arrangement of two dislocationlike
units and a bulklike unit (a+b+c). Here, a question arises:
why is such a characteristic arrangement (a+b+c) energeti-
cally stable? For example, a+a+c or b+b+c are also pos-
sible arrangements of two dislocationlike units and a bulk-
like unit, since both a and b are dislocationlike units. Figure
9 shows the calculated structures of a+a+c¢ and b+b+c.
Such arrangements (a+a+c¢ and b+b+c¢) could not be ob-
tained through the simple translation of the half-crystal cell,
indicating that these arrangements are not energetically fa-
vorable. However, the arrangement of a+a+c in (a) was
obtained from the same initial structure as that of a+b+c,
where two atomic columns (two Zn and two O) are removed
per boundary. Oppositely, b+b+c in (b) was constructed
from the same initial structure by adding two columns per
boundary. It was found that these two arrangements show
higher energies (1.42 J/m? for a+a+c and 1.42 J/m? for b
+b+c) than that for a+b+c given in Fig. 4(a) (1.25 J/m?).

The preference of a+b+c can be explained by consider-
ing local strain in the vicinity of the boundary core. Figures
10(a)-10(c) show the mapping of atomic displacements that
occurred during the calculation. Here, displacements indicate
atomic movements from the initial structure to the optimized
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FIG. 10. Maps of atomic displacements in the vicinity of struc-
tural units. The arrangement of (a) a+b+e¢, (b) a+a+c, and (c) b
+b+c. Respective arrows indicate atomic displacement in boundary
normal direction. Direction and length of the arrows denotes the
direction and distance of displacements. Displacements directed to-
ward and opposite to the boundary are denoted by white and black
arrows, respectively. Hatches indicate regions where white arrows
exist.

one. In the figure, only the displacements in the boundary
normal direction are shown, because extensive investigation
revealed that displacements in the boundary normal are ma-
jor components. White and black arrows denote the displace-
ments toward and opposite to the boundary, respectively.
Since initial atomic positions are based on ZnO crystal, they
should be the optimal condition for ZnO. Thus, displacement
from the initial position is considered to induce strain. White
arrows indicate that the vicinity of the boundary becomes
thinner and vice versa. As a result, white arrows and black
ones indicate tensile and compressive strain, respectively.
In a+b+c, the main parts of a show tensile strain while
the left-hand edges show compressive one. On the other
hand, b shows compression in the main parts whereas only
the right-hand edges show tensile strain. ¢ shows compres-
sion in the right half and tensile strain in the left half. It
seems that compressive and tensile strains are alternatively
and similarly formed as a whole. Thus, local strain seems to
be effectively relaxed. On the other hand, tensile or compres-
sive strain is dominantly formed in a+a+c or b+b+c. In
a+a+c, tensile strain is dominant and compression is
formed only in the right half of ¢ and the left-hand edge of a.
Conversely, compression is dominant and tensile is formed
only in left half of ¢ and the right-hand edge of b in b+b
+c. The presence of only one kind of strain seems to increase

PHYSICAL REVIEW B 72, 064109 (2005)

the boundary energies in a+a+c and b+b+c. It is, therefore,
considered that the arrangement of a+b+c¢ forms to relax
local strain in the vicinity. Such a strain effect may be a
critical factor to determine the detailed arrangement of struc-
tural units.

The % =49 boundary is, thus, found to consist of a straight
array of the units a+b+c. The unit a has overcoordinated
(fivefold-coordinated) atoms and the unit b has undercoordi-
nated (threefold-coordinated) atoms in contrast to fourfold
coordination in ZnO bulk. Therefore, the boundary has also a
periodic array of under- and overcoordinated atoms along the
boundary plane. Such under- and overcoordinated atoms
should be related to various grain boundary properties, such
as energy, segregation, and electronic states. In addition, un-
dercoordinated atoms may show different effects on the
boundary properties from overcoordinated ones. Our previ-
ous study indicates the different features in electronic struc-
ture between under- and overcoordinated atoms in a ZnO
3,=7 boundary.*® The present study on detailed arrangement
of structural units gives some guidelines for understanding
the coordination and, hence, various boundary properties in
oxide materials.

IV. CONCLUSIONS

Detailed arrangement of dislocationlike structural units in
the ZnO [0001] 3 =49 symmetric tilt boundary was investi-
gated. A combination of high-resolution electron microscopy
and atomistic calculation revealed that the 3 =49 boundary is
described by the combination of two different dislocationlike
units (a and b) and a bulklike unit (¢). a and b are very
similar to the structural units found in the %=7 boundary. a
includes fivefold-coordinated atoms, whereas b includes
threefold coordination inside the units, in contrast to fourfold
coordination in ZnO bulk. Interestingly, the =49 boundary
dominantly consists of a straight array of a+b+c. A zigzag
array of the units partly appeared, which can be readily trans-
formed from the straight array via atom flipping at the
boundary core. It is considered that a straight array of a+b
+c is formed to effectively relax local strain in the vicinity.
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