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Chapter 1. Introduction

Chapter 1. Introduction

The majority of solid materials that is usually found in the nature are polycrystalline. That
means there are number of single crystals joined together with three dimensional networks of
internal interfaces, called grain boundaries. Atomic, chemical, and electronic structures of grain
boundary largely differ from those in the bulk crystal. Those would give great impacts for
determination of the performance and integrity of a material. Thus, it is an important issue to
reveal the detailed relations between grain boundary and the material properties.

As a model for studying such grain boundary phenomena, zinc oxide (ZnO), which is an
electroceramic material where the grain boundaries control the electrical properties, such as
nonlinear current-voltage characteristics, has been focused. The nonlinear current-voltage
characteristic is essential for protection of electronic devices from surge voltage. A several kinds
of dopant element such metal oxides have been introduced in the polycrystalline ZnO in order to
enhance the voltage gradient. It is commonly believed that dopant elements inhomogeneously
distributed near the zinc oxide grain boundary and cause some changes in grain boundary
geometry and chemistry.

Many researchers have tried to reveal the atomic structure and segregation of dopants, but it
detailed role of the dopants on the property has not been well clarified yet. The biggest problem
for this is vast number of grain boundaries in nature, as well as their atomic structures. To make a
breakthrough for this ambiguity, grain boundary characterization has to be done in systematical
way. In this regard, ZnO grain boundaries were categorized as some simple group; tilt grain
boundary in the current case, and the single tilt grain boundaries with well-defined orientation
were investigated. A general introduction to the materials and the backgrounds are described first

in this chapter.
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1.1. Zinc Oxide

Zinc oxide is an inorganic compound with a chemical formula ZnO. ZnO has a long history as
a material that had been used as an additive in numerous applications including rubbers, plastics,
ceramics, glass, cements, paints, and pigments. In the field of material science, crystalline ZnO is
one of the promising materials that has been studied for many decades [1],[2]. ZnO is a famous n-
type semiconductor with wide band gap of 3.37 eV [1],[3]~[6]. Moreover, there have been great
developments for obtaining the p-type semiconductivity from the ZnO [7]~[21]. ZnO has broad
application range including light emitting diodes, transparent electrode, varistors, and sensors
[21][25]. The ZnO has advantages over gallium nitride (GaN) based applications in some cases
due to lower material cost, the availability of large substrate. ZnO has more stable exciton and
higher binding energy (~60 meV for ZnO, ~25meV for GaN [21]~[26]) that permit excitonic
recombination to dominate in ZnO at room temperature. ZnO is very robust material with a high
melting temperature (T,,~2300K [27]) and high capacity to carry a large current.

The crystal structure of ZnO is typically wurtzite structure which has a hexagonal unit cell
(space group P6;mc) with lattice parameters a = 3.2501A and ¢ = 5.2071A [28]. It is described by
Zn and O planes that are alternatively stacked along the c¢ axis. All Zn and O atoms have
tetrahedral coordination with four nearest neighbors of the opposite types (Figure 1-1). When the
ZnO is exposed to high pressure, it undergoes a phase transformation into the rock-salt structure
[30]1,[31].
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Figure 1-1. Crystal structure of ZnO (Wurtzite) with coordination polyhedra [29].
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1.2. Grain boundary

Grain boundary is a planar defect, which is a homo-interface between two neighboring grains
with different orientation. It has been largely demonstrated that various properties of material
highly depend on the nature of the grain boundaries [32]~[38]. In general, the grain boundary can
be specified by five independent parameters (five macroscopic degrees of freedom) (Figure 1-2)
that define the crystallographic lattice misorientation and boundary plane. In addition, there are
three additional microscopic parameters that define parallel / normal translation of the boundary
plane. Thus, the number of distinct grain boundaries can be enormously large. The atomic
structures of grain boundary are highly dependent on the misorientation between adjacent crystals.
Therefore, we need to consider some special cases, such as tilt / twist boundary so that we can
study the structure and properties of certain grain boundary system.

Tilt and twist boundaries are rather simple. Consider two crystals meeting at a grain boundary
with the rotation product u. And let the normal product to the boundary plane n. If the u is parallel
to the n, it is a twist boundary; and if the u is normal to the n, it is a tilt boundary (Figure 1-3). On
the other hand, there is also mixed boundary that has both tilt/twist characters. The structural
differences between the tilt and twist boundaries are particularly noticeable in the case of low-
angle grain boundaries; these can be described in terms of edge or screw dislocations respectively.
Let me more describe about tilt boundary, which are extensively investigated in the current study.
Low angle tilt boundaries consist of array of isolated edge dislocation, where Burgers vector of
the perfect dislocation corresponds to a translation vector in the crystal structure. The interval d

between those dislocations of a certain set is given by Frank’s formula;
d = |b|/sin 6 (1-1)

where the |E| is the magnitude of the Burgers vector b, and 0 is the tilt angle. As @ increases,

separation between the edge dislocations gets closer.
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Figure 1-2. Degrees of freedom for determination of a grain boundary

(b)

Figure 1-3. (a) Schematics of (a) tilt boundary and (b) twist boundary formed by two crystals. u
is the rotation product and n is the normal product to the boundary plane.
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On the other hand, as tilt angle increases, the dislocation cores are interact together and the
equation (1-1) does not valid any longer. In order to characterize those high-angle grain
boundaries, coincidence site lattice (CSL) theory is valuable that was first proposed in 1949 by
Kronberg and Wilson [39]. Consider two overlaying finite lattices, and one lattice is rotated
relative to the other one. When the rotation angle reaches at a certain value, lattice points of both
lattices coincide, and they form new cell made only by those coincide lattice points, the CSL cell.
The value of sigma (X) is defined as a volume fraction between the unit cell of CSL and a
standard unit cell (1-2).

_ Volume of CSL cell
~ Volume of unit cell

(1-2)

Grain boundaries with the CSL relationship often called CSL boundary. The CSL boundaries
may be of relatively low energy when the adjoined two crystals have a misorientation angle
corresponding to a dense CSL (low X value). When the crystal misorientation slightly deviates
from the CSL misorientation, it is proposed that a network of grain boundary dislocations is
formed (displacement shift complete (DSC) dislocations) in order to compensate the deviation
and produce a stable structure of the CSL boundary [40]. The CSL boundaries are often used for
the detailed grain boundary analysis due to ease of observation of atomic structure with relatively
short periodicity and stable arrangements. Also it provides three-dimensional periodic boundary
condition that is suitable for theoretic calculations [41]~[47].

For the Wurtzite structure like ZnO, [0001] direction is the principal rotation axis for CSL-
boundaries. The [0001] view of the bulk lattice in the Wurtzite ZnO has honeycomb patterns,
where the Zn and O atoms are located in the corners of the hexagons. Those honeycomb patterns
can form a dichromatic complex [48] as can be shown in Figure 1-4(a).

Hexagonal patterns of A and u crystals are overlaid with the tilt angle of 32.2°, which is
corresponded to the X13 relation. On the other hand, it is also possible to express the same
dichromatic complex in different way as shown in Figure 1-4(b). The dichromatic complex is
created by open channels in the A and p crystals, and expressed by grey and black dots,
respectively. Due to the symmetry of the dichromatic complex, the CSL unit cell is a rhombus
with an angle of 60°. Therefore, the short diagonal of the CSL unit cell is identical to an edge and

only the large diagonal exhibits a different configuration.
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In the case of £13, the short diagonal corresponds to the boundary plane of (1340), and the large

diagonal corresponds to the other one, (2570).
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Figure 1-4. Dichromatic complex of X13 (32.2°/27.8°) [0001] expressed by (a) hexagonal
patterns where atomic columns exists at the corner of the hexagons and (b) open channels where
no atomic columns exists. (b) type is commonly used for crystallographic analysis. Large
rhombus is a CSL cell made by CSL points. Area of CSL cell is thirteen times larger than that of
the unit cell, which is indicated by small rombus. Short and long diagonals of the CSL cell can be
the shortest 13 boundary planes; (1340) and (2570), respectively.
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1.3. Structure Unit (SU)

When the separations between dislocations get close, they merge into a closed interface layer.
The grain boundary cannot be explained as array of isolated dislocations any longer, and it is
commonly said that transition from low-angle to high-angle grain boundary is occurred. The
transition is often found at the tilt angle reaches 10~15°. The interface layer may be structurally
distorted or composed of well-defined structural units (SUs) [49]. This new structural
classification of grain boundary was first proposed by Sutton and Vitek (1983) [50] in rather
simple symmetric tilt boundaries in cubic metal. SUs often form kite-shapes quadrilaterals in the
high-resolution TEM images. Basically, the SUs should include the smallest possible number of
atoms needed to identify the corresponding grain boundary structure unambiguously.

In the ZnO [0001] tilt grain boundary case, SUs were first determined in the high resolution
TEM study of £7 ZnO grain boundary, done by Oba et al.(2004) [43]. The periodicity of the X7
ZnO grain boundary is the shortest among the [0001] tilt series, and it was represented by
repeating quadrilaterals, which are made by connection of the open channels or the primitive cell
edges in the [0001] view of the Waurtzite structure (Figure 1-5). The quadrilaterals include
sublattices of both Zn** cation and O* anion in the same frame since those ions present in the
same atomic column as view from [0001] view. In order to reveal the atomic configuration for the
SU, they conducted atomistic calculations in conjunction with the HRTEM images. Four atomic
configurations with relatively low energy were noted, as shown in Figure 1-6. Those atomic
configurations were obtained during changing boundary plane translation. In detail, the atomic
configuration of SU A-D model is composed of twelve- and four (12/4) membered ring, five- and
seven (5/7) membered ring, six- and eight (6/8) membered ring, and four- and six (4/6) membered
ring, respectively. Formation energy of SU A-D was reported as 1.47, 1.69, 1.54, and 1.52 J/m?,
respectively.

Here, same classification of SUs as Oba’s[43] was used for grain boundary analysis for the ease
of comparison of the atomistic arrangements of their 7 ZnO grain boundary to those of grain
boundaries observed in this thesis. However, types of the SUs are slightly modified from Oba’s

models as will be introduced in chapter 3.
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Figure 1-5. High resolution TEM image of ZnO [0001] X7 grain boundary, reported by Oba et al.

[44]. The grain boundary consists of array of quadrilaterals.

Figure 1-6. In a conjunction with HRTEM image simulation, atomic configurations of the
guadrilaterals were identified by atomistic calculation (Oba et al.(2004) [43]) in the £7 grain
boundary. Four kinds of SU models (A, B, C, and D) were suggested, as shown in the (a), (b), (c)
and (d), respectively. The circles denote Zn and O columns. Atoms coordinated by three or five

first-nearest neighbors are marked with asterisks.
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1.4. Praseodymium (Pr) doping

1.4.1. ZnO:Pr varistors

ZnO is well-known varistors material. The varistors is a passive electrical component which is
used for protecting electrical circuits from the surge. For low voltages, varistor normally acts as
an insulator. However, when the applied voltage reaches critical voltage V., it starts to conduct
and protect the circuits. The response of the varistor to the applied voltage thus shows non-
linearity, which is called non-linear I-V characteristic (Figure 1-7). This characteristic is
attributed to an interfacial potential barrier formed at grain boundary [51].

Typical ZnO varistors are polycrystalline ceramics with electrically active grain boundaries,
where several kinds of sintering additives present. According to Gupta et al. (1990) [52], the
additives that have been found in ZnO varistors can be classified into three categories - varistor
formers, performance enhancers, and performance highlighters. Among them, the varistors
former is the most important one that is necessary to add into ZnO to form varistors characteristic,
and in other words, it is impossible to make a varistors without addition of the varistors former.
So far, it has been known that the varistors former are mostly heavy elements with large ionic
radius such as bismuth (Bi) [53],[54], vanadium (V) [55],[56], barium (Ba) [57], and
praseodymium (Pr) [58],[59].

In this thesis, the Pr is chosen for dopant elements, which is being widely used in conventional

varistors.
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Figure 1-7. Schematic of nonlinear I-V characteristic of varistor
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1.5. Segregation of Pr

Praseodymium, Pr, is a soft, silvery, and ductile metal in the lanthanide group. It is very
reactive metal that often forms oxide in the nature. As most rare earth element does, Pr most
readily forms Pr** ions. Pr,0s is mostly used as a dopant material in the ZnO varistors. Pr,O; has
space group of P-3m1 (164) with the hexagonal crystal structure. Pr has larger ionic size than Zn
(Pr**: 1.13 A and Zn**: 0.74 A [60]) and segregate at the grain boundary since the grain boundary
provides more flexibility for bond relaxation and there are more possibilities to have different
coordination to the Pr atoms. For the role of Pr, there were two major candidates; the Pr itself /
defects cause the nonlinear 1-V character or its strain effect does. However, the recent study by
Sato et al. (2006) [61] revealed that the Pr promotes formation of the native defect such as Vy,
and facilitate the acceptor state at the grain boundary.

Segregation is usually concentrated around grain boundary region, as well as in other defects in
material. Segregation is often connected with intrinsic grain boundary structure, which is
conditioned by misorientation between adjacent crystals. Especially, dopants with large ionic radii,
such as Pr, are known to segregate at the grain boundary [61]~[64]. The segregation of Pr can be
observed in atomic scale by using Z (atomic number)-contrast HAADF (high angle annular dark
field) STEM (scanning transmission electron microscopy) imaging [65]. The Pr atoms looks
brighter than Zn atoms in the HAADT-STEM images since its atomic number is much higher (59)
than that of Zn (30) (Figure 1-8) [61]. Pr segregated to the boundary is identified to be in the
three plus state (Pr**)[61].

Former investigations on Pr-doped ZnO revealed that the Pr always substitute specific Zn site
within the SUs [61],[66],[67]. It is considered that those specific sites provide Pr long enough Pr-
O bonds, which tend to have similar Pr-O bonds in the stable Pr,O; crystal bulk [61]. Therefore,

once the SU of grain boundary is determined, it may determine the segregation of Pr as well as.
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Intensity (a.u.)

Figure 1-8. Z-contrast HAADF STEM image of Pr-doped ZnO X7 [0001] grain boundary by Sato

et al. [61]. Intensity of Pr is higher than that of Zn as shown in line profile (inset).
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1.6. Objective

ZnO is used in a variety of practical applications such as electronics, photonics, and optics
[21]~[26]. In the most cases, the material is used in polycrystalline forms, and the properties are
influenced by presence of grain boundaries as seen from a surge of relevant studies [31]~[38]. It
should also be mentioned that when the additives such as dopants or defects are introduced to the
material, they change the grain boundary nature and play important role on the material properties.
In this regard, understanding the atomistic structures of grain boundary is a quite important issue
in order to reveal the relationship between the structures - material property. In the case of ZnO,
the ZnO ceramics doped with Pr exhibit highly nonlinear current-voltage (I-V) characteristics and
being widely used as varistors. It is believed that Pr segregates at the grain boundary and play a
central role for the nonlinear 1-V characteristics. However, understanding grain boundary structure
and composition are still limited because it is not easy to determine the atomistic structure of
grain boundaries in polycrystalline ceramics.

In order to overcome this difficulty, well-defined single grain boundary is prepared. Particularly,
Zn0O [0001] symmetric tilt grain boundary is chosen that provides direct observation of Zn and O
atomic columns from the both adjacent crystals. In order to obtain the grain boundary, bicrystals
method is used which have common [0001] axes, and the tilt angle (26) made by two (1120) of
the adjacent crystals. Here, 26 ranges from 0° to 60° due to the crystal symmetry, thus controlling
26 in this range provides a series of ZnO [0001] tilt grain boundaries. In this way, more systematic
approach is possible for understanding the grain boundaries in general. Particularly, the values 26
are determined to provide CSL grain boundary, which is useful for direct observation of atomistic
structure by transmission electron microscopy and simulation within realistic computational time
with sufficient accuracy. The atomic arrangement of the CSL grain boundary can be described by
repeating structure unit (SU), which is a fundamental brick that contains limited number of
smallest with a limited number of models. Fundamental backgrounds and analysis method used in
the current thesis are described in the current chapter 1 and the chapter 2.

In this thesis, investigations on atomic structures and segregation of Pr in the ZnO grain
boundaries are intensively studied. First, in chapter 3, atomistic structure of an undoped ZnO
symmetric grain boundary is studied focusing on a specific grain boundary orientation, [0001]
13 (32.2°) tilt grain boundary. Revealing the atomistic structure of the grain boundary would

give an important insight since the orientation forms very stable grain boundary arrangements.
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Relation between the SU alignment and the rotation angle was discussed and the grain boundary
atomic arrangement is determined in this chapter.

In chapter 4, atomistic structure and segregation behavior of Pr-doped ZnO grain boundaries
are studied. It is important to determine atomistic structure and segregation tendency of Pr in the
grain boundary since those are the key factors that facilitate electronic potential barrier. To study
those factors, Pr-doped ZnO 13 (32.2°) grain boundary is investigated and compared to the other
13 (27.8°) grain boundary. Similarity and dissimilarity between those grain boundaries would
provide an understanding the same X value, but different boundary planes of the CSL grain
boundary. In addition, relative atomic structure and Pr segregation in 30.0° tilt grain boundary is
also investigated. This would provide another opportunity to discuss the atomic structure and the
segregation of Pr among the X13 grain boundaries and the neighboring non-low-X CSL grain
boundary.

In the most of grain boundary studies, investigations have been limited to quite narrow
boundary area, and only the representative structure is often focused on. However, grain boundary
structure is not always that simple; grain boundary plane may not be completely flat, there may be
secondary or more structures, steps, facets, and so on. In recent years, stability in electron
microscope has been improved, enabling to observe larger area of grain boundary by a
guantitative manner. In this regard, a larger area of a ZnO grain boundary is investigated to
understand a variety of structures at the atomic scale in chapter 5. Pr-doped ZnO £13 (27.8°) grain
boundary is studied that has structural multiplicity in it. Relationships among atomistic structure,
Pr composition, and morphology will be discussed

Finally in chapter 6, atomic arrangements with SU description, segregation of Pr are more
generalized. As will be introduced in the previous chapters, atomic arrangement and Pr
segregations in a series of ZnO grain boundaries are studied. Those give an idea for understanding

20 dependency for Pr-doped ZnO [0001] symmetric tilt grain boundaries.
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Chapter 2. Method

Understanding grain boundary structure and composition are still limited because it is not easy
to determine the atomistic structure of grain boundaries in polycrystalline ceramics. To overcome
the difficulty, precise experimental conditions and some special analysis techniques are required
for the grain boundary investigation. The results may give us an insight for detailed understanding
of the grain boundary thereby. Bicrystals method is often used that is ease of controlling boundary
orientations. Several ZnO bicrystals have been fabricated in this thesis. ZnO [0001] symmetric tilt
grain boundary is obtained from the bicrystals, where the tilt angle (26) provides CSL condition to
the grain boundary. The CSL boundary is effective for experimental and theoretic analysis since it
provides three-dimensional periodic boundary condition. Rapid development in electron
microscope provides a unique and powerful tool for investigation on the grain boundary geometry
and chemistry nowadays. Incoherent images in which atomic structure and composition across the
grain boundaries can be directly interpreted. Static lattice calculation and density functional
calculation were carried out for obtaining stable grain boundary structure. A combination of
STEM observation and theoretic calculation will provide a powerful method for grain boundary

characterization.
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2.1. Bicrystal fabircation

Bicrystals were fabricated by thermal diffusion bonding of two ZnO single crystals (Shinkosha
Co., Ltd.). At first, a surface of the crystals was mechanically polished to mirror-like state, and
then one crystal is set on the other so that the bicrystal possess [0001] tilt grain boundary and 26
made by (1120) (Figure 2-1). Here, 26 ranges from 0° to 60° due to the crystal symmetry. The
crystal set is diffusion bonded in the furnace at 1,100 <C for 10 hours in air under the uniaxial load
of about 1.5 MPa. The heating and cooling rates are approximately 300 <C/h. In the case of Pr-
doped ZnO grain boundary, a thin layer of Pr metal with nominal thickness of about 5 nm was
deposited onto surface of one crystal prior to the bonding. The deposition was conducted by
sputter coating (PECS™, Gatan, Inc.), which includes a film thickness monitor for accurate
control of the thickness. Conditions of bicrystal orientations studied in this thesis are summarized
in Table 2-1. After the bicrystals are bonded, thin specimens are prepared by conventional thinning
procedures that include mechanical polishing down to about 30 wm and argon (Ar) ion beam milling

for electron microscope observations (Figure 2-2).

ZnOsingle
v crystals

[0001] [0001] |
¥, A5 > "V
1/ \ Bonding / \GB

(1120)

Figure 2-1. Schematic of ZnO bicrystal that forms ZnO [0001] tilt grain boundary.
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Bicrystal

Figure 2-2. Schematic of specimen preparation. First, bicrystals obtained after diffusion bonding
is resized into small enough size. Then, it is attached on the TEM mesh and mechanically

polished down to ~ 30 um. Final thinning is processed by Ar ion milling down to ~100 nm.

Table 2-1. Orientation relation of the bicrystals studied in this thesis.

26 (°) X value boundary plane doping

25.8 ~79 {37100} Pr-doped

27.8 13 {2570} Pr-doped

30.0 ~97 {38110} Pr-doped

32.2 13 {1340} Undoped, Pr-doped
38.2 7 {1450} Pr-doped

43.6 49 {211130} Pr-doped
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2.2. Electron microscopy observation

Transmission electron microscope (TEM) and scanning TEM (STEM) were used in order to
observe grain boundary structure from micrometer (um) to sub angstrom (~A) scale. Different
imaging method such as annular dark field (ADF) and bright field (BF) were used. ADF image is
formed by inelastically scattered electron collected by ADF detector, where BF image is formed
by intensity of the transmitted beam collected by BF detector. Especially, high-angle ADF
(HAADF) [1] detects high angle scattered electrons (Figure 2-3). The contrast of HAADF image
is strongly dependent on the average atomic number (Z), thus, it has provided a valuable method
for the current study for distinguish different elements with sufficiently different Z where Zn has
atomic number of 30, and Pr has 59.

TEM observations were performed using JEM-2010 and JEM-4010 (JEOL Ltd. Tokyo, Japan)
with acceleration voltage of 200keV and 400keV, respectively. STEM observations were carried
out using JEM-2100F and ARM-200F under 200keV. Both STEM machines are equipped with a
spherical aberration corrector for the electron probe (CEOS Gmbh, Germany).
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Electron
Beam probe

(sub A)
Thin /

specimen

scattered
electrons

I . I
HAADF ADF ADF HAADF

detectors
BF

Figure 2-3. Schematic of several imaging techniques in dedicated STEM instrument. HAADF,

ADF and BF detectors collect scattered electrons.
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2.3. Atomistic simulation and modeling of grain boundary

Three-dimensionally periodic boundary conditions can be provided from the low-X CSL grain
boundaries. First, the half crystal cell is made and joined with the opposite one to form supercell.
It is not certain that the lowest energy of grain boundary structure is obtained from the initial
supercell, but there are possibilities that one crystal is translated with respect to the other one
parallel to the grain boundary. The various grain boundary structures obtained in this procedure
are called translation state. For a large number of grain boundary models with the different
translation state, atomic arrangements are optimized and total energy of simulation cell is
estimated. However, going through all translation states is very time consuming and expensive.
Static lattice methods with empirical inter-atomic potentials are used in this stage, which is much
faster, but their accuracy is less reliable. The static lattice calculation was performed by the GULP
code [2], where Buckingham-form two-body interatomic potential (2-1) was used. In the present

study, potential parameters reported previously for ZnO was used [3] (Table 2-2).

) = A Ty, Ci
Vij (ry) = Ajexp(- —) - —5 (2-1)
Pij  Tij

Table 2-2. Potential parameter [3]used in the static lattice calculation.

Interaction A (eV) o (A) Ci(eVA®
Zn*t - 0% 700.3 0.3372 0.000
0% - 0% 22764.0 0.1490 27.879
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Translation states are roughly sorted by static lattice calculation, and several models that
showed lowest energies are brought to the next step that uses first-principles density functional
theory (DFT) calculations. The formation energy of the grain boundary is the energy cost of

distorting and breaking bonds due to the misorientation. The energy is obtained by (2-2);

_ EGB_Eperfect
Y 2A

(2-2)

Where vy is formation energy, and Egg Or Eperrece are total energies of supercells with or without
grain boundary, respectively, after optimization of atomic configuration. A is the area of grain
boundary plane. Since three-dimensional periodic boundary conditions are imposed for models,
each grain boundary models have two grain boundaries so that the total energy was divided by 2A.

The DFT calculations were carried out with the plane-wave basis projector-augmented wave
method [4] embedded in the VASP code [5]. Here, generalized gradient approximation (GGA)[6]
was used for the exchange-correlation potentials. Cut-off energy for plane-wave basis sets was
400 eV for all the cases. For example, in the case of £13 grain boundary, Brillouin-zone
integrations were performed over 2 x 1 x 4 k-point mesh generated by Monkhorst-Pack scheme
[7], and simulation cell includes 208 atoms and two equivalent grain boundaries with the cell
dimension of ~ 1.19 x 4.10 x 0.53 nm. Undoped grain boundary models were used as initial inputs
for obtaining the Pr-doped case. Pr replaces several Zn sites, and the structure is optimized again.
Grain boundary expansion was also considered because Pr doping may have affect to the lattice

parameters.
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Chapter 3. Atomic structure of ZnO [0001] 32.2° tilt grain boundary

Several ZnO [0001] tilt grain boundaries have been reported elsewhere and it was found that
atomic arrangements of the grain boundaries are described by array of SUs [1]. The SUs are
arranged straight or zig-zag depending on boundary planes. When the arrangements of SU were
considered as a function of 26, SU align straight up to about 30°, while they align zig-zag for 26
higher than 30° [1]~[4]. This implies that SU alignment would change at 26 of about 30°.
Moreover, it has been reported that ZnO [0001] tilt grain boundaries with 28 of about 30° form in
thin films [5]. These suggest the necessity to understand the grain boundary atomistic structure.
Thus, ZnO %13 (32.2°) grain boundary was chapter. It was found that the grain boundary has two
different SU alignments. Dominant structure of the grain boundary was the zig-zag SU alignment,
and secondary structure was the straight SU alignment. Relation between the SU alignment and
the rotation angle was discussed and the grain boundary atomic arrangement is determined in this
chapter. Finally, the local configurations of the grain boundary were described in topological

description that reveals edge dislocation character of the SU.
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3.1. Introduction

There had been a number of reports issued on the structure and properties of ZnO [0001] tilt
boundaries, either in bicrystal method or in textured films. For instance, Oba et al.(2004)[2]
carried out high-resolution TEM observation [0001] on fiber-textured ZnO thin films grown on
quartz-glass substrates by the pulsed-laser deposition. Many of undoped ZnO [0001] tilt grain
boundaries were observed and it was revealed that the grain boundaries are generally described by
arrangement of dislocation-like SUs (Figure 3-1(a)). In the previous STEM investigations on a
several low-X CSL ZnO grain boundaries, it was also reported that the grain boundaries consist of
SUs, and the atomic configurations of the SUs were revealed as SU o, and/or 3 [1] as shown in
Figure 3-1(b). The local atomic alignment in the SUs is nearly mirror symmetric on the plane
indicated by the dotted lines. Grain boundaries are composed of straight SU alignment for tilt
angle (26) from 0° to about 30°, and zig-zag alignment is likely to be formed for about 30° to 60°
(Figure 3-1(b)) [4]. Here, the mirror planes are parallel to the boundary planes for straight and are
inclined for zig-zag alignment. This implies that a structural transition from straight to zig-zag
alignments occur at around 26 of 30°. Moreover, ZnO grain boundaries with 20 of 27°~32° are
often formed in thin films when they are deposited on some particular substrates such as sapphire
[5]. They suggested the grain boundaries near the orientation (26=27°~32°) might have low
energy configuration. According to those previous results, it is important to understand atomic
structure at this particular orientation, 26 of about 30°. Also, I believe determination the atomic
structure for these grain boundaries would provide an important insight.

As introduce in previous chapter, ZnO [0001] CSL tilt grain boundaries are good model
systems for a detailed grain boundary analysis. Particularly, there are two low-X CSL grain
boundaries (26 = 27.8° and 32.2°) with 26 around 30°. The X value is thirteen, where X represents
the degree of geometrical coincidence between the adjacent crystals. Recently, atomic structure of
one X13 (20 = 27.8°) tilt grain boundary has been reported [3] (Figure 3-1(b)) that is composed
by SU «, and/or B in straight arrangement. Therefore, the present chapter is carried out grain
boundary investigation on the other £13 (20 = 32.2°) grain boundary that has different grain
boundary plane, (1340) using SU description. Determining the grain boundary atomic structures

in systematic way can model the behavior of polycrystalline ZnO based devises.
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(a) Structure units (SUs) (b) SU arrangements
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Figure 3-1. (a) SUs for ZnO [0001] tilt grain boundary [2]. SUs are characterized by the

combination of six- and eight-membered rings (6/8) in SU «, four- and six-membered rings (4/6)

in SU B, and five- and seven-membered rings (5/7) in SU 8. The dotted lines denote the local

mirror symmetric planes. (b) SU arrangements for ZnO [0001] tilt grain boundaries with the

change of 20. Gray lines denote the grain boundary planes. Structures for 26 = 16.491], 21.892],

27.893], and 38.294] grain boundary have been reported in the previous reports.
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3.2. Method

ZnO bicrystal was fabricated by diffusion bonding of two ZnO single crystals at 1,100 °C for
10 hours in air, under uniaxial stress of 1.5 MPa. The detailed fabrication procedures had been
described previously. Orientation relationship of the bicrystals is shown in Figure 3-2. The two
crystals had common [0001] and the tilt angle, which is made of (1120) of both crystals, was
intended to be about 32.2°. This leads to the boundary plane parallel to (1340) of both crystals.

Grain boundary fabricated in the bicrystal was observed by transmission electron microscopy
(TEM) and scanning TEM (STEM). Thin foils for STEM observations were prepared by
conventional procedures as introduced in the chapter 2. The grain boundary structure was
subsequently observed by TEM and aberration-corrected STEM (JEM-2010, JEM-4010, and
ARM-200F with a spherical aberration corrector for the electron probe, JEOL Ltd. Tokyo, Japan).
TEM and STEM observations with the JEM-2010 and ARM-200F were carried out at the
acceleration voltage of 200 kV, and that with JEM-4010 was done at 400 kV. STEM imaging was
carried out using a probe-forming aperture semiangle of 22 mrad. HAADF, BF, and annular BF
(ABF) images were recorded by 68-280 mrad, 0-45 mrad, and 11-23 mrad detectors, respectively.

Stable atomic alignment of the grain boundary was simulated independently. The simulation
was performed by two-step methodologies; firstly with static lattice methods with empirical inter-
atomic potentials and secondly with the first-principles calculations. Cut-off energy for the plane-
wave basis set was 400 eV. Brillouin-zone integrations were performed over 2 x 1 x 4 k-point
mesh. Simulation cells included 208 atoms and two equivalent grain boundaries with the cell
dimension of ~ 1.19 x 4.10 x 0.53 nm°.

[0001] (1120) [0001] (1120)

S, 16.1° I:> v J
l/ \%Ilu v 16.1°

Figure 3-2. Schematic of ZnO bicrystals studied the current chapter. The 260 is intended to be

about 32.2°0f the adjacent crystals in order to obtain 13 symmetric tilt grain boundary.
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3.3. Results and discussion

3.3.1. Atomic arrangement of the grain boundary

Figure 3-3 shows the selected-area diffraction pattern (SADP) and the bright-field TEM image
of the ZnO bicrystal. The tilt angle is estimated from diffraction pattern (Figure 3-3(a)) by
measuring angle deviation between two (1120) of the adjacent crystals. In the current bicrystals,
tilt angle was estimated to be ~32.5°, which is close to that of the ideal 13 (32.2°).

Moreover, two crystals are well bonded without any secondary phases and the boundary plane
is flat in macroscopic level (Figure 3-3(b)). It is therefore confirmed that the desired specimen

was successfully obtained.

Figure 3-3. (a) Selected-area diffraction pattern taken from the grain boundary region of ZnO

bicrystal. Dotted lines indicate the actual tilt angle (~32.59 made by two (1120) of the adjacent
crystals. (b) Bright-field TEM image of the bicrystal, where the black arrows indicate the location

of grain boundary.
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Atomic structure of grain boundary is further observed by STEM (Figure 3-4).1t is confirmed
that the boundary plane is flat and parallel to (1340) of the adjacent crystals. In HAADF images,
Zn-0 columns appear as bright spots. Atom locations in bulk are observed as hexagonal patterns,
and the grain boundary atomic configuration is also directly observed. Close inspection reveals
that the structure is periodic as indicated by vertical lines (Figure 3-4(a)). The atomic
configuration can be described by the set of circles. It should be noted that this structure was
observed in the majority of the grain boundary area. The circle sets are composed of six- and
eight-membered rings, which are characteristics of the SU a. This SU model is same as one that
was observed in the previous studies [1]~[8]. Considering the direction of local mirror planes in
SU (dotted lines in the inset) as introduced above, it can be stated that the SUs align zig-zag.

The grain boundary structure was also observed by ABF STEM for further confirmation
(Figure 3-4(b)). On the contrary to HAADF image, Zn-O columns are observed as dark spots.
The grain boundary atomic configuration again consists of combination of six- and eight-
membered rings. It was also confirmed that SUs align zig-zag. On the other hand, a stable atomic
alignment obtained from the first-principles calculation is shown in Figure 3-4(c). Within the
structural period indicated by vertical lines, eight- six-, eight- and six-membered rings are
connected from the left to the right. This can be also described as zig-zag alignment of SUs a.
This atomic configuration agrees well with the result of STEM images. It is therefore considered
that major structure of the grain boundary is zig-zag alignment of SU a. In addition to the SU
model description as shown here, circuit mapping analysis [5],[9]~[11] was also conducted as will

be explained later.

Secondary structure was also observed in this grain boundary. In HAADF STEM image in
Figure 3-5(a), the grain boundary structure differs from the previous case (Figure 3-4(a)). The
structural period is again composed of the six-, eight-, six-, and eight-membered rings that are
characteristic of SU a.. However, the direction of the local mirror planes (dotted lines in the inset)
in the SU is parallel to the boundary plane and the eight-membered rings are rotated by about 150°
as compared to the previous case. There are two SUs a. in a period, and the second SU is shifted
up by monolayer height. The same tendency was also observed for the BF image in Figure 3-5(b).
Another stable structure obtained from the first-principles calculations (Figure 3-5(c)) reproduces
this feature. It is therefore concluded that the secondary structure can be understood as straight

alignment of SUs o where the second SU is shifted up by monolayer height.
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Figure 3-4. (a) HAADF and (b) ABF STEM images for the major structure of the ZnO X13 tilt
grain boundary. (c) A stable atomic configuration obtained by the first-principles calculation.
Vertical lines show a structural period and set of circles denote the SUs a (highlighted in the inset),
and dotted lines in the inset indicate the local mirror plane of the SU. Here, the grain boundary

structure is visualized using the VESTA [12].
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Figure 3-5. (a) HAADF and (b) BF STEM images for the secondary structure of the ZnO X13 tilt
grain boundary. (c) A stable structure obtained from the first-principles calculation. Vertical lines
show the structural period, and set of circles denotes the SUs a. Dotted lines in the inset indicate

the local mirror plane of the SU.
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Here, let me briefly remind the previous studies, reported atomic structure of ZnO [0001] tilt
grain boundaries with 26 near 30°. For 26 smaller than or close to 30°, 13 (2570) (260 = 27.8°)
grain boundary [3] and 26 = 30.2° grain boundary [5] have the straight SU alignment. On the
other hand, the zig-zag alignment has been reported for the 26 = 31.5° and 32.2° grain boundaries
[9][13]. These results suggest that transition from straight to zig-zag alignment may occur for 26
in between 30.2° and 31.5° The result of the present study that the dominant structure of 26 =
32.5° grain boundary is the zig-zag alignment is also consistent with this trend. On the other hand,
it would be also possible that the zig-zag and the straight SU alignments may coexist, as is
suggested by the presence of secondary structure in this study. For a better understanding, areas

exhibiting straight and the zig-zag segments should be more extensively studied.

On the other hand, the detailed atomic configuration of the SU is discussed. Some of previous
studies have designated the structure as the SU & (five — seven membered ring) [9][13] instead of
the SU a (six- eight membered ring). Therefore, for considering the relative stabilities, grain
boundary models with the SU & [9][13] and the SU o were simulated (Figure 3-6(a)-(d)) and
their boundary energies were calculated (Table 3-1). It was found that the SU o tends to show
lower energies than the SU 8. The grain boundary energies from first principle calculations were
1.18 J/m*for the zig-zag alignment of SU «, 1.08 J/m? for straight SU a, 1.26 J/m*for zig-zag SU
8, and 1.19 J/m? for straight SU &, respectively. The energies obtained by the GULP code were
slightly larger: 1.81 J/m® (zig-zag SU o), 1.65 J/m* (straight SU o), 2.06 J/m? (zig-zag SU &), and
1.97 J/m? (straight SU &), respectively. These values are similar to those reported by Ruterana et
al. for the same grain boundary obtained with similar method [5]. A reason for the lower energies
of SU o over 8 may be that Zn-Zn or O-O bonds for the five-membered rings in the SU & are not
favored which results in the formation of energetically unfavorable dangling bonds. This would
be in contrast to the GaN cases where Ga-Ga and N-N bonds are formed because of the covalent
nature [11][14].
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(a) zigzagSU a (b) straightSUa

Figure 3-6. Zig-zag and straight alignments of SUs a (Six- eight membered ring) and & (five —
seven membered ring); (a) zig-zag and (b) straight alignment with the SUs «, and (c) zig-zag and

(d) straight alignment with the SUs 3.

Table 3-1. Calculated formation energies for the different SU alignments (a)-(d), as shown in

Figure 3-6.

remark SU alignment Energy (J/m?
(@) zig-zag o 1.18
(b) straight a 1.08
(©) zig-zag 1.26
(d) straight & 1.19
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3.3.2. Structural analysis by circuit mapping formalism

So far, atomic structure of grain boundary was characterized by the SU model based on CSL
formalism. Although this is the most often used methodology to analyze grain boundary structure
in general, it has also been demonstrated that circuit mapping [5],[8]~[11] successfully describes
the atomic arrangements of ZnO and GaN grain boundaries. It is a crystallographic analysis
carried out using dichromatic complex. Mapping of a circuit can characterize the grain boundary
structure and allows us to completely determine the nature of grain boundary including various

steps.

In this formalism, the configuration of a grain boundary is described by a periodic network of
primary dislocations, which characterize the corresponding X. Then, any deviation from the
coincidence (Z) is compensated by the introduction of secondary dislocations which often have a
step character. When a conventional circuit is made around one period of the grain boundary and
then mapped inside one of the crystals, it presents a closure failure corresponding to the
dislocation content of the grain boundary period. However if the circuit is mapped within the
dichromatic complex of the grain boundary, any additional defects which leads to the deviation of

the boundary from coincidence constitute any measured closure failure.

First, the primary dislocation of the grain boundary local configuration was determined. The
major structure that corresponds to the zig-zag SU alignment is analyzed (Figure 3-7(a)). The
SXF circuit around one period can be express by half circuit SX on the upper crystal and the rest
half circuit XF on the lower crystal which are corresponded to translation vector of SX= -3d; -
4d; and XF = -4d, - 3d,, respectively. Same circuit possessing the same translation vector is

drawn in bulk area. The circuit S-X-F exhibits closure failure, indicating primary dislocation with

the Burgers vector b == - a;+ a3 = [1010], thus, |b| = v3a. Note that a is elemental lattice
vectors of the Wurtzite [0001] lattices with a= §<11§0>. Same circuit mapping can be shifted on

the 213 dichromatic pattern (Figure 3-7(b)). Burgers vector was resulted to be identical. Next, the
primary dislocation of the secondary structure (straight SU alignment) is analyzed. Same mapping

operation has been carried out ((Figure 3-8(a),(b))) and the Burgers vector of was revealed to be
b =-2d; = %[1150], and |b| = 2a. These results agree with the previous reports by Ruterana et

al. for the {1340} 32.2° grain boundary [5].
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Zig-zag pair of two SUs consists one period in the major structure. As revealed beforehand, a
period give rise to primary dislocation of +/3a. Thus, each SU is given elemental dislocation of a

= %[1150]. In the same way, the secondary structure is analyzed, and a single SU was also given a

= %[1150]. Thus, the £13 (1340) grain boundary can be described by arrangements of dislocation-

like SU, which has edge dislocation core.
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(b)

a?

Figure 3-7. (a) HAADF-STEM image with the circuit mapping for one period of the major

structure (zig-zag SU alignment). Burgers circuits SXF at the grain boundary region with the

shortest period and closure failures in bulk are shown. (b) Same circuit is mapped on the

dichromatic complex showing identical burgers vector for the period, |b] = +/3a, where a is the

elemental lattice vectors of the Wurtzite [0001] lattices, a= §<11§0>.
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a=1/3[1120] |

&
o
. G "

Figure 3-8. (a) HAADF-STEM image with the circuit mapping for one period of the secondary
structure (straight SU alignment). Burgers circuits SXF at the grain boundary region with the
shortest period and closure failures in bulk are shown. (b) Same circuit is mapped on the

dichromatic complex showing identical Burgers vector of the period, |b| = 2a.
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Circuit mapping formalism can be applied for analyzing any secondary dislocation in the grain
boundary. Figure 3-9 shows a HRTEM image of the area with a step, which is probably formed
due to small deviation from CSL. It should be noted here that bright dots in HRTEM image
represent the locations of open channels in contrast to the ADF STEM images. Here, a circuit
S1XF; has been drawn to surround a step. Half circuit of upper crystal (1) can be expressed as
S;X;= -53a, - 643, and that of lower crystal (1) can be expressed as X;F,= -6a; - 4d,. Mapping
S1XiF; into the dichromatic complex (Figure 3-10(a)) reveals the Burgers vector b of secondary
dislocation is generated by translation vectors. The Burgers vector can be understood as the
difference of 2t(A) and t(w) + t'(w), where t(}) and t(n) represent the smallest translation vectors
for the upper crystal () and the lower one (u), and t’(u) is rotated by 120° with respect to t(u). It
should be also noted that the Burgers vector corresponds to the smallest vector of the DSC
(displacement shift complete) lattice (Figure 3-10(b)) which is revealed to be b = 1/39[2750]

The step structure can be characterized as in (Figure 3-10(c)). The step height is estimated by
h(A) =n-2t(d) and h(p)=n-t"(u) for respective crystals, where n is the unit vector normal
to the boundary plane and t"(w)= #(p) + t'(n). Using this, k(1) and h(w) were estimated to be
2-d(4130), where d(4130) represents the interplanar spacing of (4130). Therefore, the circuit
mapping formalism successfully interpreted the grain boundary dislocations: it allows not only
determining the primary dislocation content in the local configuration (SU), but it also the nature
of the additional defect such as step which explains its measured 26.
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Figure 3-9. High-resolution TEM image with the circuits for the interfacial area. SXF circuit

includes a periodic arrangement, while step element is included in the S;X;F; circuit.
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. e1327501, 0 ° L,
°_ ,° (4130)°
o

(b)

DSC-Iattice’ ° ® 5

(C) Step structure
h(d) = h(w) =2 - d(4130) b

t'(w) = GB plane
! 2t(0)

()= t(n) + t'()

Figure 3-10. Dichromatic complex for the X13 orientation relationship. One hexagonal crystal (1)
with gray circles and the other (1) with black ones. CSL cell is drawn by a quadrilateral. (a) The
complex for obtaining the Burgers vector of secondary dislocation by circuit mapping. Burgers
vector (b) of the secondary dislocation and smallest translation vectors t(A), t(), and t’(u) for the
crystal lattices are shown by arrows. (b) The same pattern with DSC lattice indicated by the dotted

lines. (c) Schematic illustration of the step in Figure 3-9.
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3.4. Conclusion

In this chapter, undoped £13 (32.2°) tilt grain boundary has been fabricated from bicrystals.
STEM observation and first principles calculations were carried out in order to determine stable

atomic structure.

I.  The grain boundary was described by SU, which has six- and eight membered ring that

comprises SU a.

Il. SU vy in the boundary forms two kinds of the alignments; one is zig-zag and the other is
straight. It suggests transition of the SU alignment occurs for 26 smaller than 32.2°, and

the two different alignments may coexist in the grain boundary.

I11. Circuit mapping characterized local boundary configurations as well as the secondary

defects, step component. Atomic arrangement of the grain boundary can be described by
dislocation-like SUs, which have §<11§O> edge dislocation core. Step has been

characterized as secondary dislocation with the Burgers vector of b = 1/39[2750], which

would be due to the tilt angle deviation from the exact CSL relation.
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Chapter 4. Atomic arrangement and segregation behavior in

Pr-doped ZnO grain boundaries

Knowing that the dopants at grain boundary may significantly affect to the material’s properties,
the atomic-scale dopant behavior has been widely studied. In some cases [1]~[5], the location of
dopant could be explained by using SU models because the dopant atoms tend to be relaxed by
being segregated at certain sites within the SUs, which sufficiently produce the optimum atomic
environment. Thus, it implies that once the SU of the grain boundary is determined, the location
of dopant will be fixed. In order to further investigate this point, atomic structure of the Pr-doped
ZnO [0001] 30.0° and 32.2° tilt grain boundaries were investigated in this chapter. The same kind
of SU was commonly observed for these grain boundaries, which is also the same as that for the
27.8° tilt grain boundary [6], On the other hand, the locations of Pr were not all the same for the
different grain boundaries. This demonstrates that site selectivity of Pr dopant can be varied at
different grain boundaries even with the identical SUs. It is suggested that the variation of strain
distribution is a cause of change in the location of Pr. Since Pr has larger ionic size than Zn, it

would preferentially substitute the Zn sites with locally largest space.
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4.1. Introduction

It is well known that the presence of dopant elements near grain boundary may influence
performances of polycrystalline materials. Therefore, we should understand the dopant behavior
such as the distribution, the atomic-scale location, the electronic structure, and so on, so that we
can obtain optimized material performances. In this chapter, atomistic structure and segregation
behavior in Pr-doped ZnO grain boundary are studied. This system is practically important
because Pr-doped ZnO ceramics have long been used for varistor devices owing to the nonlinear
current-voltage characteristics, where Pr at the grain boundaries plays central role for the
electrical functions [7]~[9]. Atomistic structure of dopant-introduced grain boundary also can be
described by arrangement of SUs. In the recent years, the atomic structure and the location of Pr
in ZnO [0001] 26 = 27.8° (£13) [6] CSL symmetric tilt grain boundary were reported. The
boundary plane was described by SU y with periodic zig-zag arrangement. It was suggested that
the Pr always locates the same specific sites in the SU y which is also corresponding findings
from other material systems [1]~[3].

In this chapter, the atomic structures and Pr-segregation of Pr-doped ZnO [0001] 30.0° and 32.2°
symmetric tilt grain boundaries were studied. The 32.2° of tilt angle also provides the other
boundary plane of the £13 orientation in the 6-fold ZnO hexagonal system. Comparison the
atomic structures and the Pr locations in the 32.2° tilt grain boundary to the previous 27.8° tilt
case [6] would give us an insight for understanding the same X value, but different boundary
planes of the CSL grain boundary. On the other hand, it is quite meaningful to determine the
atomic structure of a non-low-X CSL grain boundary for not limiting the discussion to low-X CSL
grain boundaries. The 30.0° tilt grain boundary is chosen as such a case since its 2¢€is between
those of £13 (27.8°/32.2°) grain boundaries. This would provide another opportunity to discuss
the atomic structure and the segregation of Pr among the X13 grain boundaries and the
neighboring non-low-X CSL grain boundary. Therefore, the objective of this chapter is twofold:
The first one is to compare the atomic structures and the location of Pr in the X£13 grain
boundaries and to found the effect of different boundary planes. And the second one is to extend

our understanding to the relationship among low- and non-low-X CSL grain boundaries.
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4.2. Method

ZnO bicrystal fabrications, TEM/STEM observations, and theoretical calculations were
conducted in similar ways to those in the previous chapter. In order to dope Pr into ZnO grain
boundaries, 5nm of Pr is deposited on surface of ZnO crystal using sputter coating (PECS™,
Gatan, Inc.), which includes a film thickness monitor for accurate control of the thickness before
bonding two single crystals. Pr-doped ZnO [0001] tilt grain boundaries with 26 = 30.0°, and 32.2°
were fabricated (Figure 4-1). Orientation of initial surfaces was (1340)//(2570) for the 30.0°
grain boundary and £13 {1340} for the 32.2° tilt grain boundary, respectively. Therefore, 32.2°
tilt grain boundary was a symmetric tilt grain boundary from the initial state, while 30.0° tilt grain
boundary was an asymmetric tilt grain boundary before the bonding.

Grain boundary structures were observed using conventional transmission electron microscope
(TEM, JEM-2010HC, JEOL Ltd. Tokyo, Japan), and aberration-corrected scanning TEM (STEM,
ARM-200F, JEOL Ltd. Tokyo, Japan). TEM and STEM images were acquired with the
acceleration voltage of 200 kV. A probe-forming aperture semiangle of 22 mrad. and a detection
angle ranging from 68 to 280 mrad. were used to record high-angle annular dark-field (HAADF)
[10] STEM images. The HAADF STEM imaging is useful for observing heavier ions such as Pr
because the image intensity depends on atomic number (Z) where Z of Pr is 59, and Zn is 30.

For obtaining the calculated structure of the Pr-doped grain boundary, some Zn ions are replaced

by Pr ions and the atomic positions were again optimized.
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Figure 4-1. Orientation relationships of the bicrystals; (a) Pr-doped 32.2° symmetric tilt grain
boundary and (b) Pr-doped 30.0° asymmetric tilt grain boundary.
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4.3. Results and discussion

Bright-field TEM images of both the bicrystals are shown in Figure 4-2(a),(b). It has been
confirmed that the two crystals are well bonded. Precipitation of Pr oxide was observed in part,
suggesting that Pr is saturated at the grain boundary as was discussed in our previous study [11].
For the first bicrystal with the 32.2° tilt grain boundary (Figure 4-2(a)), the boundary plane is flat
and parallel to (1340) of the adjacent crystals. Diffraction pattern taken from the grain boundary
shows the actual 26 is measured to be about 32.5° (Figure 4-2(c)), which is close to the ideal
value of 32.2°. Therefore, orientation relationship of two crystals and boundary plane orientation
were maintained during the bonding.

On the other hand, the grain boundary is facetted in part for the second bicrystal (Figure 4-
2(b)). The actual 26 was measured to be ~ 29.7° from the diffraction pattern (Figure 4-2(d)),
which is also close to the intended value of 30.0°. The majority of grain boundary area is flat with
the local boundary plane parallel to (38110) of the adjacent crystals which is the boundary plane
of £97(29.4°). Rest of the area exhibits the local grain boundary facets. It is considered that the
initial boundary plane of (1340)//(2570) before the bonding is less stable than symmetric
(38110)//(38110) and grain boundary facets. The latter ones were obtained during the bonding
process. In this chapter, the analysis is focused on the major {38110} symmetric tilt grain

boundary segment.

_51_



Chapter 4. Atomic arrangement and segregation behavior in Pr-doped ZnO grain boundaries

Figure 4-2. Bright-field TEM images of the Pr-doped ZnO (a) 32.2° and (b) 30.0° tilt grain
boundaries. The arrows indicate the precipitations of Pr oxides and the facets in (b). Diffraction
patterns taken from the boundary regions are shown inset, where the actual tilt angles are

measured.
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4.3.1. Atomic arrangement of Pr-doped 32.2° tilt grain boundary

Pr-doped 32.2° tilt grain boundary is first characterized. Figure 4-3(a) shows atomic-scale
HAADF-STEM image of the 32.2° grain boundary. The boundary plane is flat in atomic scale and
parallel to (1340) of the adjacent crystals. As indicated by solid circles in the image, the grain
boundary structure consists of repeating SU. Pr is visible with brighter columns in the image due
to z-contrast imaging. The Pr is located at three specific atomic sites within one SU and forms
triangle-like pattern.

In order to confirm stability of the grain boundary structure, atomic arrangement of the STEM
image is compared with that of obtained by the first-principles calculations. As shown in Figure
4-4(a), the grain boundary structure before replacing Zn with Pr, that is, the undoped case, is
made beforehand. The grain boundary structure includes the SU y which have twelve- and four-
membered rings, and the SUs y are linked with a six-membered ring that is quite similar to the
bulk configuration. Thus, set of a SU y composes a repeating period with bulk configuration
(Figure 4-4(b)). This atomic configuration somewhat resembles that observed in the STEM
image, and the columns #1, #3°, and #6 as shown by the arrows roughly correspond to the
location of Pr. Therefore, further structural optimization was performed after replacing Zn at these
columns (#1, #3°, and #6) are by Pr. The SU v is distorted by the structural optimization; twelve-
membered ring is reconstructed into six- and eight-membered rings since atomic distance between
#3 and #3° became more closer due to Pr relaxation. The structure becomes even closer to that in

the STEM image and the locations of Pr also agree well (Figure 4-4(c)).
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e

@*,
@‘0

@ ®

¥

Figure 4-3 (a) HAADF-STEM image of the Pr-doped ZnO [0001] 32.2° tilt grain boundary. The
boundary plane is flat in atomic scale and parallel to (1340) of the adjacent crystals. Solid circles
indicate structure period that consists of SU (six- eight- and four-membered ring) and a bulk
configuration (six-membered ring). Pr is visible with brighter columns in the image due to z-
contrast imaging. The Pr is located at three specific atomic sites within one SU and forms

triangle-like pattern.
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(a) Undoped structure

Y

Figure 4-4 (a) A stable atomic arrangement of the undoped grain boundary obtained by the first-
principles calculations. (b) The SU is formed in the grain boundary. The repeating structural
period is shown on the left, and the SU y numbered at each column is on the right. The arrows
roughly correspond to the location of Pr. Since the grain boundary has the glide symmetry, the
columns correlated with the symmetry operation are identified by the same numbers but
differentiating by the apostrophe. The SU y is connected by the bulk-like six-membered ring,
indicated by the hexagon. (c) Stable atomic arrangement of the Pr-doped grain boundary obtained
by the first-principles calculations. Set of the circles denotes the SU vy, hexagon shows a bulk

configuration, and the dotted lines indicate a repeating period.
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4.3.2. Segregation behavior of Pr

In order to compare the atomic structure and segregation of Pr, atomic structure of Pr-doped
ZnO 27.8° tilt grain boundary is again referred (Figure 4-5) [6]. In the HAADF-STEM image of
27.8° tilt grain boundary, it is described by periodic arrangement of SU vy, which is also found in
the current 32.2° tilt grain boundary (Figure 4-3). SU vy aligns zig-zag in the 27.8° case while the
32.2° case has the straight one. Pr forms triangle-like patterns within the SU vy that is similar to the
32.2° tilt grain boundary.

Pr segregation sites are compared from those £13 (27.8°/32.2°) grain boundaries (Figure 4-
6(a),(b)) in more detail. Pr occupies the columns #2, #3* and #6 in the 27.8° tilt grain boundary,
while #1, #3” and #6 in the 32.2° tilt grain boundary. This demonstrates that the location of Pr can
vary with boundary planes even for the identical SUs. Zn-O bond length maps (Figure 4-6(c),(d))
are investigated in order to reveal the reason for this tendency.

The bond length map is obtained from undoped grain boundary models, obtained from first
principles calculations. Bond lengths of four bonds of each atomic column in the boundary are
estimated. Those values are averaged and compared to that of atomic column in bulk area.
Difference of the averaged bond length is expressed with color distribution. Red and blue indicate
longer and shorter bonds while whit indicates no difference from bulk. Therefore, Red and blue
colors correspond to local tension and compression states, respectively. Here, the maps are used to
discuss the local strain distribution. By the way, atomic configuration of SU y has large open
space inside of it, and there are less coordinated atomic columns (#3 and #3’ in the SU y) with
dangling bonds. In order to take into account of effect of this space, Zn and O atoms at these
columns were allowed to form one additional Zn-O bond between the #3 and #3” across the SU y.

As a result, the strain is asymmetrically distributed with respect to the boundary plane in the
27.8° tilt grain boundary because the structure itself is not mirror symmetric. The columns #2, #3’
and #6 possess the locally longest bond length, which agrees with the actual location of Pr [6]. On
the other hand, the strain distributes symmetrically on the boundary plane in the 32.2° tilt grain
boundary. This is because the grain boundary has glide symmetry on the boundary plane. Pr
actually occupies three columns (#1, #3°, and #6) out of six (#1, #1°, #3, #3’, #6, and #6°) with the
local highest tension.

It is speculated that once Pr occupies one site, the neighboring ions are pushed out because Pr
has larger ionic radius than Zn (Pr**: 1.13 A and zn*": 0.74 A [12]. For example, when Pr

occupies the column #1, the neighbor column (#1°) would be pushed out, reducing the local
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tensile strain. The same thing may hold for the #3 and #6°, which may be a reason why all the six

columns are not occupied by Pr.

Figure 4-5. HAADF-STEM image of the Pr-doped ZnO [0001] 27.8° tilt grain boundary [6].
Boundary plane is parallel to (2570) of adjacent crystals. Structural period is indicated by solid
circles that is composed of zig-zag arranged SU y. Pr locates at specific sites within the SU y and

forms triangle patterns.
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(a) 27.8° GB (b)32.2° GB

I—1.o

Figure 4-6. SUs of Pr-doped ZnO grain boundaries with (a) 26=27.8° and (b) 260=32.2° tilt grain
boundaries. Each column is identified by the number. Since the grain boundary has the glide

symmetry, the columns correlated with the symmetry operation are identified by the same
numbers but differentiating by the apostrophe. Zn-O bond-length maps of (c) 27.8° and (d) 32.2°
tilt grain boundaries. Structures for the undoped cases (before Pr introduction) were used for
obtaining these maps. Circles indicate the atomic column, and color of the circles indicates the
difference of the averaged bond length from that in ZnO bulk crystal. Red and blue represent

longer and shorter bond length, respectively.
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Occupation of Pr at the columns #1, #3°, and #6 in the 32.2° tilt grain boundary results in
triangle-like configuration of Pr (Figure 4-3). Observation of extensive grain boundary area
reveals that this is the dominant segregation behavior and the triangular configurations all go up.
This implies that there is an interaction among segregated Pr ions. Otherwise, direction of the
triangles would be disordered. This point is discussed a little more. Here, the two cases where the
triangles all go up (“polar-like” configuration in Figure 4-7(a)), and up and down alternatively
(“Zig-zag” configuration in Figure 4-7(b)) are considered. This comparison reveals that there is a
difference in the inter-atomic distances between #1°- #6 (Figure 4-7(a)) and #1 - #6 (Figure 4-
7(b)). From [0001] view, inter-atomic distance between #1’-#6 looks closer than that of #1 - #6.
However, the actual distance between #1 - #6 is measured to be closer (5.78 A between #1’-#6,
and 5.50A between #1 - #5) from the boundary model. This is because Zn ions at #1 and #6 are on
the same (0001) plane but those at the #1° are at different plane with the 3/8c height above or

below. Therefore, taking the all-up configuration would reduce interaction among Pr ions.

(a) 32.2° GB Polar-like configuration of Pr

(b)

y
i 5.50
2 2

Figure 4-7. Inter-site distances for Pr with (a) the all up and (b) the up-down triangle
configurations. Top views on the left and the side views on the right. The inter-site distances are

shown in A.
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4.3.3. Atomic arrangement of Pr-doped 30.0° tilt grain boundary

The second bicrystals with the Pr-doped 30.0° (non-low-X) tilt grain boundary is observed
using STEM. The grain boundary is atomically flat and the structure is nearly periodic (Figure 4-
8(a)). As shown in the maginified HAADF-STEM image (Figure 4-8(b)), three SUs y and a six-
membered ring compose the repeating unit. The SUs possess at least three sites for Pr
segregations forming the triangular configurations that go down, up, and up from the left to the
right (Figure 4-8(c)). This SU configuration can be explained by the combination of 27.8°-like
and the 32.2°-like SUs with the one-to-one ratio. That is, the first two SUs are of 27.8°-like
segment (Figure 4-5 [6]), and a six-membered ring and the third SU are of 32.2°-like segment
(Figure 4-3). This would be because the 26 of 30.0°is in between 27.8° and 32.2°.

On the other hand, locations of Pr in the SUs are not always clear in Figure 4-8(b). That is,
“brighter” columns with Pr and “less bright” columns without Pr are not clearly distinguished.
Line profiles of column intensity can be a good way for solve this matter, however, Pr columns
are not in the one-dimensional boundary plane but in the two-dimensional boundary area. Thus,
the image intensities of the each column are quantitatively measured using ImageJ software[13]
and the find peaks plug-in [14]. 433 columns are identified in Figure 4-8(b), and the image is
reconstructed by quantified intensities, as shown in Figure 4-9(a). A histogram is drawn with the
number of columns respect to their column intensities (Figure 4-9(b). The histogram shows
nearly symmetric peak but shows a tail on the right side, while another histogram taken from the
bulk part does not show such a tail (inset) (Figure 4-9(b)). This indicates that the tail is due to the
presence of extra bright columns, that is, Pr at the grain boundary. Therefore, maximum intensity
in the bulk part is used as the border to distinguish the columns with and without Pr. It is found
that 31 columns in Figure 4-8(b) have the intensities exceeding this border value. From the
brightest column, 31 columns were identified as Pr columns. Location of Pr is shown in the
Figure 4-9(c). In the rightmost period, Pr locates at the #2, #3”, and #6 in first two SUs and #1,
#3°, and #6 in the third one. This can be understood as the SU characteristic for the 27.8° and the
32.2° grain boundaries. However, in the middle period, Pr additionally occupies the #1 in first two
SUs, and also additionally occupies the #3 in the third SU. Further variation can be found in the
leftmost period. Pr locates at #1 instead of #2 in the first SU and additionally locates at #1 in the
second SU. Thus, it is again demonstrated the variable location of Pr. It is also speculated that
mixed configuration of the 27.8°-like and 32.2°-like segments alters the strain distribution and

subsequently the preferred location for Pr.
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(a) 30.0°tilt grain boundary

mage

# %

(b) Magnified HAADF-STEM i

(c) structural period

Pr configuration 27.8°- like 5 32.2°- like
oo’ *% a0 2gh
Y Y Y

Figure 4-8. (a) HAADF-STEM image of the Pr-doped 30.0° ZnO symmetric tilt grain boundary,
and (b) the magnified image. (c) SUs in repeating period of the grain boundary, which is deduced
from the image in (b). Note that the left and the right halves of the period can be characterized as
27.8°like [6] and 32.2°-like SU segment, respectively
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(b) Intensity histogram
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Figure 4-9. (a) Identification of atomic columns with their quantified intensity. 433 columns are
identified and their intensities are quantified. Columns with higher intensity are shown by white
colors. (b) Histograms of the column intensity in the image in Figure 4-8(b) and from bulk region
(inset). Maximum intensity for the bulk region is indicated by the vertical dotted line. The
columns with higher intensities than this are categorized into the columns with Pr. (c)
Identification of the columns with Pr by yellow circles and number of the sites below. Locations

of Pr that is not common for all repeating periods are indicated by red characters.
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4.4. Conclusion

Pr-doped ZnO X13 (27.8°/32.2°) and 30.0° tilt grain boundaries were studied. Their atomic
arrangements and segregation behavior of Pr were investigated using HAADF-STEM and bond-

length mapping.

I. ZnO X£13 (27.8°/32.2°) and 30.0° tilt grain boundaries are commonly composed of
same type of SU, y. However, the alignments of SUs are slightly different from each
grain boundary.

Il. Those grain boundaries have different relative location of Pr in the SU. It is considered
that Pr seeks Zn sites of locally highest tension and that variation of strain distribution
in the different grain boundaries would be a reason for differentiating the Pr
segregation sites.

I11. The atomic structure and the segregation behavior in the 30.0° tilt grain boundary case
can be described as the mixed configuration of those in the 27.8° and 32.2° tilt grain
boundaries. The result suggests a way to understand the SU alignment of non-low
¥ CSL boundary.
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Chapter 5. Atomic structure, segregation behavior, and

morphology in Pr-doped ZnO grain boundary

It is well known that grain boundary may largely affect to the various properties of a material.
And those are mostly determined by local atomic structures including dislocations, defects, or
segregated dopant elements. On the other hand, grain boundary atomic scale investigations have
so far mostly focused on the major structures that describes the most of boundary area. However,
the boundary area where we commonly look at using microscope is very small, and there could be
multiple types of atomistic structure and different morphology such as facet in further boundary
area. As a case study to characterize these, we have carried out extensive scanning transmission
electron microscopy observations for a ZnO [0001] 27.8°tilt grain boundary doped with Pr in this
paper. In addition to the major structure [1] that covers most of the (2570) boundary area,

additional structures were found; one is the secondary structure that forms in rest of the (2570)
boundary accompanied with facets formation, and the other one is step that is between the major
and the secondary structures. Pr concentration is lower in the secondary structure than in the
major one. Comparison to the 30.0°tilt grain boundary suggested that the secondary structure is
locally preferred at the facet corners where Pr concentration is lowered. Step may lead to the
structure transformation from the major structure to the secondary one by shifting boundary plane

upward or downward.
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5.1. Introduction

Various properties of polycrystalline material are influenced by grain boundary structures
[2]~[8], thus, understanding the grain boundary nature over wide area is essential. So far, many
researchers have been characterized grain boundaries using (S)TEM. However, atomic-scale
analysis has been limited in small grain boundary area due to experimental difficulties. Most of
the studies were simplified focusing on the major type of structure, which is believed to be the
most stable and periodic. On the other hand, grain boundary actually includes not only the major
atomistic structure but also metastable ones. Furthermore, the boundary plane is not completely
flat in large area but could be stepped, or facetted parallel to lower energy plane [9],[10]. In recent
years, stability in electron microscopy observations has been largely improved. This allows us to
investigate grain boundary atomistic structure in larger area by a quantitative manner
[11][12]~[13].

In this regard, wide area of the Pr-doped ZnO grain boundary area investigated in the present
chapter. So far, a several STEM studies were reported on the ZnO grain boundaries doped with Pr
were reported [1],[14],[15]. Comparison of atomic structures among those grain boundaries, it is
founded that the Pr doping as well as increase of the tilt angle up to 27.8° for the [0001]
symmetric tilt grain boundary cooperatively induce the structural transition. In detail, atomistic
structures of the 16.4° and the 21.8° tilt grain boundaries were described as SUs o and/or
B [14],[15], while that of the 27.8°tilt grain boundary is characterized using SU y [1]. In addition,
undoped and Pr-doped 27.8°tilt grain boundary had different atomic structures while the other
cases have not. It implies that segregation of Pr induced structural transformation in the ZnO
[0001] tilt grain boundaries, in conjunction with 28 increase.

Thus, Pr-doped ZnO 27.8°tilt grain boundary has a unique structure, and its atomistic structure
in the larger area should be investigated because multiple types of structure may coexist. Also, if
there are multiple structures in the grain boundary, their relative stabilities need to be discussed.
Accordingly, extensive atomic-scale observation for a larger area of the Pr-doped ZnO [0001] £13
(27.89 grain boundary is carried out in this chapter. In addition, the detailed atomic structure is
compared to that of Pr-doped 30°tilt grain boundary whose boundary condition is very close to

that of 27.8°tilt grain boundary.
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5.2. Method

ZnO bicrystal specimen used in previous study [1] is again investigated (Figure 5-1). The

bicrystal was fabricated by bonding two ZnO single crystals after precisely control the crystal

orientation. In the beginning, the (2570) surface of the crystals was polished to the mirror state.
Then, a thin layer of Pr metal with nominal thickness of 5 hm was deposited on the surface of one
crystal. One crystal was set on the other so that the bicrystal possess [0001] 27.8° tilt grain
boundary. The crystal set is heat treated at 1,100 & for 10 hours in air under the uniaxial load of
about 1.5 MPa for bonding. The heating and cooling rates were 300 <C/h.

Thin foils for STEM observation were prepared by conventional methods that include
mechanical polishing and Ar-ion beam milling processes. STEM observations were carried out
using JEM-2100F (JEOL Ltd.) with a spherical-aberration corrector for the electron probe (CEOS
Gmbh). 36 images were continuously taken along the grain boundary where each image covers
about 30nm grain boundary length. Thus, atomic structure in almost 900nm length of the grain
boundary is studied. The probe forming aperture semiangle was 22 mrad. BF and ADF STEM
images were acquired with the detection angle ranges of about 0 ~ 13 mrad. and about 100 ~ 230
mrad., respectively. In order to measure the Pr composition, energy dispersive spectroscopy (EDS)
analysis was performed using the EDS system and software attached to the JEM-2100F
microscope. Electron was scanned over 2 x 1 nm? boxes. using the EDS system and software
attached to the JEM-2100F microscope.

(1120)

13.9 (1120)

4 Prlayer |:> [009‘1/] - L,/
J{ \%.90 v 3.9°

[0001]

Figure 5-1. Schematic of ZnO bicrystals studied the current chapter. The 26 is intended to be

27.8°0f the adjacent crystals in order to obtain 13 grain boundary.
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5.3. Results and discussion

5.3.1. Atomic arrangement of Pr-doped ZnO 27.8°tilt grain boundary

It has been confirmed that the two crystals are directly bonded at the grain boundary (Figure 5-
2(a)). The boundary plane is almost flat, however it is locally facetted. The tilt angle was
identified to be about 27.8°from selected area diffraction pattern, which is quite close to the ideal
value for 213 orientation relation in the CSL theory.

The grain boundary has been further characterized at higher magnification (Figure 5-2(b)).
Since contrast of ADF STEM image depends on the atomic number (Z) of the constituting
elements, Pr (Z = 59) looks brighter than Zn (Z = 30) does, and therefore the brightest spots
indicate the presence of Pr. Grain boundary segments can be recognized by the boundary plane

orientation and the Pr segregation pattern. Continuous Pr segregation pattern with the brightest

contrast is observed as shown (1) (Figure 5-2(b)) at the flat (2570) boundary area. Quantitative

analysis over ~635nm of grain boundary has carried out and this segment (I) covered roughly 77 %
of the (2570) boundary area. Thus, it is designated as major structure hereafter.

Another segment (I1) (Figure 5-2(b)) is found in the rest of the (2570) boundary area, which
will be called secondary structure. Pr segregation pattern with less bright contrast is seen.. Also,
there are facets ((I1) in Figure 5-2(b)) that are almost parallel to (1010) and (1120) of the adjacent
crystals. The formation of the facet is considered to be due to low energy for the specific facet
inclination. Interesting tendency was found that the secondary structure mostly forms near facets.

Detailed atomistic structure of major and the secondary structures can be shown in Figure 5-3.
The major structure is described by the repetition of SUs y (Figure 5-3(a)) as it was reported [1].
On the other hand, the secondary structure is described as the SU alignment of B-a o (Figure 5-
3(b)) which is similar to that of the undoped case [1]. Since contrast for Pr-containing columns
seems less bright as compared with the major structure case, occupancy of Pr in these columns
would be lower. Relative location of Pr within the SUs o and B is similar to those in the 16.4°and
the 21.8°tilt grain boundary cases [14][15].
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(a) Low magnification BF STEM

®<0001>

b) HAADF STEM
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Figure 5-2. (a) Low-magnification BF STEM image of the Pr-doped 27.8°tilt grain boundary.
Arrows indicate locally facetted region. (b) Higher-magnification ADF STEM image of the grain

boundary. There are three different segments in the image; (1) major structure in the (2570) grain
boundary; (1) secondary structure in the (2570) grain boundary; and (I11) facet that is almost

parallel to (1010) and (1120) of adjacent crystals.
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®Zn @0 Pr

Figure 5-3. HAADF-STEM images of (a) major and (b) secondary structures in the in the
symmetric boundary region. Boundary plane is parallel to (2570) of the adjacent crystals. Set of
circles indicates the alignment of SUs in a boundary period, which is shown by dotted lines. The

respective SUs of structures is highlighted in the inset that is containing SU models, o, 8, and v.
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In addition to SU descriptions, grain boundary structures have been analyzed by using circuit
mapping formalism [17]~[20] in order to understand their dislocation like character. Interface
structure including any kinds of defects can be characterized as dislocation like feature with this
formalism, which has been already demonstrated in undoped ZnO case, in chapter 3.

First, primary dislocation of the major and the secondary structure is determined. For doing that,
circuits (S;-X-F; in the major structure, and S,-X-F; in the secondary one) are drawn around a
grain boundary period, and then circuits with identical components are mapped into grain interior
(Figure 5-4). Then, closure failures of the circuits, where vectors from the finishing to the starting
points (F;-S; in the major structure, and F,-S, in the secondary one) correspond to dislocation

content of the boundary periods. Here, both of the structures exhibit the failures with -3a; =
[1210],, which is the content of primary dislocations for these structures. Here, a; is one of the

translation vector in the Wurtzite [0001] lattices.
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Figure 5-4. Circuit mapping analysis for (a) major and (b) secondary structures. a is the elemental
lattice vectors for the upper (A) and the lower () crystals. Circuits (S;-X-F; and S,-X-F,) for a
boundary period are drawn in the grain boundary and bulk regions. Mapping on the bulk region

reveals primary dislocation of both the major and the secondary structure as b= -3a; = [1210],,
|b|=3a.
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Vitek et al. [21] reported that structure transformation in the grain boundary can be regarded as
produced by gliding a partial DSC dislocation. This might be come from presence of vacancies,
segregated impurities and possibly other defects may lead local transformation of the boundary
structure into another energetically more favorable configuration. Thus, there should be step in
between the major structure and the secondary structure that leads to the displacement of the
boundary plane upwards or downward. It is experimentally found that there is a step in between
major and the secondary structures (Figure 5-5(a)). In order to understand the step character,
circuit mapping formalism is again used. In order to analyze the step, a circuit (S3XF;) to
surround a step is drawn on the image. Next, a circuit with identical translation component is
mapped into a dichromatic complex for the £13 CSL (Figure 5-5(b)). Then, the circuit exhibits
closure failure as indicated by arrow in Figure 5-5(b), which is the secondary dislocation
character.

The Burgers vector b of this secondary dislocation can be understood as the difference between
the translation vectors for the upper (t(A)) and the lower (t(n)) crystals, which can be known by
mapping circuits Sz-X and X-F; on the dichromatic complex (Figure 5-6(b)). The translation
vectors can be estimated to be t(A) = -2a, = 2/3[1210],, t(u) = as- a, = 1/3[0330], = [0110],.
When the t(p) is re-expressed on the t(1), the burgers vector can be revealed as b = 1/39[5720],. It
should be also noted that the Burgers vector is identical to that expected for displacement shift
complete (DSC) dislocation (Figure 5-6(c)).

Step height can be also estimated by h(A) = -nec(u) and h(n) = -nec()), where n is the unit
vector normal to the boundary plane. These heights are quantified in units of d(hkil), which is the
interplanar spacing of the lattice planes parallel to the boundary. As a result, h(A) and h(w)
were estimated to be -4, and -3d(2570). Thus, the results demonstrate the major and the
metastable structures are at the different grain boundary height with the step element in between.

Detailed results of the circuit mapping analysis are summarized in Table 5-1.
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Figure 5-5. HAADF-STEM image including the secondary structure, step, and the major
structure from left to right side of the boundary area. Boundary plane is indicated by a dotted line.
Circuit S3XF; (described by connecting half circuit SzX for A crystal =12a;+8a,, and the opposite
circuit XF; for p crystal =9a;+12a,) is drawn including the step structure. (a) Same circuit
(S3XF5), directly mapped on the dichromatic complex. Arrow indicates closure failure of the

circuit.
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Figure 5-7. (a) Dichromatic complex with a CSL lattice. Translation vectors of circuit are shown
by t(A) and t(n), and b indicates the Burgers vector of the secondary dislocation included in the
circuit S3XFs. (b) The same pattern with DSC lattice.
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Step structure

b h(w)=-3d(2570)

Figure 5-7. Schematic illustration of the step structure, shown in Figure 5-6. h(A) and h(u)

represent the step height for the upper and the lower crystals that correspond to four and three

inter planner spacing of (2570) boundary, respectively.

Table 5-1. Details for the circuit mapping analysis of a step in the Figure 5-6. c(A) and c(p) denote
the vectors Ss-X in the upper and X-F; in the lower crystals, and c(\, p) denotes the vector Ss-Fs.
h(A) and h(u) denote the step height, n is the unit vector normal to the boundary plane, b is the
Burgers vector of secondary dislocation, and P.3 [22] refers a 4x4 matrix that re-expresses the

vectors in the lower crystal (w) into those in the upper crystal (1).

Upper crystal (L) Lower crystal () Secondary dislocation

c(1) = 1/3[420160],, c(w) = [2570],

_ _ b =-c(k, n) =c(d) - Pisc(n)
h(L) = -nec()) = -4 +d(2570)  h(w) = nec(w) = -3+d(2570)

= 1/39[5720],
_ t(w) = a - a,= 1/3[0330], 3
t(h) = -2a, = 2/3[1210], - (0T10] t(A) - Pys t(n) = 1/39[5720],.
= )

12 3 4 0

po1l4 12 3 0

“T13[3 4 12 0

0O 0 0 13

_ 76 _



Chapter 5. Atomic structure, segregation behavior, and morphology in Pr-doped ZnO grain boundary

5.3.2. Analysis of grain boundary facets

A different type of atomic configuration is found in facets (Figure 5-9(a)). There are wide open
spaces in the middle, and there are several four-membered rings. Most of Pr are present at the

corner of the four-membered rings that face the open spaces (inset). It should be noted here that

{1010} and {1120} of the adjacent crystals are not actually parallel but 2.2° of misfit angle
deviates. And the secondary structure is locally formed at the facet corner. In order to understand
the effect of the angle deviation to formation of secondary structure, facet structure in the 30° tilt
grain boundary is investigated. The major structure of the 30° tilt grain boundary is already
reported in the Chaper.4.3.3; however, facet structure has not been discussed.

Figure 5-9(b) shows the detailed facet structure found in the 30° tilt grain boundary. The

boundary plane is parallel to {1010}//{1120}, and the area of facet is more larger than 27.8° tilt
grain boundary. Atomic configuration in the facet shown in Figure.5-9(b) also forms open spaces
in the middle, with several four-membered rings outside. Most of Pr present at the corner of the
four-membered rings that face the open spaces. However, there is one big difference between the
27.8° tilt and 30.0° tilt grain boundaries. That is the presence of the secondary structure. No
secondary structure was found in the 30.0° tilt grain boundaries, but there is only SU y, which is
the major structure for this boundary (Chaper.4.3.3).

Here, let me suggests the formation of secondary structure in 27.8° tilt boundary. The boundary

tends to facetted along {1010} and {1120}. Considering the crystals geometry, there may be
compressive or tensile strain near the facet structure due to lattice mismatch. Thus, it is considered
that the facetted structure attracts the segregation of Pr into its large open space so that release the
residual strain. Thus, it is suggested that formation of secondary structure would be preferred
when the segregation of Pr is locally depleted.

EDS spectra were measured (Figure 5-10) in order to compare the Pr concentration in major
and secondary structures, and facet. Zn-K, Zn-L, O-K, and Pr-L lines are detected in all the cases.
Eleven spectra were used to quantify the Pr concentration for each case (Table 5-2). Average Pr
concentration and standard error in cation % were estimated to be 9.5 (+ 0.3), 5.1 (£ 0.2), and 7.1
(£ 0.3) in major and secondary structures and facet, indicating that the secondary structure has

relatively low Pr concentration.
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(a) Facet in 27.8° tilt grain boundary
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Figure 5-9. HAADF-STEM images of facets in (a) Pr-doped ZnO 27.8° tilt grain boundary and (b)
30.0° tilt grain boundary. The facets have similar atomic configuration for both grain boundaries;
as well as Pr segregation sites. Secondary structure (SU a (and/or) b) is formed at the facet corner

in 27.8°tilt grain boundary, however, it is not applicable to 30.0° tilt grain boundary.
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Area of interest of the EDS measurements
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Figure 5-10. EDS spectra taken from (a) major and (b) secondary structures and (c) facet in
order to compare the Pr concentration in major and secondary structures, and facet. Zn-K, Zn-L,
O-K, and Pr-L lines are detected in all the cases. Electron beam was scanned over a 1 nm (in grain
boundary normal direction) x 2 nm (in grain boundary parallel direction) square box during the
measurements. Peaks at ~ 8.05 keV are artifacts from the TEM specimen holder.
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Table 5-2. Average Pr concentration and standard error in cation % in (a) the major, (b) the se
condary structure and (c) facet.

Remark Structure Pr (at%)
(a) Major 9.5(x0.3)
(b) Secondary 51(x0.2)
(c) Facet 7.1(x0.3)
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Relationship among atomistic structure, Pr concentration, and morphology of the 27.8° tilt
grain boundary is schematically shown in Figure 5-11. Grain boundary is mostly composed of the
flat (2570) boundary area and partly of facets that are almost parallel to {1010} and {1120} of the
adjacent crystals. Major structure with SU y appears in the most of (2570) boundary area while
the secondary structure with SUs o and  appears in the rest of the area, mostly near facets. There
is a step in between the major and the secondary structures. The step is characterized as secondary
dislocation with the Burgers vector of 1/39[5720], and the height of the step is estimated.
Formation of step rearranges the boundary plane hence the major structure transforms into the

secondary one, or, vice versa.

There is strain field near facets to enhance Pr segregation. And the secondary structure is
locally preferred near the facet, where Pr concentration is lowered. Thus, it is considered that

segregation at the grain boundary affects to the local atomic arrangements.

_ (1010) (2570)
@510 s o0 ajor
sop R ]
Major vV  Prdepleted Secondary
Y P na /B ~2570)
Secondary
e a/B /
(2570) (1120)

Figure 5-11. Relationship among the atomic structures, Pr concentration, and different grain

boundary morphology in the 27.8° tilt grain boundary.
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5.4. Conclusion

Extensive STEM observations were carried out for a larger area in Pr-doped ZnO [0001] 27.8°
(£13) tilt grain boundary in quantitative manner. Relation among atomistic structure, segregation

behavior of Pr, and morphology has been studied.

I. The boundary is comprised by several local segments; the major, the secondary, and facet
structures. The boundary is decomposed by symmetric {2570} and facets that are almost

parallel to {1010} and {1120} of the adjacent crystals.

Il. Small fraction of the secondary structure forms near facet corners with depleted Pr
concentration.

I11. Atomic configuration of the secondary structure is similar to that of undoped grain
boundary. Lowered Pr concentration at facet corner may induce formation of secondary

structure that is close to the undoped case.
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Chapter 6. Relationship between structure unit and 26

Atomistic arrangements for the Pr-doped ZnO grain boundaries with 26 = 16.4° (£49)[1], 21.8°
(X7)[9], 27.8° (£13)[10], 30.0°, 32.2° (£13) have been in detail studied. From these results, it is
possible to get an idea about relation between the structure (SU) and 26 in Pr-doped ZnO [0001]
symmetric tilt grain boundaries. Grain boundaries with 26 = 16.4° (X49) and 21.8° (X7) are
described by SUs o and/or B, while the grain boundaries with 20 = 27.8° (£13), 30.0°, and 32.2°
(X13) are described by SU y. Further grain boundaries have been fabricated with 26 =25.8°, 38.2°
(Z7), and 43.6° (£49) to reveal 26 dependent atomic arrangements. Observation result revealed
that SU transforms into y when 26 is close to 30.0°. Also, SUs coexist in the boundary, whose 26
is at structure transition state. Prediction of atomic arrangement and Pr-segregation in the Pr-
doped ZnO [0001] symmetric tilt grain boundaries in the overall 26 range (0°<26<60°) can be
suggested.
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6.1. Introduction

It has been emphasized many times that understanding grain boundary structure is essential in
order to reveal structure — material property relations. However, it is practically impossible to
observe all those grain boundaries in polycrystalline material since there is huge number of grain
boundaries with different orientations. Thus, we need to approach to the general grain boundaries
in more realistic way, for example, fix the geometric parameters and controls only one or two of
them, such as, tilt angle (26). For examples, Oba et al.[11] fabricated fiber-textured thin film of
ZnO on the quartz-glass substrates so that many of the grain boundaries have near [0001] tilt type.
Similarly, Potin et al. [12] and Chen et al. [13],[14] 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. Shibata et al. [15] carried out an extensive HRTEM
experiments in conjunction with energy calculation. Limited number of SU described 26 series of
[110] symmetric tilt grain boundaries in yttria-stabilized cubic zirconia. Also, dependency of grain
boundary energy on 26 in the case of a number of f.c.c. metals had been previously studied
[16]~[20].

In this regard, grain boundary structures of a series of Pr-doped ZnO [0001] tilt grain
boundaries as a function of tilt angle (26) is inspected in this chapter. Control only 26 may give an
idea for understanding the Pr-doped ZnO [0001] tilt grain boundary system, which is a part of
general Pr-doped ZnO grain boundaries.

So far, Atomistic arrangements for the grain boundaries with 26 = 16.4° (X49) [1], 21.8° (X7)
[9], 27.8° (£13) [10], 30.0°(~X97), 32.2° (£13) grain boundaries have been studied. The HAADF-
STEM images of major structure in those grain boundaries are shown in Figure 6-1. Most of the
grain boundaries are CSL boundaries where periodic repetition of certain SUs can be observed. In
detail, grain boundaries with 26 = 16.4° (X49) and 21.8° (X7) are described by SUs o and/or f3,
and 260 = 27.8° (£13), 30.0°, and 32.2° (X13) are described by SU . It is therefore indicated that
SU transforms into y when 26 is close to 30.0°[10]. Also, the atomic structure of the grain
boundary is highly dependent on 26 change. For extend our understanding over wider 26, ZnO
grain boundaries with further higher 26 = 38.2° (£7) and 43.6° (£49) were fabricated, and their
atomic structures were characterized using HAADF-STEM. Moreover, non-low XCSL boundary;

25.8° (£79) tilt grain boundary is also studied whose 26 is at the structure transition state.
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(a

27.8° (213)
{2570}
e
e ™
»

(e)

Figure 6-1. HAADF-STEM images of the Pr-doped ZnO [0001] symmetric tilt grain boundaries
with 26 = (a) 16.4°[1], (b) 21.8°[9], (c) 27.8°[10], (d) 30.0°, and (e) 32.2° (scale bar=1nm). SU
arrangements of the grain boundaries are shown on the right side. Grain boundary period is

indicated within the dotted lines.
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6.2. Method

Specimen fabrication, atomic structure observation and theoretic calculations were carried out

in similar ways to those in the previous chapter 4. Orientation of the crystals were set to be 26 =
38.2° and 43.6°, and 25.8° in order to obtain Pr-doped ZnO [0001] £7{1450}, 49{211130},
and £79{37100}symmetric tilt grain boundaries (Fig.6-2(a)-(c)).

(a) = _
0001] R0 oogy (1420 J

19.1°
E:> L‘/ 38.2°

[~ v

(b) (1120) (1120)

[0001] . [0001] /
% /6'8 E:> v 43.6°
¥ W.So /

(c) 2 5
(0001] (1120) 00d1] (1120) J

12.9°
E:> L‘/ 25.8°

[~G v

Figure 6-2. Schematic of ZnO bicrystals studied the current chapter. The 26 is intended to be
about 38.2°, 43.6° for obtain of the adjacent crystals in order to obtain £13 symmetric tilt grain

boundary.
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6.3. Results and discussion

6.3.1. Atomic arrangement of Pr-doped ZnO 38.2° (X7) and 43.6° (X49) tilt grain
boundaries.

Atomic structures of grain boundaries were observed by STEM (Figure 6-3) First, the
boundary plane of 38.2° (X7) tilt grain boundary is flat and parallel to (1450) of the adjacent
crystals. Its atomic arrangement was described by two kinds of major structures that consist of SU
vy in straight array (Figure 6-3(a)), and SU a in zig-zag array (Figure 6-3(b)). Those structures
were observed with the similar frequency; thus, both SU y and a are considered as the major
structures for this grain boundary. The straight array of SU v is very similar to that of 32.2° (£13)
grain boundary as it was shown in Chapter 4.3.1. Intervals between SU y in the 38.2° (£7) grain
boundary are longer with presence of bulk-like configuration. Next, atomic arrangement of 43.6°
(X49) grain boundary is characterized. The boundary plane was not so flat and locally facetted
probably due to low density (long period) of CSL in the 249 grain boundary case. Only the
straight boundary region is characterized in this chapter for comparison of atomic structures in the
series of symmetric tilt grain boundaries. The boundary plane in the straight area is found to be
parallel to (211130) of the adjacent crystals. The atomic arrangement of the grain boundary was
described by zig-zag array of SU a (Figure 6-3(c)), which is similar to that of previous 38.2° tilt
grain boundary (Figure 6-3(b)). The intervals between the SUs in 43.6° (£49) tilt grain boundary
are longer than that of 38.2° (X7) tilt grain boundary. According to the observation results, it is
again found that SU transformation occurs from SU y to SU a when 20 is greater than 32.2°. In

this time, SU a align zig-zag.
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(a)| 38.2°(27)
{1450} &

Figure 6-3. HAADF-STEM images of the Pr-doped ZnO symmetric tilt grain boundaries with
(@), (b) 20 = 38.2° and (c) 26 = 43.6° (scale bar=1nm). In the 38.2° tilt grain boundary case, two
kinds of structure were found which are described by SU v, and zig-zag SU a. Adjacent crystals
are parallel to the (1450) and (211130), for 38.2° and 43.6° tilt grain boundary, respectively. SU
arrangements are schematically shown at the insets. Grain boundary period is indicated within the

dotted lines.
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6.3.2. Atomic arrangement of Pr-doped ZnO 25.8° (X79) tilt grain boundary

Atomic structure of non-low X CSL boundary-25.8° tilt grain boundary is observed. Although
the tilt angle is very close to the 79 (26.0°) CSL condition, however, the atomic arrangement in
the boundary is very disordered, and columns are not be clearly distinguished due to presence of
irregular atomic arrangements along the c-axis. On the other hand, the boundary structure can be
divided into two region; (1) straight arrangement of SU o and B3, and (2) zig-zag arrangement of
SU y (Figure 6-4). Those two regions alternatively observed in the boundary within 10nm. It is
considered that periodic arrangement of 79 is less stable than decomposed into the (1) and (2)
region. The relationship between the SUs in the 25.8° (~X79) tilt grain boundary and SUs in the

neighbored low- £-CSL boundaries will be discussed later.
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24.8° tilt grain boundary

Figure 6-4. HAADF-STEM images of the Pr-doped ZnO 25.8° symmetric tilt grain boundary.
Atomic arrangement is irregular without short periodicity. Two types of structure coexist; the first
one is described by SU a/f as shown in (1) region, and the second one is described by SU v,

shown in (2).
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6.3.3. Prediction of atomic structure of Pr-doped ZnO [0001] symmetric tilt grain

boundaries

Table 6-1 shows features of SUs in several Pr-doped ZnO [0001] symmetric tilt grain
boundaries, arranged as a function of 24 that range from 0° to 60°. Details are explained as below.

First, it was found that the SU transforms from o and/or 3 to y near 20 ~ 25.8°, and y to a near
26 ~38.2°, again. Some SUs for two 26 within 0°~27.8° range are characterized as SU o and/or 3.
In fact, the configurations of the four- and eight-membered ring in the respective SU o and SU 3
are very close during the glide of the dislocation in the grain boundary plane; the eight- membered
ring is converted into the four-membered ring by connecting the dangling bond in the eight-
membered ring toward another to form the four-membered ring [14]. In addition, their formation
energies were resulted to be the same (1.54Jm?) as demonstrated in the undoped ZnO =7 grain
boundary study [11]. Obviously, atomic configuration of SU vy is largely reconstructed type.
Therefore, it is said that SUs transforms between SU a (and/or) B and SU vy, but not the case
between SU a and .

Next, SUs can be expressed as inter-mixed configuration with a certain fraction by those of
neighbored CSL boundaries. Two types of SU inter-mixing were found as short range and long
range. As described in the chapter. 4.3.3, periodic arrangement of 30.0° (~X97) tilt grain boundary
is consisting mixed SU configuration that is taken from the SU of the £13 (27.8°/ 32.2°) grain
boundaries one by one. This is the short range intermixing, which is described as

vl = Iyy * *v| <—[*y| (Table 6-1).

On the other hand, 38.2°(X7) case consists of two separated SUs, o and y. The arrangements of
SUs are similar to those of neighbored 32.2° (£13) and 43.6° (£49) grain boundaries. However,
SU a and y were found from separated boundary area. That is, the SU a is continuously found
from for tens of nanometers boundary area, and at the sudden point SU changes into continuous
arrangement of SU y. Thus, it shows rather long range intermixing of SUs and described as
[Ry] => [ys|ly=||yes|.......|Jaofloc]jac| <—|axoxoaa|  (Table 6-1).

Since boundary translation for SU o and SU v are different, coexist of the SU o and SU y may
require rearrangement of boundary plane, such as step formation. In fact, the step was found

between the two SU arrangements (Figure 6-5). The height of the step between the SU
arrangements has been revealed to be one interplanar spacing of the boundary plane, d(1450)
(Figure 6-6). Thus, it is considered that different type of SU, o and y hardly form within one
period, but exist separately in the 38.2° (X7) tilt grain boundary.
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Also, SUs coexist in a metastable grain boundary (non-low ¥ CSL boundary), e.g. 24.8° tilt
grain boundary (Figure 6-4). The boundary structure was very irregular, however, coexistence of
SU o (and/or) B and SU y were found. Thus, it also suggests SUs in the grain boundary have
mixed SUs configuration that are taken from neighbored grain boundaries. This will be called the
random mix of SUs, hereafter. On the other hand, the SUs are dislocation-like units, and the
interval between SUs (number of bulk configuration, *) gradually extends in the low angle
boundary region. Thus, SU arrangement in the low angle boundary region can be speculated as

ones shown in the Table 6-1.
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Table 6-1. 26 dependent SU arrangements in Pr-doped ZnO [0001] symmetric tilt grain
boundaries. Grain boundary is expressed by periodic arrangement of SU and the bulk-
configuration (*). Zig-zag configuration of the SU is indicated by (*)("). SU arrangement for low

angle grain boundaries are speculated based on the structural multiplicity.

20 (°) ) Boundary SU, |period| remarks
plane
0 1 {1150} *hkhkkhkhhhhkhkhhhhhkhkhkrhrhhkrix
Low angle |ou(@and/or) || ac(and/or) 3 )| Speculated
16.4 49 {3580} |0 || B | jouB o3 | oufp || o B [1]
21.8 7 {1230} IBIBIBIBIBIBIBIBIBIBIBIBIBIGI [9]
25.8 -apBaayyyyyooappopoyyyyy..
27.8 13 {2570} vty vl b by v vl Boced [10]
30.0 ~97 {38110} vyl vyl vy iy +y|
322 13 {1340} <[yl [y [y < Py | Py v
382 7 {1450} [yeelfy sy e oo flovor o oo |
43.6 49 {211130} lo ko aror||ockor koo ||oc ko kool
Low angle |Our oLt k| | O QL ok | OO k| Speculated
60 1 {1010} iolaiaiaiailiaiaiaiaisiiaiaiaiaialeaiaiaiilalaiaiaiaialel
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Fig.6-5. HAADF-STEM image showing step between two SU arrays (left — straight arrangement
of SU v, right — zig-zag arrangement of SU a) in the Pr-doped ZnO 38.2° symmetric tilt grain

boundary.
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(/(/;/5/))_’ 1

S -4
° (14050).

Fig.6-6. Dichromatic complex of X7 (38.2°) grain boundary for characterization of the step
element, shown in Fig. 6-3. Translation between both upper and lower crystals (t(A), t(u)) results

Burgers vector b. The height of this step is estimated to be one inter planar spacing of (1450),

d(1450)
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Again, SU arrangements in the Pr-doped ZnO [0001] symmetric tilt grain boundaries are
schematically expressed in Figure 6-7, according to the experimental results. Frequency of SU
was roughly estimated from respective grain boundary. First, in low angle boundary region (26 <
15°, and 26 > 45°), SUs act like isolated dislocation cores. Intervals between SUs are reversely
proportional to the 26, that is, frequency of SU gradually increases as 26 increases.

Next in the high angle region (15° < 20 < 45°), the intervals between SUs are almost zero, and
SUs interact eachother and they transform (SU o and/or  ~ SU y ~ SU a)). Fraction between SU
a(p) and vy is estimated when those SUs coexist (26 =21.8°, 25.8°, and 27.8°). In the similar way;,
fraction between SU y and SU a is estimated at 20 =38.2°. The estimated results can describe
three parabolas that roughly show the frequency of SU and the type of SU as a function of 26
(Figure 6-7). It should be also noticed that arrangements of SU transforms from straight to the
zig-zag near 26 =30.0°. It is because the burgers vector of SU a and/or B are perpendicular to the

boundary plane at 0° < 20 < 30° region, while those are inclined 30.0° toward (1120) of adjacent

crystals in 26 > 30° region.
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Figure 6-7. Relationship among SU, frequency, and misorientation angle (26) based on the

experimental results. Graph roughly suggests the transition of SU, and the frequency of SU per

unit boundary area as a function of 26.
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So far, atomic arrangements of Pr-doped ZnO [0001] symmetric tilt grain boundaries were
described using SU. As it has been demonstrated, Pr was found from the same sites within the
same SU. That is, Pr locates at two shoulder sites in seven membered ring of SU «, centered sites
between four- and six-membered ring of SU 3, and three triangle-like sites in the SU y (Figure 6-
8(a)). Density of Pr per unit grain boundary area is estimated suppose the Pr columns have same
occupancy. First, the number of Pr in periodic grain boundary volume is measured and it is
converted into the number of Pr per unit grain boundary volume, 1nm® Calculated Pr
concentration is shown in Figure 6-8(b). Pr concentration shows a gaussian distribution as a
function of 26. It is implied that the concentration of Pr is dependent on misfit angle between two
adjacent crystals, since large misfit allows Pr to segregate. As introduced, Sato et al. [1] had
reported role of Pr segregation that promotes the formation of native defect, most likely Zn
vacancies. The Zn vacancy was found to form acceptor state in the boundary, which derives from
the two nearest oxygen atoms. Thus, higher Pr concentration would facilitate deeper acceptor state

at the grain boundary.
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(a) Pr sites for respective SU
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Figure 6-8. (a) Number of Pr sites for respective SU (two sites for the SU «, one site for the SU 3,
and three sites for the SU vy). (b) Relationship between Pr concentrations - 26. Pr occupation is

assumed to be unity for all columns. Number of Pr sites was calculated using SU models.
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6.4. Conclusion

Relationship between atomic arrangement of Pr-doped ZnO [0001] symmetric tilt grain
boundaries and 24 is studied in this chapter.

. Atomic arrangements of Pr-doped ZnO [0001] symmetric tilt grain boundaries are

described by limited SU models; o, 8, and y.

Il.  SU transforms from a, § intoy, and from v into zig-zag o again when 26 is close to
30.0°.

Ill. SUs can be expressed as inter-mixed configuration by SUs of neighbored grain
boundaries that is called SU inter-mixing. (Long range (38.2° tilt case), short range (30°-

tilt case), and random type (25.8° tilt case).

IV. Each type of SU has specific number of Pr sites within it. Thus, concentration of Pr is the

highest when 26 of grain boundary is close to 30°.
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Summary

Potential impact of presence of grain boundaries and segregations on the polycrystalline
material has challenged a number of researchers so far. However, the detailed mechanisms are not
widely understood mainly because of a huge number of grain boundaries in the material. As a
model for studying the ambiguous grain boundary phenomena, ZnO, which is an electroceramic
material where the grain boundaries control the electrical properties, such as nonlinear current-
voltage characteristics, has been focused.

As a way to investigate detailed grain boundary structure, boundary conditions are specified into
a series of [0001] ZnO wurtzite tilt grain boundaries based on the CSL theory. Complex atomic
arrangements in the high-angle tilt grain boundaries were described by several low-energy
configurations, which is often designated by SU. As demonstrated from the topological analysis,
the atomic arrangement of the undoped ZnO tilt boundaries could be built up by a SU, and it was
found that SU behaves like an edge dislocation. According to a special boundary case for the ZnO
>13 (32.2°) grain boundary, it was found that the arrangement of SUs changes from straight to zig-
zag as 260 increases. Understanding the structural trend over 26 range provides an insight of ZnO
[0001] tilt grain boundaries with the SU description.

The motivation of the study moved to the dopant-introduced grain boundary case. Segregation
of large metal ions at the ZnO grain boundary enhances voltage gradient. Segregation behavior as
well as grain boundary atomic structure has to be studied in detail. Pr is chosen that is known as
one of famous varistor former. From the simulation of stable atomic structure from first principles
calculation, it was revealed that Pr seeks Zn sites of locally highest tension. The variation of strain
distribution in the different grain boundaries would be a reason for differentiating the Pr
segregation sites.

The boundary inclination sometimes occurs toward stable facet plane. And structural minorities
may coexist. This is the case for the Pr-doped ZnO 27.8° tilt grain boundary. Different boundary
morphology such as steps and facets were found. Those may induce local fluctuation of Pr
concentration, by changing the local atomic arrangements. Thus, the result implies an importance
of revealing the relationship among atomistic structure, composition, and the boundary

morphology.
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As a realistic step to get an idea for grain boundary in general, atomic arrangement and Pr
segregation in a series of Pr-doped ZnO CSL grain boundaries were investigated. 20 dependent
structural trend has been found. The Pr-doped ZnO [0001] symmetric tilt grain boundaries consist
of limited atomic configuration. The type of SU transforms when 26 is close to 30.0°. SUs in a
certain grain boundary can be expressed as inter-mixed configuration by the SUs of neighbored
CSL boundaries. 26 dependency of Pr concentration is also suggested. Each type of SU has
specific number of Pr sites within it. Since the SU phase transition and frequency are predictable,
concentration of Pr can be roughly explained as a function of 26, assume that the Pr occupancy is
unity.

In this thesis, ZnO grain boundaries for its undoped and Pr-doped cases are studied. Atomic
arrangement and Pr segregation of several CSL grain boundaries were first determined, and other
non-low X CSL grain boundaries were predicted. Structural minorities including secondary defects
were also covered. 26 dependency of atomic arrangements and Pr concentration are suggested.

Those findings are expected to give an insight for designing polycrystalline ZnO based devices.
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