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Abstract

ZnO0 is a functional material that has been extensively investigated for use in a number
of applications including transparent conducting oxides (TCO), light-emitting diodes (LED),
magnetic semiconductors, piezoelectrics, photovoltaics, thermoelectrics, gas sensors and
varistors. Several characteristics of ZnO make it well-suited for use in practical applications.
These include a large band gap (3.3-3.44 eV), allowing for optical transparency, the ability to
achieve a high carrier density through doping, a large exciton binding energy (~60 meV), a
non-centrosymmetric crystal structure, a low cost and abundant and non-toxic constituent
elements, its resistance to degradation in air at high temperatures and the potential for the
modification of its properties through nanostructuring and nanoscale defect formation.

Currently, ZnO is primarily used as a varistor material. However, investigations of
ZnO for applications in new areas such as magnetic semiconductors, piezoelectrics, LEDs and
thermoelectics have increased significantly over the last two decades. In addition, the
emergence of the field of nanomaterials has resulted in an intense focus on expanding the range
of applications and improving the properties of ZnO through nanostructuring. A number of
ZnO nanostructures (e.g. nanoparticles, nanohelices, nanowires, nanobelts and nanorings) have
been synthesized and represent interesting potential avenues for achieving advances in various
practical areas of application. Nanoscale defects are another area that has become the subject
of increasing research interest, particularly with the improvement of high-resolution imaging
methods such as scanning transmission electron microscopy (STEM).

Inversion domain boundaries (IDBs) are one type of nanoscale defect that has been
studied in AIN, GaN and ZnO-based systems. IDBs are defects at which an inversion of the
ZnO c-axis polarity occurs. They form via the addition of specific dopants to ZnO once the
solubility limit of these dopants has been exceeded. IDB formation is often accompanied by

the formation of inversion domain networks, which can be described as homologous phases
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with the chemical formula: RMO3(ZnO),, where R and M represent the dopants occupying the
basal-plane and pyramidal-plane IDBs (b-IDB and p-IDB) respectively. Although it has been
shown that the formation of homologous phase compound members results in the modification
of the structural and functional properties of ZnO, only a few systems (e.g. In203(Zn0O),,
Ga203(Zn0), and Fe»03(Zn0),) have been investigated extensively thus far. Thus, the
identification of new RMO3(Zn0O), systems, with b-IDB and p-IDB sites each occupied by
either one or by multiple dopants, is crucial for obtaining new ZnO-based materials with
properties that can be tuned based on the synthesis conditions and the concentrations and types

of dopants occupying the b-IDB and p-IDB sites.
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Preface

In this thesis, atomic-scale observations of IDBs and ID networks in several previously
uninvestigated ZnO-based systems are described. The results of electronic structure
calculations of model IDB structures and thermoelectric property measurements of ZnO-based
materials, which have been studied in terms of the influence of both the dopant concentration

and IDB formation on the thermoelectric properties, are also described.

Chapter 1 provides an introduction to the crystal structures and properties of ZnO, the
RMO3(Zn0), homologous phase compounds and ZnO-based spinel phases. The thermoelectric
properties of ZnO-based ceramics, in particular those containing inversion boundaries, are also

described.

In Chapter 2, the synthesis methods used to prepare ZnixyMnxAlyO and ZnjxySnxAlyO
ceramic samples, the experimental methods used to characterize the chemical and
microstructural features of these materials, in particular the atomic structure of the IDBs, the
theoretical methods used to model the IDB atomistic and electronic structures and the
measurement techniques utilized to characterize the thermoelectric properties of the Znjx-

yMnxAlyO and Znx.ySnxAlyO ceramics are described.

Chapter 3 focuses on the phase and microstructural analysis of Mn-Al dual-doped ZnO using
XRD, SEM, and BF/DF-TEM. The atomic structure of the b-IDBs in Zno.goMno.10Alp.010 was
studied in detail using HAADF/ABF-STEM and EDS/EELS. This chapter is based on results
published in J. Am. Ceram. Soc. 100, 4252 (2017) Joshua Hoemke, Eita Tochigi, Tetsuya Tohei,
Hidehiro Yoshida, Naoya Shibata, Yuichi Ikuhara and Yoshio Sakka, “Inversion Domain

Boundaries in Mn and Al Dual-Doped ZnO: Atomic Structure and Electronic Properties” and
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in J. Ceram. Soc. Jpn. 124, 515 (2016) Joshua Hoemke, Atta Ullah Khan, Hidehiro Yoshida,
Takao Mori, Eita Tochigi, Naoya Shibata, Yuichi Ikuhara and Yoshio Sakka, “Sintering
Characteristics and Thermoelectric Proprties of Mn-Al Co-Doped ZnO Ceramics”. Several
images within this chapter were originally published in the articles listed above and have been

reprinted with permission from the Wiley Publishing Group and the Ceramic Society of Japan.

In chapter 4, ID network stabilization in Sn-Al dual-doped ZnO due to the localization of Sn
and Al at the respective sites of the b-IDBs and p-IDBs, which also results in spinel phase
suppression, is described. Phase and microstructural analysis of the Sn-Al dual-doped ZnO
samples was carried out using XRD, SEM and BF/DF-TEM. The atomic structures of the b-
IDBs and p-IBDs in Zno.9gSno.o1Alo.oiO were characterized in detail using HAADF/ABF-
STEM and EDS/EELS. The results of this chapter are to be published as: Joshua Hoemke, Eita
Tochigi, Tetsuya Tohei, Hidehiro Yoshida, Naoya Shibata, Yuichi Ikuhara and Yoshio Sakka,

“Inversion Domain Network Stabilization and Spinel Phase Suppression in ZnO”.

In chapter S, the results of first principles calculations of the structural and electronic
properties obtained for models based on the Mn-rich and Sn-rich b-IDBs observed
experimentally are described. This chapter is partially based on results published in J. Am.
Ceram. Soc. 100, 4252 (2017) Joshua Hoemke, Eita Tochigi, Tetsuya Tohei, Hidehiro Yoshida,
Naoya Shibata, Yuichi Ikuhara and Yoshio Sakka, “Inversion Domain Boundaries in Mn and

Al Dual-Doped ZnO: Atomic Structure and Electronic Properties”.

In chapter 6, the thermoelectric properties of the Mn-Al and Sn-Al dual-doped ZnO ceramics
are described and discussed. Comparisons are made with previous studies of the thermoelectric

properties of ZnO ceramics containing IDBs. This chapter is based on results published in J.
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Ceram. Soc. Jpn. 124, 515 (2016) Joshua Hoemke, Atta Ullah Khan, Hidehiro Yoshida, Takao
Mori, Eita Tochigi, Naoya Shibata, Yuichi Ikuhara and Yoshio Sakka, ‘“Sintering
Characteristics and Thermoelectric Proprties of Mn-Al Co-Doped ZnO Ceramics” and AIP
Conf. Proc. 1763, 050004 (2016) Joshua Hoemke, Atta Ullah Khan, Hidehiro Yoshida, Takao
Mori, Eita Tochigi, Naoya Shibata, Yuichi Ikuhara and Yoshio Sakka, “Microstructural
Analysis and Thermoelectric Properties of Sn-Al Co-Doped ZnO Ceramics”. Data described
in this chapter were originally published in these articles and have been replotted in the figures

included in this chapter.

The thesis is concluded by a summary of the results and an outlook toward future studies.
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Chapter 1. Introduction

1.1 Zinc Oxide

1.1.1 Crystal Structure and Functional Applications

ZnO is a wide-bandgap semiconductor that is stable in the hexagonal wurtzite phase
(space group #186, Ps3mc) at room temperature under atmospheric pressure [1]. An inclined
view of the unit cell of ZnO is shown in Fig. 1.1 (a). The Zn and O atoms are colored grey and
red respectively. The unit cell consists of two ZnO formula units and both Zn and O atoms
occupy tetrahedral sites. Views of the ZnO crystal structure along the [1210] (a-axis),
[1100] (m-axis) and [0001] (c-axis) directions are shown in Fig. 1 (b), (¢) and (d)
respectively. The lattice constants and bond lengths of ZnO are listed in Table 1.1. The ZnO
lattice consists of alternating cation (Zn) and anion (O) layers along the c-axis and exhibits an
afaf c-axis cation stacking sequence. When viewed along the [1210] direction, the Zn and
O atoms can be imaged as individual cation and anion columns that appear as dumbbell pairs.
As shown in Fig. 1 (c), the [1100] direction exhibits a rectangular symmetry.

Zn0O is a non-centrosymmetric crystal and thus lacks inversion symmetry and
possesses a polar axis, which is aligned with the c-axis. [1]. The exposed Zn-rich face along
the +c direction corresponds to a {0002} plane, while the exposed O-rich face along the -c
direction corresponds to a {0002} plane. The non-centrosymmetric character is attributed
to the cation-anion stacking sequence along the c-axis. Zn atoms have a four-fold, tetrahedral
coordination with nearest neighbor oxygen atoms. An observation of the Zn atom, labeled Zn
in Fig. 1 (a), shows that it is shifted upward along the [0001] direction toward the O4 oxygen
atom and out of the plane of the O1, O2 and O3 oxygen atoms. This shift along the positive

[0001] direction results in the loss of inversion symmetry and induces a piezoelectric character

[1]



Chapter 1. Introduction

in the ZnO crystal [1]. A downward shift of the Zn atom along the [0001] direction, while
keeping the oxygen sublattice fixed, would result in an inversion of the cation-anion stacking
sequence along the [0001] direction and, hence, in an inversion of polarity of the crystal lattice.
The different polarities, +¢ and —c, that occur in ZnO result in different functional properties

for the Zn (+¢) and O (-c) terminated surfaces [1].

Table 1.1. Lattice Constants and Bond
Lengths of Undoped ZnO [1]

Lattice Constant, a 3.25A
Lattice Constant, ¢ 5214

c/a Ratio 1.602
Zn-0O Bond Length 1.95A

The wide bandgap (Ez) of ZnO (Eg: 3.3-3.44 eV [2]) makes it suitable for use in
applications as a transparent conducting oxide (TCO) semiconductor, for which an optical
bandgap = 3.1 eV is necessary for use in the visible range. There are a number of other
advantages inherent to ZnO including a low cost, abundant and non-toxic constituent elements,
n-type (as well as limited reports of p-type [1]) dopability and a non-centrosymmetric crystal
structure, which imparts a piezoelectric character [1-3]. ZnO is currently being investigated for
use in a wide range of device applications including TCOs [4], spintronic devices [5],
piezoelectrics [6], light-emitting diodes (LEDs) [6], high mobility 2D electron gas systems [7]
and oxide thermoelectrics [8-16]. Intrinsic defects such as oxygen vacancies, V,, and zinc
interstitials, Zn;, are typically found in ZnO; these defects may be the source of the n-type

semiconducting character often observed in nominally undoped ZnO [1].

[2]
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Figure 1.1. (a) Inclined view of the ZnO unit cell. Zn and O atoms are colored grey and
red respectively. (b) a-axis view of the crystal structure of ZnO. The cation-anion stacking
sequence along the c-axis, b-B-a-0, can be observed at the a-axis. (¢) m-axis and (d) c-axis
views of the crystal structure of ZnO. By observing the cation-anion stacking sequence
along the c-axis, at either the m- or a-axis, the polarity of the crystal can be determined.

The crystal structures were visualized using VESTA [17].
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1.1.2 Effects of Doping on the Electronic and Microstructural Properties of
ZnO

Through the addition of dopants to ZnO, it is possible to significantly increase the
carrier density (from ~ 10'> cm™ for undoped ZnO to ~ 10'® cm™ in 0.25 at. % Al-doped ZnO
[13]). n-type dopants used in ZnO typically have a a 3+ valence (e.g. AI** [9], Ga*>" [16], In**
[8] and Fe** [15]) or 4+ valence (e.g. Ti*" [11] and Sn*" [12]). In contrast, p-type doping of
Zn0O has been more difficult to achieve, although a number of dopants (e.g. N, P, As and Sb
[1]) and synthesis methods [1] have been reported to result in p-type semiconducting character
in ZnO. The solubility limit of most dopants in ZnO is low (Ti*: < 1 at. % [11], A**: 0.3
at. % [18], Sn**: < 0.1 at. % [19], Fe**: 0.05-0.4 at. % [20], In*": < 0.1 at. % [21]), with the
exception of several dopants that have a 2+ valence (e.g. Mg**: > 10 at. % [1,10,22], Mn**: 3-
8 at. % [23-25] and Co*": 12-19.5 at. % [26]). The addition of dopants with a high solubility
limit in ZnO (e.g. Cd** and Mg*") has proven to be effective for modifying the band structure
of ZnO [1].

In the case of the addition of dopants with high valences (= 3+) and low solubility
limits, when the solubility limit is exceeded changes occur in the microstructure of ZnO.
Typically, spinel secondary phases (e.g. ZnAl>,O4 [9,18], ZnGaxO4 [16,27], ZnFe>O4 [15,20],
ZnySn04[12,19] and Zn,TiO4 [11]) form at dopant concentrations exceeding the solubility limit.
Spinel phases often appear as precipitates that are found within ZnO grains or at grain
boundaries. Alternatively, homologous phase compounds with the chemical formula:
RMO3(Zn0),, where R and M are the dopants which occupy the basal and pyramidal inversion
domain boundaries (b-IDB and p-IBD) in the defect networks that form the homologous phases,
can form under specific sintering conditions when trivalent dopants such as Ga** [16], In**
[8,14,28] and Fe*" [20] are added to ZnO. Higher-valence dopants (e.g. Sn** [29], Ti*" [30] or
Sb>*[31]) have not been found to cause homologous phase formation in ZnO, although they

can induce the formation of a microstructure with a single b-IDB in each grain [29-31].

[4]
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1.2 Inversion Domain Boundaries (IDB) in the RMO3(Zn0),

Homologous Phase Compounds

1.2.1 Structure and Properties of the RMO3(ZnO), Phases

Schematics of the microstructure observed in the RMO3(Zn0O), homologous phases
are shown in Fig. 1.2 and Fig. 1.3. The basal-plane IDBs (b-IDB) and pyramidal-plane IDBs
(p-IDB) are labeled. b-IDBs are composed of monolayers of edge-sharing octahedra containing
cation dopants. b-IDBs form via two operations resulting in a shift of the ZnO lattice. These
operations include: 1) an inversion of the ZnO c-axis polarity and 2) a shift of the inverted
section of the crystal lattice along the m-axis, producing a c-axis stacking fault and a local cubic
cation stacking sequence, at the b-IDB interface [31]. A head-to-head, HH (—]«),
configuration of the c-axis is observed at the b-IDB and Zn tetrahedra in the bulk-like domain
regions above and below the b-IDB share corners with the b-IDB octahedra [20,31,32]. p-IDBs
form at planes diagonal to the ZnO c-axis with indices of {1121} and p-IDB sites
accommodate dopants in a five-fold, or trigonal bipyramidal, coordination [33]. p-IDBs can
vary in width from an atomic monolayer to several atomic layers, depending on the ionic radius
of the dopant(s) occupying the p-IDB sites [33]. In inversion domain (ID) networks consisting
of both b-IDBs and p-IDBs, the c-axis must undergo a second inversion, between neighboring
b-IDBs, at the p-IDB, which results in a tail-to-tail («|—) configuration of the c-axis at the p-

IDB interface [20,31-33].

1.2.2 IDB Formation Mechanism

The formation of planar two-dimensional (2D) defects such as IDBs can occur when
the dopant solubility limit is exceeded in ZnO [34]. The formation of IDBs becomes
energetically favorable in order to relieve strain within the ZnO lattice and maintain charge

balance by incorporating excess dopants at the b-IDB and p-IDB sites [35]. It has been shown

[3]
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that large dopants (e.g. In) prefer to occupy the b-IDB, while smaller dopants (e.g. Al) prefer
to occupy the p-IDB [35]. IDB nucleation is controlled by two specific diffusion mechanisms,
depending on the type of dopant. These include internal diffusion, which is characteristic of
dopants with a 3+ valence (e.g. In’" and Fe**), and surface diffusion, the primary mechanism
by which higher-valence dopants (e.g. Sn*" and Sb>") induce IDB formation [32]. The internal
diffusion mechanism results in homologous phase development, as dopants with a 3+ valence
are mobile and can stabilize the formation of both b-IDBs and p-IDBs [32]. IDBs may nucleate
preferentially at octahedral sites near surface clusters of zinc-vacancies (Vza) [32]. Dopant
diffusion occurs by a Vzp-mediated mechanism and b-IDBs can nucleate either at surfaces and
propagate into the ZnO grain interior or nucleate within grains and propagate to the grain
surface [20,32,33]. Thus, because dopants such as In** or Fe** can diffuse to and occupy both
b-IDBs and p-IDBs, doping with only In** or Fe*" is sufficient to acheive complete homologous
phase formation in ZnO, with networks of IDs developing throughout entire ZnO grains [20,32].

Higher-valence dopants (e.g. Sn*" and Sb*) are likely to be less mobile and cannot
readily diffuse within the crystal lattice of ZnO [32]. This results in the growth of b-IDBs via
the recrystallization of neighboring normal ZnO grains onto grains containing b-IDBs
[29,36,37]. Grains with IDBs are more stable than normal ZnO grains and grow anisotropically
along the direction parallel to the basal plane by consuming normal ZnO grains until the IDB-
containing grains eventually impinge upon each other, inhibiting further grain growth
[29,36,37]. After this occurs, grain growth proceeds considerably more slowly, primarily by
Ostwald ripening in the direction orthogonal to the basal plane [29,36,37]. Because higher-
valence dopants such as Sn*" or Sb>" cannot stabilize the formation of p-IDBs, only a single b-

IDB develops in each grain in ZnO doped with only Sn** [29,32,36] or Sb>* [30-32,37].

[6]
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Figure 1.2. Models of the atomic structure of the zigzag-like inversion domain networks
that form in the RMO3(Zn0O), homologous phase compounds. (a) The model proposed by
Goldstein et al. [33], which consists of b-IDBs and p-IDBs that can be simultaneously
viewed edge-on at one of the m-axes of ZnO. (b) The model proposed by Da Silva et al.
[35], in which both b-IDBs and p-IDBs can be simultaneously viewed edge-on at one of
the a-axes. The model shown in (a) has been observed experimentally [33]. The images are

adapted from [33] and reprinted with permission from the American Chemical Society.
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Figure 1.3. Schematics of the inversion domain microstructure. In (a) the inversion
domain microstructure is shown with respect to the crystallographic zone-axes and
hexagonal crystal structure of ZnO. b-IDBs form at {0002} planes, while p-IDBs form at
{1121} planes. (b)/(c) Views of the inversion domain networks at the (b) [1100] and (c)
[2110] zone-axes. The vertical arrows in (a) and (b) represent the polarity of the c-axis in
individual inversion domains. Both b-IDBs and p-IDBs can be viewed edge-on at only one
of the m-axes (e.g. [1100]). The angle, 0, that forms between the b-IDBs and p-IDBs is
shown in (b).

1.2.3 Control of the Electronic and Microstructural Properties of the
RMO3(Zn0), Phases Through Dopant Selection
A number of experimental studies have been carried out to investigate the influence

of the varying the dopant concentration on the properties of the RMO3(ZnO), homologous

[8]
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phases. The In2O3(Zn0), system has been investigated most extensively and it was found that
optimal properties (e.g. electrical conductivity and optical transparency) are achieved at
specific values of n [ 14,28,38]. As the value of n decreases, the electrical conductivity increases,
due to increasing carrier transport isotropy [38]. For larger values of n, carrier transport
anisotropy increases due to increasing conducting electron localization within the InoO3 b-IDB
layers [14,28,38]. It has been determined that the electronic structure of In.O3(Zn0O), is
dependent on the characteristic features of the electronic structures of the end members (i.e.
In;0; and ZnO) [38], indicating the possibility to modify the electronic properties of the
RMO3(Zn0), homologous through the selection of the specific R and M dopants substituting
at the b-IDB and p-IDB sites respectively.

In addition to the electronic properties, it has also been shown that the microstructure
of the RMO3(ZnO), phases can be modified by changing the dopant type and controlling the
dopant concentration. The b-IDB spacing along the c-axis can be modified based on the dopant
concentration and the angle formed between the p-IDB and b-IDB is dependent on the specific
type of dopant occupying the p-IDB. As the size of the dopant occupying the p-IDB increases
(e.g. in the case of In), the p-IDB angle increases in order to reduce strain within the ZnO lattice
by minimizing the number of dopants in each basal-plane segment composing the p-IDB; in
contrast, smaller dopants (e.g. Fe) induce less strain within the ZnO lattice and can thus be
incorporated at higher concentrations, resulting in p-IDBs composed of basal-plane segments
several atomic planes thick [33]. A general relationship between the / value of the p-IDB plane,
{1121}, and the average number of cation columns in each basal-plane segment composing the
p-IDB is: //2 (e.g. in In-doped ZnO [ ~2-3, resulting in p-IDBs with basal-plane segments ~1-
1.5 atomic columns wide on average) [33]. Co-occupation of the p-IDB by several different
dopants could enable the modification of the p-IDB angle between the characteristic values for
the case of single dopant occupation. The c-axis stacking sequence of cation planes across the

b-IDB, which can be determined when the b-IDB is viewed along the a-axis, is also affected

[9]
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by the type of cation occupying the b-IDB. A cation stacking sequence of afaf|alyoya has been
found to be stable in In [21], Sn [39] and Fe-doped ZnO [40], while Sb-doped ZnO exhibits a
stacking sequence of afap|alyByP [31]. The stable cation stacking sequence may be correlated
with the ionic radius or valence state of the dopant occupying the b-IDB.

A number of studies have also been carried out to analyze the influence of the
concentration of grains containing IDBs on grain growth in ZnO ceramics doped with higher-
valence IDB-forming dopants such as Sn* [29,36] and Sb>" [37]. Although these dopants do
not cause complete homologous phase formation, they result in a microstructure with a single
b-IDB in each grain [29-32,36,37]. As described in Section 1.2.2, ZnO grains containing IDBs
grow preferentially in the direction parallel to the basal plane while consuming the surrounding
normal ZnO grains in the process. This results in a high rate of grain growth, producing
anisotropically-shaped IDB-containing grains, that is only halted when the IDB-containing
grains impinge on each other. A higher initial concentration of IDB-containing grains results in
a smaller mean free path to impingement, which produces a final microstructure with a reduced

grain size [29,36,37].

1.3 Spinel Phase Formation in ZnQO

1.3.1 Structure and Properties of the Spinel Phases

The RMO3(Zn0O), homologous phases only form when ZnO is doped with specific
elements (e.g. Ga**, In*" and Fe®") and sintered under specific conditions (e.g. at high
temperatures for long times [28,41]). In contrast, spinel secondary phase formation has been
observed more frequently and occurs when ZnO is doped with a broad range of dopants and
sintered under a wide range of conditions. The properties of some of the spinel phases which
form when specific dopants are added to ZnO are listed in Table 1.2. The spinel phases can

display a wide range of lattice constants that are largely dependent on the type of dopant M, in

[10]
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the specific ZnxM3.xO4 spinel compound. The spinel compounds usually have a cubic lattice
structure, as shown in Fig. 1.4 for the case of ZnAl>O4, although tetragonal phases can also
form (e.g. the ZnyMn3xO4 compounds, where a Jahn-Teller distortion of the Mn*" occupied
octahedral sites occurs [42]). Zn typically occupies the tetrahedral site, while the M dopant
occupies the octahedral site. However, in the case of dopants with higher valences (e.g. Sn*"
[43], Ti*" [44] and Sb>* [45]), Zn can also occupy the octahedral site. The spinel phases form
as precipitates and are observed within ZnO grains and at grain boundaries. IDBs form as 2D
planar defects which may be precursors to spinel phase formation [34]. This is supported by
the shared structural features (e.g. edge-sharing octahedra containing dopant atoms) present in
both IDBs and the ZnO-based spinel phases and also by the fact that IDBs form at lower
temperatures than the ZnoSnOs spinel phases in Sn-doped ZnO [29,32]. However, this

relationship has not been established conclusively.

Table 1.2. ZnO-Based Spinel Compounds

Compound Lattice Constant Band Gap
Zn>SnO4 a:8.657 A [43] 3.25-4.1 eV [43]
ZnAlLO4 a:8.085 A [46] 3.8-6.6 eV [47-49]
ZnGa204 a:8.33 A [48] 4.4-5.0 eV [47,48]

Zn7Sh2012 a:8.595 A [50] 2.6 eV [50]
ZnMn204 a: 8.087 A [51] 1.28 eV [52]

:9.245 A [51]

ZnFe204 a:8.443 A [53] 2.43-2.61 eV [54]

Zn:TiO4 a: 8.48 A [55] 3.1 eV [55]

[11]
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[111]

Figure 1.4. (a) Inclined view of the unit cell of ZnAl,O4. Red spheres represent oxygen and
Zn tetrahedra and Al octahedra are colored grey and blue respectively. (b) [110] zone-axis
view of the ZnAl,O4 unit cell. The layer of Al octahedra indicated by the black arrows
resembles the ID network b-IDB cation layer as viewed along the a-axis. (¢) Extended view
of the crystal structure of the ZnAl,O4 spinel, viewed at the [111] zone-axis. The layer of
Al octahedra indicated by the arrows resembles the ID network b-IDB cation layer as

viewed at the m-axis. The crystal structures were visualized using VESTA [17].

[12]
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1.3.2 Influence of Spinel Secondary Phases on the Properties of ZnO

At high dopant concentrations, the influence of the spinel phases on the properties of
ZnO can become significant and effects that are detrimental to device functionality may be
observed. Spinel phase formation often negatively impacts the electrical conductivity (o) of
ZnO, which begins to drop sharply when the n-type dopant solubility limit is exceeded and the
concentration of the spinel phases increases in Al [9], Sn [12,19], Ga [27] and Sb [56] doped
ZnO0. This is due to the low electrical conductivity of the spinel phases, which may be related
to their large band gap, Eg, values (ZnAlxO4: 3.8-6.6 eV [47-49], Zn,SnO4: 3.25-4.1 eV [43]
and ZnGaxO4: 4.4-5.0 eV [47,48], values listed are ranges). This effect is in stark contrast to
homologous phase development in systems such as InoO3Zn0O),, in which the formation of
secondary phases (e.g. spinels) does not occur, as the homologous phases display optimal
thermoelectric and optoelectric properties at specific values of n and do not exhibit ¢
degradation due to secondary phase formation until large In2O3:ZnO ratios are reached

[14,28,38].

1.4 Thermoelectric Properties of ZnQO

1.4.1 Thermoelectric Materials

Thermoelectric materials are receiving increasing attention due to their potential
application in the conversion of waste heat to electricity [57-59]. Similar to photovoltaics, wind
energy, hydroelectricity, geothermal energy and biomass-fueled energy generation,
thermoelectrics represent a source of renewable energy and an alternative to fossil fuels and
coal as a means of energy production. Thermoelectric energy conversion offers a number of
advantages including being completely solid state and not producing any waste products [57-
59], unlike nuclear energy generation or energy production methods that result in the emission

of CO» or other greenhouse gases, and also being scalable for a wide range of applications [57].

[13]
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Thermoelectric energy conversion is based on the Seebeck effect, discovered by
Thomas Johann Seebeck in 1821. According to the Seebeck effect, when a thermal gradient is
applied to a thermoelectric material, an electrical voltage is generated due to the transport of

electrons from the hot to the cold side of the material. Related to the Seebeck effect is the

Seebeck coefficient, which is defined as: S = — % , 1.e. the ratio of the voltage drop, AV, to

the temperature difference applied to a material, AT, under which AV develops. The converse
of the Seebeck effect is the Peltier effect, which describes the generation of a thermal gradient
in response to the application of an electrical potential to a material. A schematic of a typical
thermoelectric energy conversion module is shown in Fig. 1.5 (a) [57]. It consists of two
primary components, usually an n-type and p-type semiconductor, and also a positive and
negative electrical lead. Thermoelectric modules are electrically connected in series and
arranged so that a thermal gradient can develop between the top and bottom faces of the
complete device and electricity can flow between neighboring modules and ultimately through
the positive and negative leads connected to the complete device.

Thermoelectric performance is evaluated based on the figure of merit: ZT = (6S)T/x,
where o, S, k and T are the electrical conductivity, Seebeck coefficient, thermal conductivity
and temperature respectively. ZT is maximized when the electrical conductivity and Seebeck
coefficient are high and the thermal conductivity is low. In practice, this proves difficult to
achieve because these parameters have an interdependency. The electrical conductivity is
expressed as o = exN*u, where e, n and p are the electron charge, carrier concentration and
electronic mobility respectively. The Seebeck coefficient for a degenerate semiconductor,

which many of the best thermoelectric materials are, or a metal can be expressed as: S =

812kA 3
((3 th)) m'T (3%)3’ where kp is Boltzmann’s constant, h is Planck’s constant and m* is the
&

electron mass [57]. The electrical conductivity has a direct relationship with the carrier

2
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Figure 1.5. (a) Schematic of a typical thermoelectric module. n-type and p-type elements
are connected electrically in series, but stacked within a single layer in order to allow a
thermal gradient to develop across the faces of the module. The thermal gradient results in
electron and hole countercurrents, which produce a net electric current through the
complete module. (b) Graph showing the dependence of the thermoelectric parameters on
the carrier density (n) for a typical thermoelectric material. The Seebeck coefficient (a in
the graph shown) and electrical conductivity respectively exhibit an inverse and a direct
dependence on n. Thus, values of n exist for which both ZT and the power factor, a’c, are
maximized. The images are adapted from [57] and reprinted with permission from the
Nature Publishing Group.

concentration, while the Seebeck coefficient has an inverse relationship. Thus, the power factor,
defined as 6S?, attains a maximum value at a specific carrier density, as shown in Fig. 1.5 (b).
In addition, the thermal conductivity consists of two components, being defined as k = ki + Ke,
where K1 and Ke are the lattice and electronic components of the thermal conductivity. K is
defined as LoT, where L is the Lorenz factor, which is a constant for free electrons [57]. Often,
the lattice component of the thermal conductivity is significantly larger than the electronic
component. However, when the lattice component is low and the carrier density is high, the

electronic component can become significant, resulting in an increase of the thermal

[15]
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conductivity as the electrical conductivity increases. These issues have led to great difficulties
in achieving high ZT values over the last 70 years. However, recently a number of new
strategies including nanostructuring and the investigation of new, more complex thermoelectric
materials have created new avenues to realizing improvements in the maximum ZT values

attainable [13-16,57-60,65].

1.4.2 ZnO Ceramics for Thermoelectric Energy Conversion

In recent years, oxide thermoelectric materials have begun to receive attention. In
comparison to conventional high performance thermoelectrics such as Bi>Tes, PbTe, CoSbs,
Mg>Si and SiGe, oxide thermoelectrics have a number of advantages, including low material
cost, abundant constituent elements, non-toxicity and resistance to degradation in air during
use at high temperatures [58,59]. As shown in Table 1.3, several p-type oxide thermoelectric
materials with high ZTs approaching or even exceeding 1 [61,62], often considered the
threshold ZT value for commercial implementation [57-59], have been identified. In contrast,
as shown in Table 1.3, the maximum ZTs identified for n-type thermoelectrics thus far are lower
[9,13-16,58,60,63-65]. The construction of thermoelectric modules, as shown in Fig. 1.5 (a),
ideally requires both n-type and p-type components. Thus, the development of new n-type
oxides that exhibit high ZT values is critical for the advancement of the usage of oxide materials
in practical thermoelectric energy generation applications.

ZnO is among the n-type oxide thermoelectrics that have been studied most
extensively over the last two decades [58]. In terms of potential for use in thermoelectric
energy conversion, ZnO has a number of advantages, including low material cost, abundant
constituent elements, non-toxicity and stability in air at temperatures in excess of 1000°C
[3,58]. However, the highest ZTs identified for ZnO thus far (~0.3-0.44 [9,13]) are still too low

for usage in practical applications. In comparison to undoped ZnO [9,10], the thermoelectric
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Table 1.3. Properties of Conventional Thermoelectrics and Oxide Thermoelectrics

Stoichiometry | Transport: | Figure Measurement | Description of Ref.
n-type or | of Merit, | Temperature Material
p-type 4)
Zno.93Alo.020 n-type 0.30 1000°C Bulk Polycrystal 9]
Nano-AZO n-type 0.44 730°C Nanostructured [13]
Bulk Polycrystal
In203(Zn0)4 n-type 0.09 800°C Bulk Polycrystal [14]
IDB Formation
Zno.s2Feo.130 n-type 0.02 800°C Bulk Polycrystal | [15]
IDB Formation?
Zn0.96G20.0401.02 n-type 0.09 750°C Bulk Polycrystal | [16]
IDB Formation
Zn12xGaxInyO® n-type 0.19 500°C Bulk Polycrystal | [60]
IDB Formation
NaxCo02-5 p-type 1.20 530°C Single Crystal [61]
Ca3Co0409+5 p-type 0.60 850°C Bulk Polycrystal | [62]
La-SrTiOs n-type 0.27 800°C Single Crystal [63]
SrTio.sNbo.2O3 n-type 0.35 730°C Bulk Polycrystal | [64]
SrTiOs/ n-type 0.24 20°C Thin-Film [65]
SrTio.sNbo.2O3 Superlattice
Bi2Tes3xSex n-type 1.15 100°C Bulk Ingot [59]
Nanostructured
PbTe-Ag:Te n-type 1.60 500°C Nanocomposite [59]
SiGe n-type 1.30 900°C Nanocomposite [59]
Mg2Si1xSnx n-type 1.30 430°C Bulk Alloy [59]
Fe,Te-CoSbs n-type 1.30 550°C Nanocomposite [59]

@ x =0.004

properties of bulk ZnO ceramics are improved considerably by doping with donor elements
such as AI** [9], Ti*" [11], Sn*' [12], In*" [14], Fe*" [15], Ga®" [16] and Sb>" [56]. However,

when the solubility limit of these elements in ZnO is exceeded, spinel phases begin to form and
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the thermoelectric performance may be degraded as the content of the spinel phases increases.
Thus, it is necessary to find new strategies by which to circumvent the bottlenecks associated
with conventional dopant addition in order to improve the functional performance of bulk ZnO

ceramics for electronic device applications such as thermoelectric energy conversion.

1.4.3 IDBs in ZnO Thermoelectrics

In contrast to conventionally-doped bulk ZnO thermoelectric ceramics, the
thermoelectric properties of the In203(Zn0O), homologous phase compounds exhibit different
behavior due to the formation of nanoscale defects, specifically b-IDBs and p-IDBs. 2D planar
defects such as IDBs have been demonstrated to influence the thermoelectric properties of ZnO
significantly, with IDBs acting as nanoscale defects which scatter phonons, resulting in the
reduction of the thermal conductivity [14,16,60]. In addition, electronic potential barriers or
quantum wells may form at interfaces such as IDBs, resulting in the modification of the
electronic transport properties, i.e. the electrical conductivity and Seebeck coefficient [65-67].
The ZnO-In203 phase diagram indicates that spinel phase formation does not occur and,
consequently, no electrical conductivity reduction due to spinel phase formation occurs over
the entire range of In203:ZnO stoichiometries [14,28]. As shown in Fig. 1.6, for the
In203(Zn0), homologous phase compounds, a maximum power factor is achieved for a
specific value of n at which the carrier transport isotropy is high (i.e. at a low value of ), while
the thermal conductivity can simultaneously be significantly reduced due to the formation of
ID networks with a high density of interfaces [14,38]. Thus, the study of the thermoelectric
properties of new RMO3(Zn0O), systems and the influence of IDB formation on the
thermoelectric properties of ZnO 1is useful for the design of new nanostructured ZnO
thermoelectrics with properties that can be maximized based on the overall concentration and
type of the R and M dopants, which occupy the b-IDB and p-IDB sites respectively, and also

based on the fractional occupancy of specific IDB sites by these dopants. It should be noted

[18]
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that in the case of very low values of n, i.e. n < 3, in the In203(Zn0O), homologous phase
compounds, the thermoelectric performance begins to decline as InoO3 secondary phases
appear, due to the difficulty of achieving structural equilibrium even at high temperatures in
homologous phase compounds with very small IDB interface periodicities [14], indicating that
the improvements in the thermoelectric performance of these compounds do not occur

monotonically over all compositions.
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Figure 1.6. Graphs showing the dependence of the thermoelectric properties on the value
of k (analogous to n) in the InoO3(ZnO)r homologous phase compounds, measured at 800°C.
While the thermal conductivity generally exhibits a monotonic decrease as the value of &
decreases, the power factor exhibits a maximum at k¥ = 4. This is attributed to increasing
carrier transport isotropy, which occurs as k decreases, leading to increased electrical
conductivity values, and also to increased Seebeck coefficient values at intermediate values
of k, possibly due to significant carrier filtering at the IDB interfaces. The images shown

are adapted from ref. 14 and reprinted with persmission from the Elsevier Publishing Group.
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1.5 Motivation for Research and Thesis Qutline

In order to study the effects of dopant-controlled inversion domain boundary
formation on the microstructural and functional properties of ZnO, several new material
systems have been investigated. The Mn-Al and Sn-Al dual-doped ZnO systems have been
studied in detail. The Mn and Sn dopants were initially co-doped with Al to investigate the
influence on the thermoelectric properties. Al is known to act as a donor dopant in ZnO,
increasing the electrical conductivity by several orders of magnitude [9,13]. Varying
concentrations of Mn were co-doped with Al to investigate the influence of Mn doping on
thermal conductivity reduction, due to the fact that Mn has a rather high solubility limit in ZnO
[23-25]. Thus, Mn dopants may substitute on the Zn sublattice, acting as point defects and
causing phonon scattering, potentially resulting in an improvement of the thermoelectric
properties. Alternatively, Sn was co-doped with Al due to the fact that Sn has previously been
found to introduce resonant states in BirTe; upon doping [68]. Similarly, there exists the
possibility that Sn doping may induce the formation of resonant states within the conduction
band of ZnO. The formation of hybridizing resonant levels can result in local increases in the
density of states, causing an increase of the Seebeck coefficient and potentially leading to an
improvement of the thermoelectric performance [69,70]. In the process of analyzing the
microstructural features of the Mn-Al and Sn-Al dual-doped ZnO systems, in order to explain
the observed thermoelectric properties, the formation of interesting microstructural features
was found to occur. The analysis of these microstructural features forms the bulk of the results
reported in this thesis.

Via microstructural observation, it was found that the addition of Mn can induce the
formation of inversion domain networks. At high Mn concentrations, ID networks develop in
Mn-Al dual-doped ZnO. The unique microstructural features that develop in Zng.99-xMnxAlo.010

(x <0.1) materials have been characterized and atomic-scale observations have revealed new
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features not previously observed in RMO3(Zn0O), homologous phase compounds, indicating
the potential to tailor the microstructural properties of the homologous phase compounds
through dopant selection. The Sn-Al dual-doped ZnO system was also investigated and the
development of ID networks, which do not form in ZnO doped with either Sn or Al only, has
been confirmed. Thus, it was found that dual-dopant addition of Sn and Al results in the
stabilization of ID network formation, via the localization of Sn and Al at the respective sites
of the b-IDBs and p-IDBs, the preferred sites for dopants with large and small ionic radii
respectively. The development of ID networks in Sn-Al dual-doped ZnO also results in the
suppression of spinel phase formation. These results demonstrate that the stabilization of ID
networks and the simultaneous suppression of the spinel phases can be achieved through multi-
dopant addition. The local electronic properties at the Mn-doped and Sn-doped b-IDBs have
also been investigated by first principles calculations and the bulk thermoelectric properties of
the Zno.99-xMnxAlo.010 and ZnixySnxAlyO systems have been measured and analyzed, to study
the effects of IDB formation on the properties of ZnO, both at the nanoscale and bulk levels.
The results of these studies demonstrate that the local properties at IDB interfaces can be tuned
by changing the specific type of dopant which localizes at the b-IDB sites, while the bulk
properties of ZnO (e.g. the electrical and thermal conductivity) can also be modified via the
selection of specific IDB-forming dopants.

The structure of this thesis is as follows. In Chapter 2, the experimental and theoretical
methods used are described in detail. Chapter 3 provides a description of the phase and
microstructural analysis, including atomic-scale observations and elemental analysis by
HAADF/ABF-STEM, EDS and EELS, of Mn-Al co-doped ZnO, with a particular focus on the
atomic structure of the b-IDBs. In Chapter 4, the results of phase and microstructural analysis
of the Sn-Al co-doped ZnO system are described and the atomic-scale structure of the ID
networks that form in Zno.9gSno.01Alo.010, determined by HAADF/ABF-STEM, EDS and EELS

analysis, is characterized. Extensive analysis of both the b-IDB and p-IDB interfaces that
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constitute the ID networks is included. The factors contributing to the stabilization of the ID
networks and the suppression of the spinel phases in Zno.9sSno.01Alo.010 are considered and
discussed in detail. In addition, the possibility of the occupation of the b-IDB and p-IDB sites
by other types of dopants which have not yet been studied experimentally is discussed, based
on dopant ionic radius and valence state considerations. In Chapter 5, the results of first
principles investigations of Mn-doped and Sn-doped b-IDB models are described and the local
changes in the electronic structure at the b-IDB interfaces due to the localization of the specific
dopants are discussed. Chapter 6 focuses on the analysis of the effects of varying the Mn
concentration in the Zno.99-xMnxAlo 01O (x < 0.1) materials and also of the influence of IDB
development in the Mn-Al and Sn-Al dual-doped ZnO materials (Zno.soMno.1Alp.01O and
Zn0.98Sno.01Alo.010) on the thermoelectric properties. The specific influences of substitutional
dopants and interfaces (i.e. IDBs) on the electrical conductivity, Seebeck coefficient, power
factor, thermal conductivity and thermoelectric figure of merit are analyzed. Strategies for
further improving the thermoelectric properties of bulk ZnO ceramics containing IDBs are also
described. Finally, in Chapter 7 the results of the thesis are summarized and a discussion of
potential future studies focusing on the formation and characterization of IDBs in ZnO and on
the synthesis and functional properties of compounds in the RMO3(Zn0O), homologous phase

systems is included.
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2.1 Synthesis Methods

In this thesis, the samples studied were polycrystalline ceramics prepared using solid-
state reaction methods. Nanometric oxide powders, listed in Table 2.1, were used in the
synthesis of the samples studied. In order to obtain bulk samples having the stoichiometric
ratios listed in Table 2.2, mixtures of the oxide powders were prepared by first weighing the
powders together and then adding ethanol. The resulting solutions were mixed at 2000 rpm for
3 hr using the Planetary Centrifugal Mixer AR-250 (Thinky). The Zno.99Sno01O sample was
prepared by mixing in ethanol using yttria-stabilized zirconia (YSZ) balls for 24 hr inside a
polyethylene bottle. After a homogeneous solution was obtained, the powder mixtures were
dried at 60°C-70°C in a drying oven until the ethanol solvent evaporated. Zno.99Sno.010 was
dried at 180°C in a beaker on a hot plate. After drying, the mixtures were crushed using alumina
balls (Zno.99Sno010: YSZ balls), sifted with a mesh of size 250 um and stored in dry
environment at ~20°C. In order to prepare ceramic pellets, the powders were uniaxially pressed
at a pressure of 20 MPa (Zno.99Sno.010: 10 MPa). The ceramic compacts were then loaded into
an alumina crucible and sintered in air at 1400°C for 12 hr with heating and cooling rates of
5°C/min and 10°C/min respectively. The preparation process resulted in dense ceramic pellets
with high relative densities. The densities were determined using either Archimedes’ method
or using the sample weight and dimensions. The densities of the bulk samples are listed in

Table 2.2.
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Table 2.1. Oxide Powders Used in Sample Synthesis

Oxide Purity Manufacturer Particle Size
ZnO 99.9 % Nanotek 34 nm
ALO3 99.99 % Taimicron (TM-DAR) 100 nm
Mn304 99.5 % Nanotek 56 nm
SnO: 99.9 % Nanotek 21 nm
Table 2.2. Stoichiometry of Samples Studied and
Density of Sintered Bodies
Sample Density | Relative Density
Stoichiometry (g/cm?) (%)®
Zn0.99Al0.010 5.66 99.8
Zn0.99Sn0.010 5.44 96.0
Zn0.98Sn0.01Al0.010 5.48 96.6
Zno.9sMno.o1Alo.01O0 5.46 96.3
Zn0.97Mno.02Alo.010 5.24 92.4
Zn0.94Mno.05Al0.010 5.33 94.0
Zno.8sMno.10Alo.010 5.28 93.1

@ Theoretical Density of ZnO: 5.67 g/cm?

2.2 Phase and Microstructure Analysis

2.2.1 X-Ray Diffraction, XRD

X-ray diffraction (XRD) was used for phase analysis of the samples prepared. XRD is
useful for analyzing the crystalline structure of materials, due to its ability to determine the
lattice spacing of crystallographic planes based on the constructive interference of X-rays
satisfying the condition for Bragg diffraction. The Bragg equation, which describes the
condition for the constructive interference of diffracted X-rays with a specific wavelength, A,

is described by the following expression:

2dsinfg = nA, eqn. 2.1
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where d, 0 and n represent the lattice spacing, diffraction angle and the order of the reflection
respectively [1]. A schematic of the Bragg diffraction of an incident X-ray beam by a crystalline
lattice is shown in Fig. 2.1.

XRD analysis typically involves heating a filament to produce electrons which are
then used to bombard a target, in order to produce characteristic X-rays. The X-rays are then
monochromated using a filter and focused onto the sample to be studied. The angle 6 between
the incident beam and the sample plane is varied while keeping the wavelength constant. In
this experimental configuration, a 1D XRD pattern is obtained, with high intensity peaks
appearing at values of 0 which satisfy the condition for Bragg diffraction. The intensity of the

diffracted X-rays is typically plotted as a function of 26.

()

)

o)

A +A,=2dcos(90°—6)=2dsin@

Figure 2.1. Schematic showing the diffraction of X-rays by the atomic planes in a crystal.

[1]. X-rays incident at an angle 6 on the sample surface are diffracted by atomic planes with
a spacing of d. At specific values of 0, corresponding to the condition for Bragg diffraction,
the diffracted X-rays, phase-shifted by a total amount of A;+Az, will constructively
interfere, resulting in peaks in the XRD pattern corresponding to the specific planes with
indices of hkl representative of the crystal structure being analyzed. Image reprinted from
[1], with permission from the Wiley Publishing Group.
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The type of constituent elements in a crystal will influence the intensity of the
reflections in the XRD pattern due to the atomic form factor [1]. The symmetry of the crystal
will also determine the presence or absence of, as well as relative intensity of, the XRD peaks
according to the atomic structure factor. Temperature effects (e.g. thermal vibrations), the
multiplicity of the diffracting planes, the polarity of the diffracted beam, the spreading of the
diffracted beam, beam absorption by the sample and instrumental settings will also have an

influence on the XRD peak intensities [1].
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Figure 2.2. Diagram of the experimental setup for 6/20 XRD analysis using the Bragg-
Brentano detector geometry. X-rays of a specific wavelength are focused on the sample
surface using a series of slits. The angle, 6, formed between the incident X-ray beam and
the sample and also between the sample and the detector is varied by rotating the position
of the X-ray tube and detector simultaneously, while keeping the position of the sample
fixed. Thus, an X-ray diffraction pattern with values of intensity, I, that vary as a function
of 6 can be obtained. Image adapted from [1] and reprinted with permission from the Wiley
Publishing Group.
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In addition, microstructural features can influence the observed intensity of the peaks.
Such features include the sample texture, degree of crystalline disorder (e.g. amorphization)
and sample thickness [1]. Broadening of the peaks may also be observed, due to structural
defects such as strain, stresses, dislocations, stacking faults, twinning, precipitates and
inclusions, a reduction in grain or particle size or lattice modulations (e.g. superlattice or
intergrowth formation) [2,3].

In this study, XRD patterns were collected with the Rigaku SmartLab X-Ray
Diffractometer using Cu-K, radiation (A = 1.54 A). Before data collection, samples were
crushed using a mortar and pestle to produce powders. These were then uniformly spread on a
glass slide to obtain a flat sample surface. The Bragg-Brentano experimental setup was used

for collecting experimental data. A diagram of the setup is shown in Fig. 2.2.

2.2.2 Scanning Electron Microscopy, SEM

Observation of the microstructure of the samples produced was carried out using
scanning electron microscopy (SEM). A schematic showing the interaction of the electron
beam with the sample surface in a scanning electron microscope is shown in Fig. 2.3. A filament
is heated to produce an electron beam which is then focused at the sample surface using a
system of electromagnetic lenses within the microscope. The electron beam is scanned across
the sample surface using a pair of deflector lenses and an image is produced by using separate
electron detectors to collect either the secondary electrons (SE), which are useful for imaging
surface features, or back-scattered electrons (BSE), which are useful for phase analysis due to
the dependence of the BSE intensity on the atomic number (Z). Elemental analysis using SEM-
EDS can also be carried out with an X-ray detector, which can be used to obtain an elemental
map by collecting the characteristic X-rays produced by the excitation of core shell electrons

and subsequent relaxation of outer shell electrons at the sample surface.
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In this study, SEM imaging combined with elemental analysis using EDS was carried
out using the JEOL 6510 (LA) SEM with an accelerating voltage of 10-20 keV. Samples were
polished with a diamond slurry with particle sizes of 9, 3 and 0.5 pm until a mirror surface was
obtained. In order to obtain images with clearly defined grain boundaries, thermal etching of
the mirror-polished samples was carried out in air inside an alumina crucible at 1300-1350°C
for 30 min with a heating and cooling rate of 5°C/min and 10°C/min respectively. In order to
minimize surface charging during imaging, a carbon coating of ~10 nm was deposited on the
sample surface using a sputter coating system (Gatan).

Electron beam
Characteristic X-rays Backscattered electrons

Cathodoluminescence

Secondary electrons
Auger electrons

Secondary fluorescence !
by continuum and ;
characteristic x-rays

.

- -
________

Figure 2.3. Schematic of the interaction of the electron beam used in SEM imaging with
the sample surface. The scanned electron beam interacts with a volume of the sample
surface, producing backscattered electrons and secondary electrons, which are useful for
phase and topographical analysis respectively. The characterisitic X-rays that are produced

can be used for elemental analysis. Image adapted from [4].
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2.2.3 Transmission Electron Microscopy, TEM

Images of the sample microstructure were also obtained using the JEOL 2010-HC
TEM. A diagram of the imaging system used in a transmission electron microscope is shown
in Fig. 2.4. In a transmission electron microscope, a current is passed through a filament which
becomes heated. In the process, an electron beam is produced due to the thermionic emission
of electrons at the cathode-vacuum interface [5]. The electrons gain energy due to the applied
accelerating voltage. The electron beam is focused using a series of electromagnetic coils which
allow for beam alignment by manipulating the magnetic field strength in the microscope [5].
The sample is shifted along the z-axis to align it with the eucentric height of the microscope

and the objective lens strength is adjusted to control the image focus at the phosphor viewing

screen.
specimen
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4/ objective d,
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Figure 2.4. Diagram showing the imaging conditions used for SAED, BF-TEM and DF-
TEM. By selecting a specific imaging mode, it is possible to obtain both SAED and BF/DF-
TEM images. Once either the central beam or a diffracted beam has been selected using the
objective aperture in SAED mode, either BF or DF-TEM images can be respectively
recorded while in normal imaging mode. Conversely, in SAED mode, EDPs can be recorded
once an area of the sample has been selected using the selected area aperture while in normal

imaging mode. Image adapted from [6].

[33]



Chapter 2. Methods

The electron beam can pass through samples which are sufficiently thin, typically <
100 nm [5]. The electrons interact with the sample and produce an image at the phosphor
viewing screen. The image contrast reflects structural features of the sample, such as the local
thickness, local average mass, sample bending and defects (e.g. dislocations, stacking faults,
grain boundaries etc.) [5]. When imaging a crystalline sample, the transmitted electrons either
pass directly through the sample, forming a central beam, or are diffracted by crystallographic
planes with a specific periodicity, resulting in Bragg reflections. When one of the principle
crystallographic directions is aligned with the incident electron beam, the crystal is said to be
at the zone-axis. Under this condition, an electron diffraction pattern (EDP) can be obtained by
placing the selected area electron diffraction (SAED) aperture over the strongly diffracting
region of the image plane. By shifting to diffraction mode, an EDP reflecting the
crystallographic symmetry of the area of the sample imaged can be observed. In diffraction
mode, an objective aperture can be inserted at the back focal plane of the microscope and
shifted to select specific reflections in the EDP. Bright-field (BF) images, which exhibit
increased contrast, can be obtained by selecting the central beam. Dark-field (DF) images,
which are obtained by placing the objective aperture over one of the Bragg reflections or
features other than the central beam in the EDP, can also be obtained and exhibit increased
image intensity due to the crystallographic features which produce the diffracted beam selected
in the back focal plane [5].

Samples for TEM observation were prepared by the cutting, grinding, polishing and
dimpling of bulk polycrystalline samples. Polishing was done using an alumina slurry with
particle sizes of 9, 3 and 1 um. After samples were sufficiently thinned to a thickness of ~20-
50 um, Ar"ion milling was carried out using the Precision Ion Polishing System (PIPS, Gatan).
Initial milling was carried out at 4 kV with an incident beam angle of 6 °-7°. After a hole formed
in the sample, a final milling step was carried out at 5° for 15, 10 and 5 min at voltages of 1.5,

1.0 and 0.5 kV respectively, in order to obtain a clean sample surface by removing redeposition.
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For TEM analysis, samples were placed in a double-tilt holder (Gatan), loaded into the
microscope and BF/DF-TEM images and EDPs were collected using the JEOL 2010-HC TEM
operating at 200 kV. Images were recorded on film, developed and converted into digital data

using a scanner.

2.3 Scanning Transmission Electron Microscopy, STEM

Atomic-resolution observations were carried out using STEM imaging methods.
STEM is similar to conventional TEM in that both use scattered electrons to produce images.
However, there are several key differences. A schematic of the detector configuration used for
STEM imaging is shown in Fig. 2.5. In STEM, the condenser lens strength is controlled in
order to converge the electron beam at the sample, forming an electron beam probe [5]. The
angle of the convergent beam at the sample surface is referred to as the semi-convergence angle,
a. Unlike TEM, which uses a static electron beam, in STEM the electron beam probe is rastered
across the sample using a pair of pre-sample scanning coils. The incident beam propagates
through the sample and is scattered over a range of angles at the exit surface of the sample. By
making use of an annular detector in the post-sample field, the electrons scattered to a specific
range of angles by the sample can be collected in order to produce an image. Several important
types of STEM images that can be recorded by making use of different types of detectors
include ABF, LAADF, MAADF, ADF and HAADF-STEM [5]. In this study, primarily ABF
and HAADF-STEM images were collected.

A JEOL ARM-200F scanning transmission electron microscope operating at 200 keV
was used for data collection in this study. This microscope uses a cold emission gun. An
aberration-corrected optics system is also used in order to reduce the lens aberrations. The

ARM-200F can also be operated in TEM mode.
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2.3.1 High-Angle Annular Dark-Field (HAADF) STEM

An imaging method extensively used in this study is HAADF-STEM, shown
schematically in Fig. 2.5. In HAADF-STEM imaging, lattice images can be formed by
collecting the electrons that are elastically scattered to high angles (~50-370 mrad) due to
Rutherford scattering caused by the Coulombic interaction of the electrons with the atomic
nuclei [5,7,8]. Thermal diffuse scattering (TDS) also makes a contribution to the electrons
scattered to this angular range; in contrast, the scattered electrons due to Bragg diffraction
generally contribute to the intensity in STEM images collected at lower angles (e.g. in MAADF
or ADF-STEM) [9]. HAADF-STEM imaging is particularly useful for observing high atomic
number elements, which exhibit increased contrast in HAADF images due to increased high-
angle electron scattering. HAADF-STEM image intensity is proportional to the average
atomic number of the atoms in the column imaged, resulting in the following expression:

Il Z" (1.6 <n <1.9), eqn. 2.2

where [ is the image intensity and Z is the atomic number [11]. Generally, this makes
interpretation of HAADF-STEM images straightforward; however, low average atomic
number (Z <~13) atomic columns typically cannot be imaged using HAADF-STEM [12-14].
Another advantage of HAADF-STEM in comparison to high-resolution TEM (HRTEM) is the
weak dependence of the HAADF-STEM image contrast on the sample thickness and defocus
value [7]. However, the observed intensity of defect structures (e.g. interfaces) imaged by
HAADF-STEM may be significantly influenced by additional factors including misorientation

tilt, sample thickness, defocus value and local strain or lattice distortion [9,13].

[36]



Chapter 2. Methods

| Source

Aperture

— Lens

Electron Probe

Thermal diffuse
scattering
(incoherent)

'~ HAADF Detector
', Z-contrast

Diffraction
(coherent)

BF STEM or EELS
Figure 2.5. Schematic of the imaging of a crystal lattice by STEM. In STEM imaging, the
electron beam is focused to converge approximately at the surface of the thin crystal
specimen and is then scanned across the area of the sample to be imaged. Electrons
scattered to low angles (~10-20 mrad) can be collected by a BF (or ABF) detector. STEM-
EELS analysis is also accomplished using the electrons scattered within low angular
ranges. Electrons scattered to intermediate and high angles can be used in ADF and
HAADF imaging respectively. As shown in the above image, coherent diffraction of the
electron beam resulting in Bragg diffraction spots occurs primarily at intermediate angular
ranges (18-48 mrad) [9]. HAADF-STEM images are formed by collecting the electrons
scattered to higher angular ranges (~50-370 mrad). The scattering of electrons to high
angles is the result of Rutherford scattering due to the electrostatic interactions of the
electrons with the positively charged atomic nuclei of the crystal. This results in the Z"
dependence of the atomic column intensity observed in HAADF images. Image adapted

from [10].
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2.3.2 Annular Bright-Field (ABF) STEM

Another STEM imaging technique that has gained attention in recent years is ABF-
STEM [12-14]. A schematic of the detector system used in ABF-STEM imaging is shown in
Fig. 2.5. In contrast to HAADF-STEM, ABF imaging uses an annular detector with a much
smaller angular range and upper limit to the detector collection angle, due to the dependence
of the ABF detector collection angle on the probe semi-convergence angle, a, with the ABF
angle typically taking a value of a/2~a. For the ARM-200F, the value of a is ~24 mrad; thus,
the range of angles used for ABF-STEM imaging is ~12-24 mrad. ABF is effective for imaging
both low and high atomic number elements, with ABF-STEM contrast approximately scaling
with Z according to the following expression: I o« Z'/3 [14]. A dark contrast is produced in
ABF images due to the absence of intensity resulting from high-angle scattering of electrons at
the positions of high atomic number elements [15]. The great advantage of ABF imaging,
however, is that low atomic number elements can also be imaged as dark contrasts which
appear due to an “electron lensing” effect that occurs at the positions of low atomic number
columns [15]. Using ABF-STEM, low atomic number elements such as lithium and oxygen
have been successfully imaged [12-14]. Like HAADF-STEM, ABF-STEM images also have
the advantage of exhibiting only a weak dependence of contrast on the sample thickness and

defocus value [12].

2.3.3 Energy-Dispersive X-Ray Spectroscopy, EDS

Elemental analysis of the sample microstructure was carried out using SEM-EDS and
STEM-EDS. EDS enables the mapping of the elemental composition of the sample by
collecting the characteristic X-rays that are produced by the interaction of the electron beam
with the sample. The characteristic X-rays correspond to the specific transitions between the

energy levels of the electron shells that are unique to each element [5]. A schematic of the X-
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ray emission process due to the interaction of the electron beam with the sample is shown in
Fig. 2.6. By collecting the characteristic X-rays associated with specific transitions, the
elemental mapping of the sample is possible. This is typically achieved by using a detector
placed near the sample inside the SEM, TEM or STEM column. The ARM-200F is equipped

with a silicon drift detector (JEOL).

2.3.4 Electron Energy-Loss Spectroscopy, EELS

EELS is an effective method for obtaining valuable information about sample
characteristics such as the local elemental composition, valence states and coordination
environment [5,17]. This is achieved by using a detector to record the energy losses associated
with the inelastic interactions of the incident electron beam with the sample. The energy losses
are due to the emission of electrons from the characteristic electron levels in different elements
[5]. Fig. 2.7 shows the relationship between the core-shell levels in an oxide and the
corresponding edges in the associated EEL spectrum [5]. In addition to elemental fingerprinting,
the strength of the beam-sample interactions can also be affected by the bonding environment,
allowing for the determination of the valence state by analysis of the spectral shape and features
[5]. EELS data can be acquired by placing a post-specimen detector inside the STEM column
[17]. A small collection angle is used to collect the inelastically scattered electrons. A detector
with a dispersion of up to ~0.05 eV/channel is used to collect EELS data, which can be acquired
by scanning the electron beam across the sample, to obtain spatially mapped data. Previous
studies have determined the local valence state of specific atomic sites using atomic column-
resolved EELS [18]. A Gatan Enfinium detector was used to acquire EELS data reported in this

thesis.
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Figure 2.6. (a) Schematic of characteristic X-ray emission due to the interaction of the
electron beam with the sample in SEM, TEM or STEM imaging. The electron beam imparts
energy to the electrons bound to the atoms in the crystal. This transfer of energy causes the
excitation of inner shell electrons. Characteristic X-rays are produced by the relaxation of
electrons from the outer to the inner electronic shells, corresponding to states of high and
low electronic energy respectively. (b) Electron energy level diagram showing the specific
transitions producing characteristic X-rays. The transitions corresponding to the K, L and M
edges in EDS profiles are shown. The K edge transititions (highlighted) were used

extensively for EDS elemental analysis in this thesis. Images adapted from [16]
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Figure 2.7. The interaction of the STEM electron beam probe with the sample results in
inelastic interactions of the electron beam with the atoms in the crystal. As shown in the
schematic above, characteristic edges are observed in EEL spectra due to the inelastic
scattering of electrons, which causes the ionization of atoms in the crystal. lonization results
in the promotion of inner shell electrons to the empty states in the valence or conduction
band. The transition of electrons from the inner-shell electron orbitals to the unoccupied
energy levels results in the appearance of different characteristic edges in the EEL spectrum,
at energy-loss values corresponding to the energies of transition between specific electron
shells and the unoccupied energy levels of the valence or conduction band. Image adapted

from [5] and reprinted with permission from the Springer Publishing Group.
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2.4 First Principles Calculations

The structural and electronic properties of IDBs were investigated using the density
functional theory (DFT) [19,20] as implemented in the Vienna Ab Initio Simulation Package
(VASP) [21]. The nature of the chemical bonds between atoms within materials is largely
determined by the electronic structure, which is in turn due to the crystalline environment. The
ground state electronic configuration of a specific material system can be determined by
solving the corresponding SchrO0dinger equation. The Schr0dinger equation for an electron can
be expressed as:

Y = ¢Y, eqn. 2.3

where ¥ and €; are the electron wave function and eigenenergy respectively. H is the
Hamiltonian, which, for an electron in a crystal, can be written as:

H=[To+ T+ Voo + U + Vo), eqn. 2.4
where T, and T,, are the kinetic energy of the electrons and atomic nuclei, respectively, and
Ve, Vo, and V,, represent the electron-electron Coulombic repulsion, nucleus-nucleus
Coulombic repulsion and the electron-nucleus Coulombic attraction respectively. DFT
calculations rely on several approximations to calculate the quantum mechanical ground state
of a specific material system. Based on the Born-Oppenheimer approximation, commonly
implemented in DFT calculations, which states that due to the large difference in the masses of
the nuclei and electrons the portions of the wave function due to the electrons and the nuclei
can be separated [22], and the T,, term can be ignored as a result of the negligible kinetic
energy of the nuclei in comparison to the electrons. The V,, and V,, terms can also be
combined into a single term, V,,,, which represents an external potential that the electrons
experience. Eqn 2.4 then reduces to:
B =T, + Voo + Ve eqn. 2.5

However, the determination of the V,, term, representing the electron-electron interaction, is
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not straightforward and requires additional assumptions.

In order to determine the V,, term and calculate the ground-state of the system being
studied, several assumptions must be made. First, it is assumed that the total free energy of the
system can be expressed as a function of the charge density, n(#) [19]. Second, the ground-
state electronic density configuration is defined as that for which the total free energy of the
system is minimized [19]. DFT calculations approach this problem by defining a ground-state
energy, E,, which can be expressed as:

Eq = E[no] = (¥ [no]|T, + Vee+ Vexe|¥[no), eqn. 2.6
where n, isthe ground-state charge density. The external potential can be written as a function

of n(7), as:
Vore[n] = f V(@An@) d3r eqn. 2.7
The total energy can then be written as a function of n(7) according to the following equation:
E[n] = T,[n] + V,.[n] + f V@An@) d3r eqn. 2.8

The determination of the ground-state electronic configuration then becomes a problem of
minimizing E[n] withrespectto n [19]. The DFT calculation is generally carried out by first
assuming a trial charge density and then back-calculating the corresponding potential and
electronic wave function [20]. The calculation then uses the obtained solutions to the
SchrOdinger equation in order to calculate a new charge density [19]. This process contintues
iteratively, updating the trial charge density in order to find the ground-state solution which
minimizes the difference between the input and output charge densities subject to a predefined
convergence criterion. The effective potential calculated during this process is defined as:
Verf[F] = Vext[F] + Viare[n] + Vic[nl, eqn. 2.9

where VygeIn] and Vi.[n] are terms due to the electron-electron Coulombic repulsive
interaction and the exchange-correlation interaction respectively. A determination of the best

form of the equation to use in modeling V,.[n] is a central problem associated with DFT
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calculations [20].

In this thesis, the generalized gradient approximation (GGA) [23-25] was
implemented in the DFT calculations in order to model the density functional. GGA is a scheme
for determining the exchange-correlation interaction by approximating it as an equation
including terms that depend on both the charge density, n(#), and its local gradient. GGA has
been found to have improved accuracy compared to methods introduced earlier, such as the
local density approximation (LDA) and local spin density approximation (LSDA), which do
not include higher-order terms due to the charge density gradient in the expression for the
density functional [20,21,26]. The effective electronic on-site Coulombic interaction parameter,
Uktr, also known as the Hubbard parameter [27], was also included in the calculations. The
inclusion of Uk has been found to result in improved agreement of the calculated bandgap of
Zn0, and a number of other materials, with the experimental bandgap [28].

Various schemes have been devised to represent the potentials that the valence
electrons experience. These include the augmented plane wave (APW) [29], pseudopotential
[30,31], linear augmented plane wave (LAPW) [32] and projector augmented-wave (PAW)
methods [33,34]. The use of augmented plane waves is effective in that it allows the wave
functions to be modeled by considering the regions near the ionic cores separately from the
interstitital regions between the nuclei when carrying out the self-consistent quantum
mechanical calculation. The use of pseudopotentials allows the inner-shell electrons to be
included with the ionic cores as part of a background potential experienced by the valence
electrons [30,31]. The PAW method as implemented in the VASP code was used to determine
the stable configuration of the IDB interfaces. The PAW method combines aspects of the
augmented plane wave and psuedopotential methods [33,34], and can deal with the rapid
oscillations of the electronic wave function that occur near the ionic cores [33]. Within the
framework of the PAW method, pseudo wave functions are created which match exactly with

the valence or “all-electron” wave functions outside a specific augmentation region. Within the
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augmentation region, the pseudo wave functions introduce a smooth continuation of the all-
electron wave functions. This is achieved by creating a set of projector functions to transform
the pseudo wave function into the all-electron electon wave functions to assure their matching
outside the augmentation region [33].

Slab model calculations were carried out to determine the stable atomic configurations
of the IDB interfaces, modeled based on experimentally observed structures. DFT calculations
which implement slab models have been found to be effective for determining the structural
and electronic properties of isolated interfaces [35]. Interface calculations relying on the slab
model approach generally consist of a single interface separated from the surface planes by a
specific number of bulk-like atomic planes sufficient in total thickness to avoid interactions
between the interface and the surface layers. The b-IDB interface was modeled as a monolayer
of edge-sharing cation octahedra, separated from each surface in the slab model by 11 bulk-
like Zn-O cation-anion layers. A vacuum layer of ~12-15 A is typically included between
surfaces in order to minimize interactions between periodic images of the slab model [35]. In
this study, the surfaces were terminated by oxygen-rich planes. Thus, to maintain charge
balance and avoid dangling bonds, which can result in the formation of spurious mid-gap
electronic states, at the surfaces, the surface oxygen atoms were passivated with pseudo
hydrogen atoms, each having a charge of 0.5 e. The slab model shape, dimensions and atomic
coordinates were all relaxed in order to determine the stable IDB configuration, subject to a

convergence criterion of < 0.02 eV/A for all ionic forces.
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2.5 Thermoelectric Property Measurements

2.5.1 Electrical Conductivity and Seebeck Coefficient

The thermoelectric properties of the samples produced were measured from room
temperature (RT) to ~730-750°C. For electrical conductivity and Seebeck coefficient
meaurements, bar-shaped samples were produced by cutting the sintered polycrystalline
ceramic samples using a diamond isometric cutter. The samples produced had a length of ~8-
11 mm and a cross-section of ~2x3 mm? and the sides were polished to obtain flat surfaces. The
Seebeck coefficient and electrical conductivity were measured simultaneously using the ZEM-
2 (Ulvac-Riko), which enables electronic transport property measurement within an inert He
atmosphere. Measurements were carried out using a four-probe voltage measurement scheme

as shown in Fig. 2.8. In this configuration, the temperature is increased from 50°C to 730°C in

Furnace
Voltage/
Temperature Probe
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T2

— AV
T Difference
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Figure 2.8. Schematic of the experimental setup used by the ZEM-2 for electrical
conductivity and Seebeck coefficient measurement. A bar-shaped sample is placed between
two pressure contacts. The furnace temperature is increased in increments corresponding to
the preset measurement temperatures. At each measurement temperature, the electrical
conductivity is determined by passing a current through the sample, while the Seebeck
coefficient is measured by applying a thermal gradient to the sample and measuring the

resulting voltage difference across the probe contacts at the sample surface.
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increments of 100°C (50 °C increment at HT). For electrical conductivity measurements, a
current is applied to the sample and the resulting voltage drop is measured at each measurement
temperature. The Seebeck coefficient is then determined by using a heater at one end of the
sample to produce temperature gradients of 10, 20 and 30 K across the sample. These
temperature gradients are applied in sequence and the resulting voltage difference for each
temperature gradient is measured across two central probes at the sample surface. The Seebeck
coefficient is determined from the slope of the plot of the AV and AT values. The measurements

were acquired along the direction perpendicular to the pressing direction of the ceramic pellet.

2.5.2 Thermal Conductivity

The thermal conductivity was measured using the laser flash method (Ulvac-Riko,
TC-7000) from RT to 750°C. Samples were prepared by polishing the sintered ceramic pellets
to obtain cylindrical samples with a diameter of ~10-11 mm and thickness of ~1-2 mm. The
samples were sprayed with a black carbon coating to reduce thermal emissivity losses from the
sample surface at high measurement temperatures. A schematic of the experimental setup for
the laser flash method is shown in Fig. 2.9. The pellet is placed in the sample chamber and a
laser pulse is applied at one side of the sample. The resulting temperature rise at the opposite
face of the sample is recorded by an IR detector and the thermal diffusivity is determined by a
fitting procedure applied to the measured temperature profile. The temperature within the
sample chamber is then increased, in increments of 100°C (50°C increment at HT), and the
measurement procedure is repeated. The thermal conductivity can be calculated according to
the expression: k¥ = axCpkp, where a, C, and p are the thermal diffusivity, specific heat and
density respectively. The C;, values used in the calculation of the thermal conductivity represent
literature values for undoped ZnO [36]. Laser flash measurements were carried out parallel to

the pressing direction of the sintered ceramic pellet.
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Figure 2.9. Schematic of the experimental setup for the laser flash method in the TC-7000.
The furnace temperature is increased incrementally and, at each measurement temperature,
a laser pulse is applied to one side of the sample pellet and the resulting increase in
temperature at the other side of the pellet is measured using an IR detector. The thermal
diffusivity is determined via a fitting procedure applied to the temperature increase profile.
C, values can also be measured simultaneously using a thermocouple attached to the sample
surface; however, in this thesis, k values were determined using C, values from the

literature.
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Chapter 3. Inversion Domain Boundaries in Mn-Al Dual-

Doped ZnO: Atomic-Scale Observations

3.1 Introduction

The microstructural properties of IDBs have been characterized in ZnO systems
containing a number of dopants, including Sb [1,2], Fe [3,4], Ga [5], In [6-9], and Sn [10,11].
However, the study of additional systems is important for identifiying unique or previously
unidentified microstructural features. In this chapter, the results of phase and microstructure
analysis of ZnO co-doped with Al and varying concentrations of Mn by XRD, SEM and TEM
are discussed. It is found that IDBs develop at a high Mn concentration of 10 at. %. Further
characterization of the atomic-scale structure and chemical composition of the basal-plane IDB
by HAADF/ABF-STEM and STEM-EDS/EELS has been carried out and the findings are also
discussed and analyzed. Comparisons are made with the microstructural features previously
observed by atomic-scale analysis of b-IDBs in ZnO doped with other elements and the
formation mechanisms of the IDBs observed in the Mn-Al co-doped ZnO system are discussed

in detail.

3.2 Methods

Synthesis

Samples were prepared by weighing powders of ZnO (CIK NanoTek, 99.9 % purity,
34 nm), AlO3 (Taimei Chemicals, Taimicron TM-DAR, 99.99 % purity, 100 nm) and Mn3O4
(CIK NanoTek, 99.5 % purity, 56 nm) together and then mixing them in an ethanol solution
using the AR-250 Planetary Centrifugal Mixer (Thinky) at 2000 rpm for 3 hr. Samples having

the following stoichiometries were prepared: Znx-yMnxAlyO, x = 0.0, 0.01, 0.02, 0.05 and 0.1
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and y = 0.01. The mixtures were dried at 60°C-70°C until the ethanol solvent evaporated and
the resulting powders were crushed using alumina balls and sifted with a mesh of size 250 pum.
Dense ceramic compacts were obtained by pressing the powders into pellets at 20 MPa using
a uniaxial press and then sintering them in an alumina crucible at 1400°C for 12 hr in air.

Heating and cooling rates of 5°C/min and 10°C/min respectively were used.

Characterization

Phase analysis was carried out by XRD (Rigaku, SmartLab, Cu-K,, 20 = 10°-80°) and
microstructure observation was done using SEM (JEOL, JSM-6510 LA, 20 kV). SEM-EDS
elemental mapping was also carried out. Samples for TEM and STEM analysis were prepared
by cutting, grinding, polishing, dimpling and finally Ar" ion milling using the Precision Ion
Polishing System (PIPS, Gatan). TEM observation was done using the JEOL 2010-HC
operating at 200 kV. STEM analysis was done using the JEOL ARM-200F operating at 200 kV
with a probe-forming semiangle of 24 mrad. Two separate detectors were used for HAADF
and ABF-STEM imaging. The HAADF and ABF detector collection ranges were 90-370 mrad
and 12-24 mrad respectively. Elemental mapping by EDS was carried out using a silicon drift
detector (JEOL) and EELS data were acquired with the Enfinium spectrometer (Gatan). STEM-
EDS and EELS data were analyzed with the Digital Micrograph software (Gatan). ABF-STEM
images were smoothed using a spatial filter. EELS data were analyzed by first subtracting the
background, modeled by an exponential function, and then applying a low pass filter with a
window of 15 eV twice to reduce noise. To determine Mn-L>3 edge maxima, fitting was done

using Gaussian functions.

[52]



Chapter 3. Inversion Domain Boundaries in Mn-Al Dual-Doped ZnQ

3.3 Results and Discussion

3.3.1 Phase and Microstructure Analysis by XRD and SEM

The XRD patterns of ZnO doped with 1 at. % Al and 0, 1, 2, 5 and 10 at. % Mn are
shown in Fig. 3.1. Primary phase peaks are indexed according to the ZnO wurtzite phase. As
the concentration of Mn increases, a shift of the ZnO wurtzite phase peaks to lower 260 values
is observed. Fig. 3.1 (b) shows an enlarged view of the 103 ZnO peak. The shift to lower 20
values as the Mn concentration increases is evident. The bulk solubility limit of Mn in ZnO is
rather high, ~3-8 at. % at 1400°C [12,13], and increases with temperature. Thus, this shift can
be attributed to the substitution of Mn on the Zn sublattice of ZnO, which causes
lattice constant expansion due to the larger ionic radius of Mn?* in comparison to Zn?* [14].
Fig. 3.2 and Table 3.1 show the ZnO a and c lattice constant values vs. the Mn concentration.
A linear increase of the lattice constants with increasing Mn concentration is observed. A fit of
the data with a Vegard’s law calculation for the ZnO [15] and MnO [16] wurtzite end member
compounds is also shown. The experimental values show a minor deviation (0.0-0.12 %) from

the theoretical values, suggesting that Mn substitution for Zn has occurred.

Table 3.1. Lattice Constants of Zno.99-xMnxAlo.010 Samples

Zn0, a (A) ZnO, c (A) Spinel, a ()
Zn0.99Al0.010 3.248 5.204 8.095
Zn0.9sMno.01Alo.010 3.253 5.206 8.105
Zn0.97Mno.02Alo.010 3.253 5.206 8.118
Zn0.94Mno.05Al0.010 3.256 5.217 8.150
Zno.89Mno.10Alo.010 3.559 5.219 -
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(a)

(b)

Figure 3.1. (a) XRD patterns for Zno.99-xMnxAlo.010 samples. Peaks due to the ZnO wurtzite
phase are indexed. (b) (top) Enlarged view of the ZnO wurtzite 103 peak, showing the shift
to lower 20 values as the Mn concentration increases. (bottom) Enlarged view of the 20
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Figure 3.2. Graphs showing the dependence of the ZnO wurtzite a and c lattice parameters
on the concentration of the Mn dopant. An increase of both a and c is observed as the Mn
concentration increases, indicating the substitution of the larger Mn?* for Zn** on the Zn
sublattice. A general agreement of the experimental values with a Vegard’s law calculation
of the lattice parameters using a and ¢ values for the wurtzite ZnO [15] and MnO [16] end
members is observed. The nominally 10 at. % Mn-doped sample is plotted as 8 at. % Mn to
reflect the reported solubility limit of 8 at. % for Mn in ZnO at 1400°C in air [13].
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The 20 region of 28°-38° is shown enlarged in Fig. 3.3. In addition to the ZnO wurtzite
primary phase, low-intensity secondary phase peaks are also observed. The secondary phase
peaks observed at 31.2° and 36.8° in Zno.97Mno.02Alo.010 are in agreement with the (220) and
(311) peaks of the ZnAl>O4 spinel phase [17]. As the Mn concentration increases, the position
of these peaks shifts to lower 20 values. This can be attributed to Mn substitution in the
ZnAl>O4 phase, since Mn*" and Mn?* both have larger respective ionic radii than Al** and Zn**
at their respective sites in ZnAl,O4 [14]. At a Mn doping level of 10 at. %, a broad low-intensity
spinel phase peak appears in the 20 range of 29.2°-30.2°. The location of this peak is in

agreement with that of the Zn,Mn3.xO4 (220) peak, previously observed in Mn-doped ZnO [18].

mmm 2 at. % Mn
== 5 at. % Mn
10 at. % Mn

Intensity [arb. units]

26 []
Figure 3.3. Enlarged view of the region 20 = 28°-38° showing the XRD patterns of
Zn0.97Mno.02Al0.010, Zno.94Mno.osAlo.01O and ZnogoMno.10Alo.01O. Peaks are indexed as
follows: wurtzite ZnO Cu-K, (ZnO), wurtzite ZnO Cu-Kp (*), Mn-substituted ZnAl,O4
spinel (SP1) and ZnxMn3.x.yAlyO4 spinel (SP2). A clear broadening of the 002 ZnO peak in
the XRD pattern of Zno.soMno.10Alo.010 is observed, indicating defect formation.

In addition, as shown in Fig. 3.3, the XRD profile for ZnogaMno.1Alo.01O exhibits a
significant broadening of the ZnO 002 peak in comparison to the samples containing lower
concentrations of Mn. Broadening of XRD peaks is indicative of defect formation [19] and has
been previously observed in the In203(Zn0O), homologous phase compounds when the In:Zn

ratio is low [7]. The broadening itself is due to the distribution of spacings between neighboring

[56]



Chapter 3. Inversion Domain Boundaries in Mn-Al Dual-Doped ZnQ

b-IDBs along the c-axis in RMO3(Zn0), homologous phase compounds with large values of n
[20].

SEM micrographs of Mn-Al co-doped ZnO samples are shown in Fig. 3.4. The
densities, grain sizes and precipitate sizes for each these samples are also listed in Table 3.2.
Zn0.99Alp.010 exhibits a grain size of 11.1 pm and a high theoretical density (99.8 %), in
agreement with previous reports [21]. As the Mn concentration increases, the grain
size increases and the density decreases. The increase in grain size can be attributed to increased
grain boundary diffusion in ZnO due to Mn doping [22]. However, in ZnggsMno.1Alo.01O a
reduction in grain size occurs. Precipitates are observed in all Zno.99.xMnyAlo.010 samples, with

precipitate size increasing as the Mn concentration increases. The results of SEM-EDS

. )

Figure 3.4. SEM images of the microstructure of (a) Zno.99Alo.010 (b) Zng.97Mno.02Alo.010
(€) Zno.94Mno05Al0.010 and (d) Zno.goMno.10Alo.010. Samples surfaces were polished and

thermally etched at 1300-1350°C in air. Nanometric precipitates are observed within grains
and at grain boundaries in all samples. The microstructure of ZnogoMno.10Alo.01O also

exhibits lamellar or intergrowth-like structures at grain surfaces.
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elemental mapping are shown in Fig. 3.5 and Fig. 3.6. Increased concentrations of Mn and Al
are detected at the positions of precipitates in Zno.94Mno.05Alo.010, while some precipitates rich
in Mn are observed in ZnogoMng.1Alp.010, in agreement with the Mn-substituted ZnAl>O4 and
ZnxMn3.xO4 phases respectively, as detected by XRD. ZnogoMno.1Alo.01O also shows an
increased Mn concentration at grain boundaries, indicating that Mn-rich spinel precipitates may
preferentially form at grain boundaries. In addition, the Zno.goMno.1Alo.010 sample exhibits a
texture on the surface of each grain which is not observed in the samples doped with lower

concentrations of Mn.

Table 3.2. Density, Average Grain Size and Average Precipitate Size

Sample Density Relative Avg. Grain Avg. Precipitate
Stoichiometry (g/cm’) | Density (%)@ Size (um) Size (um)
Zn0.99Al0.010 5.66 99.8 11.1 0.48
Zno.98Mno.01Alo.010 5.46 96.3 - -
Zn0.97Mno.02Al0.010 5.24 92.4 22.8 0.95
Zn0.94Mno.05Alo.010 5.33 94.0 22.8 1.7
Zno.89Mno.10Alo.010 5.28 93.1 12.0 2.0

® Theoretical Density of ZnO: 5.67 g/cm?
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Al K Mn K

OK Zn K
Figure 3.5. SEM-EDS elemental mapping of Zno.94aMno.05Alo.010. Precipitates rich in Mn,

Al and O are observed, in agreement with the Mn-substituted ZnAl,O4 phase detected by
XRD.
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OK Zn K
Figure 3.6. SEM-EDS elemental mapping of Zno.goMno.10Alo.010. In addition to Mn-rich

precipitates, the segregation of Mn and corresponding depletion of Zn is observed at the

grain boundaries.
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3.3.2 Microstructure Observation by TEM

In order to determine the source of the 002 peak broadening in the XRD pattern of
Znp.89Mno.1Alp.010 and the texture observed at the grain surfaces by SEM in Zng.goMno.1Alp.010,
microstructure observation was carried out using TEM. For comparison, TEM microstructure
observations of the Zno.99Alo.010 and Zno.oaMno.0sAlo.010 samples were also carried out. Bright-
field (BF) TEM images of the microstructures of Zno.99Alp.01O and Zno.94sMno.0sAlo.010 are
shown in Fig. 3.7. Spinel precipitates were observed in both samples, at grain boundaries and
also within grains. In Zno.94Mno.05Alo.010, some precipitates exhibited no particular orientation
relationship (OR) with respect to the ZnO grains; however, precipitates with ORs were also
observed. Two distinct orientation relationships, OR1: [1010]z00//[011]sp, (0002)zn0//(111)sp
(Fig. 3.7) and OR2: [1210]z0//[112]sp, (0002)z:0//(220)sp (Fig. A1), were identified by
obtaining EDPs near the common zone-axes of the spinel precipitates and the ZnO grains.

As shown in Fig. 3.7, at 5 at. % Mn doping, spinel precipitates with a uniform contrast
are observed. In contrast to the 5 at. % Mn-doped sample, the 10 at. % Mn-doped sample
contained spinel precipitates with bands indicative of twinning, as shown in Fig. 3.8. Twinning
may occur in the spinel phases at high Mn concentrations due to an increasing content of Jahn-
Teller active Mn®" octahedra, which induce a tetragonal distortion of the ZnyMn3.xO4 unit cell
[23]. A large tetragonal distortion can stabilize the formation of twinned domains [24]. Based
on the indexing of the EDP, shown in Fig. 3.8 (d), which corresponds to the spinel precipitate
in Fig. 3.8 (a)-(c), the twins are determined to form approximately at {221} cubic planes. The
formation of ferroelastic domains, resembling those shown in Fig. 3.8, has been previously
observed in other manganite spinels [24] as well as in ZrO; ceramics [25-30]. In both cases,
the twinned domains are considered to form in order to accommodate the lattice strain
associated with a phase transition [24-30]. In the case of manganite spinels, the phase transition

can be characterized as a cubic—tetragonal transformation that occurs as the concentration of
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(b)

Figure 3.7. (a) BF-TEM image of Zno.99Alo.010. Nanometric spinel precipitates (SP) are
observed. (b) BF-TEM image of Zno.0aMno.0sAlo.010. Spinel precipitates without a specific
orientation relationship (OR) with the surrounding ZnO grain (ZnO) are observed. (c) BF-
TEM image of Zno.9aMno.0sAlo.010. A spinel precipitate possessing an OR with the ZnO
grain is observed. (d) EDP corresponding to the dashed circle in (c). A specific orientation
relationship (OR1) is observed between the ZnO grain and the spinel precipitate. The spinel
[111] direction and ZnO [0002] direction are approximately parallel, with a
misorientation angle of ~1.2° along the [0002] direction. The zone-axes, ZnO: [1010] and
SP: [011], are also aligned, resulting in the following crystallographic orientation
relationship (OR1): [1010],,0/[011]gp, (0002),,0//(111)gp.

Jahn-Teller distorted Mn>" octahedra increases [23,24], while two phase transformations can
occur in ZrO» ceramics, namely the high temperature cubic—tetragonal and low temperature
tetragonal>monoclinic transitions [28]. In the case of ZrO; ceramics, it is the combination of

the formation of ferroelastic tetragonal twin domains [29], which can undergo domain
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(b)

Figure 3.8. (a) BF-TEM image of a spinel precipitate (SP) in ZnggoMno.10Alp.010. A
twinned microstructure not observed in the spinel precipitates that form in Zng.go-
xMnxAlo.01O samples with x < 0.05 is observed. (b) High-magnification BF-TEM image
of the region near the interface between the spinel precipitate and the ZnO grain. A region
that appears to be representative of the early stages of nucleation of the twinned
microstructure is observed at the interface. (¢) High-magnification BF-TEM image of the
well-developed twinned bands in the precipitate. Twin domains resembling those observed
in ferroelastic materials [24-28] are observed. (d) [221] zone-axis image of the EDP
corresponding to the spinel precipitate shown in (a)-(c), indexed according to the fcc spinel
crystal structure. The twin boundaries within the precipitates appear to form approximately
parallel to the cubic {221} planes. The rectangular outlined area within the EDP, shown as
an enlarged inset at the bottom right corner in (d), clearly shows the splitting of the Bragg

reflections, indicative of crystallographic twinning.
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switching to accommodate an applied stress, during quenching from the cubic phase as well as
the formation of twinned monoclinic domains within a tetragonal ZrO» matrix [30], which can
occur under an applied stress, both of which are considered to contribute to transformation
toughening, which leads to ultrahigh toughness values in ZrO»-based materials [25-30].

In ZnpgoMno.1Alo.010, the volume content of the spinel phases is low. In contrast to
Zn0.99-xMnxAlo 01O samples with x < 0.05, intergrowth-like features are present throughout
most grains. Thus, they will likely have a significant influence on the bulk properties of
Zno.8oMno.1Alo.010. To determine the nature of the intergrowth-like defects, dark-field (DF)
TEM images were acquired. Fig. 3.9 (a) and (b) show DF-TEM images of Zno.soMno.1Alo.01O
obtained at the [1210] zone-axis using the g= 0002 and g= 0002 reflections respectively.
When the imaging reflection is changed from g = 0002 to g = 0002, the contrast inverts
across two sets of planes, one parallel to and one diagonal to the ZnO basal plane. A similar
type of microstructure composed of domains which form a network of zigzag-like features has
been reported for studies on In-doped ZnO and Fe-doped ZnO [3,8]. Because the contrast
inverts when the DF imaging reflection is changed from g = 0002 to g = 0002, it can be
concluded that the defects observed are inversion domain boundaries. The inversion occurs due
to the difference in the scattering factors of the g = 0002 and g = 0002 reflections in thin
crystals, which is a result of the violation of Friedel’s law that may be observed in non-
centrosymmetric crystals [1,31]. DF-TEM imaging can be used to identify planar defects as
IDBs. However, the determination of the polarity of the c-axis at the IDB interfaces, which
may assume either a H-H or T-T configuration, cannot be determined by DF-TEM imaging
alone. Electron microdiffraction has been used in previous studies to determine the c-axis
configuration at IDB interfaces [1]. As will be discussed in Section 3.3.3, we have used the
ABF-STEM method to determine the c-axis polarity at the b-IDB interfaces in

Zno.80Mno.1Alp.010.
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Figure 3.9. DF-TEM images of the IDs in Zng.goMno.10Alo.010, acquired using the (a) g =
0002 and (b) g = 0002 DF imaging reflections. When the DF imaging reflection is
changed from g = 0002 to g = 0002, the ID contrast inverts across planes parallel to and
diagonal to the basal plane, corresponding to the basal-plane IDBs and pyramidal-plane
IDBs respectively. The DF imaging reflections used correspond to the 0002 and 0002
reflections in the EDP in (a) (inset). The streaks observed between peaks along the c-axis
in the EDP are due to the stacking faults that form at the b-IDBs. A schematic of the ID

network microstructure is shown in (b) (inset).
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The formation of IDBs in Zno.soMno.1A lo.010 is due to the high concentration of Mn,
which exceeds the solubility limit of ~3-8 at. % that has been reported for Mn in ZnO at 1400°C
in air [12,13]. 2D nanoscale planar defects such as IDBs may form as precursors to secondary
phase formation when the dopant solubility limit is exceeded [32]. Significant IDB formation
results in the formation of polytypes or homologous phase compound members. Below the
solubility limit of Mn in ZnO (i.e. at < 3-8 at. % Mn), Mn can substitute for Zn and act as a
point defect. Above the solubility limit (e.g. at 10 at. % Mn), the formation of IDBs becomes
favorable in order to reduce strain within the ZnO lattice by incorporating excess dopant atoms
at specific crystallographic sites, while also maintaining electroneutrality [33]. According to
Pauling’s rule of electrostatic neutrality, the cation dopants occupying the octahedral b-IDB
sites should have an average valence of 3+ [1,34]. AI** and Mn®" are both stable at the sintering
temperature of 1400°C [17,23]. Thus, the stabilization of the formation of b-IDBs due to
occupation by these dopants, when their solubility limits are exceeded, is understandable based
on electroneutrality requirements. Additionally, high sintering temperatures and long sintering
times are favorable for achieving structural equilibrium leading to IDB or homologous phase
formation, due to the increased kinetic driving force for dopant diffusion [7,8]. Thus, the
sintering conditions (1400°C, 12 hr) may also assist in stabilizing the formation of the ID
networks observed in Zno.goMng.1Alp.010. As in the case of the InoO3(Zn0O), homologous phase
compounds, increasing the sintering time, sintering temperature or Mn concentration could
result in an improvement of the microstructural homogeneity by facilitating the diffusion of the

IDB-forming element in order to achieve structural equilibrium [7,8].
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3.3.3 Atomic-Scale Analysis of b-IDBs by HAADF and ABF-STEM

To characterize the atomic structure of IDBs in Zng.soMno.1Alo.010, observations using
atomic-resolution STEM were carried out. The b-IDB was chosen for STEM analysis because
it is the most clearly defined defect within the ID networks. Fig. 3.10 (a) and (b) respectively
show HAADF and ABF images of the ID network microstructure in Zno.soMno.1Alo.010.
Decreased contrast is observed at b-IDB interfaces and there is a variation in the spacing
between the b-IDBs along the c-axis. An atomic-resolution image of the b-IDB viewed at the
[1210] zone-axis is shown in Fig. 3.11 (a). HAADF intensity is related to the average atomic
number, Z, of the atomic column imaged according to the following equation: 1 o« Z™ (1.6
< n < 1.9) [2]. Thus, the bright contrasts within the domain interior in Fig. 3.11 (a)

correspond to cation columns primarily composed of Zn (Z = 30). Oxygen columns are not

imaged due to their lower average atomic number (Z = 8). A dispersion of reduced contrast is

(b)

Figure 3.10. (a) HAADF and (b) ABF-STEM images of the IDs, viewed at the [1210]
zone-axis. The b-IDBs are viewed edge-on, while the p-IDBs are inclined with respect to
the zone-axis. Both b-IDB and p-IDB interfaces exhibit reduced intensity relative to the
bulk-like domain interior regions in the images. The reduced intensity may be due to the
localization of the low atomic number dopants (Mn and Al), in the case of the HAADF
image, and/or local strain or lattice distortion, which can cause a reduction in the image
intensity at defect structures such as interfaces in HAADF and ABF-STEM images [35].
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Figure 3.11. (a) Atomic-resolution HAADF-STEM image of a b-IDB viewed at the [1210]
zone-axis. (b) Average intensity line profile along the c-axis. As shown in (b), the HAADF
intensity of the cation columns is significantly reduced at the b-IDB and in the two cation
layers directly neighboring the b-IDB. The c-axis cation stacking sequence at the b-IDB
(apaflylapap) is shown in (a).
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observed at the b-IDB cation plane. Fig. 3.11 (b) shows an average intensity line profile across
the b-IDB in Fig. 3.11 (a). There is a sharp reduction in the HAADF intensity exactly at the b-
IDB cation plane. The reduction in intensity could be due to occupation of the b-1DB cation
layer by Mn (Z =25)or Al (Z=13).

The intensity of the cation columns directly neighboring the b-IDB is reduced to a
level between that of the b-IDB plane and the bulk-like domain interior. This could be caused
by strain, which occurs at the b-IDB due to an expansion of the {0002} cation interplanar
spacing by 8.5 % relative to the domain interior. Strain or lattice distortion at defect structures
such as interfaces can result in a reduction of the HAADF intensity [35]. Similar effects have
been observed at b-IDBs in Fe-doped ZnO, with the reduction in HAADF intensity attributed
to a local increase in the strain around the b-IDB, resulting in a reduction in electron channeling
[4]. Other potential sources for the dispersion of reduced contrast around the b-IDB interface
include factors related to the imaging conditions (e.g. misorientation tilt, defocus etc. [36]),
sample thickness variation [36] or the increased substitution of Mn?" or AI** for Zn**, relative
to the domain interior, at the tetrahedral sites directly neighboring the b-IDB, possibly
accommodated by the strain at the interface. The c-axis cation stacking sequence across the b-
IDB is determined to be afaf|y|apaf. This is different from the c-axis cation stacking sequence
of afapl|olyaya, previously reported for Fe [4], Sn [10] and In [37] doped ZnO, and the
sequence of apaf|alyByB, reported for Sb-doped ZnO [1].

ABF-STEM imaging of the b-IDB was also carried out. In contrast to HAADF-STEM,
ABF-STEM has the advantage of imaging elements with both high and low atomic numbers,
since the intensity observed in ABF-STEM images approximately scales with Z according to
the following expression: 1 o Z/3 [38]. Thus, the imaging of elements such as Li and O can
be achieved by ABF-STEM [38]. An ABF-STEM image of the b-IDB is shown in Fig. 3.12.
Smaller dark contrasts correspond to the positions of oxygen anion columns, while larger dark

contrasts correspond to the positions of cation columns. By observing the stacking sequence
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Figure 3.12. Atomic-resolution ABF-STEM image of a b-IDB viewed at the [1210] zone-
axis. Cation and anion columns are both imaged, as large darker and small less dark
contrasts respectively. Based on the cation-anion stacking sequence along the c-axis, the H-
H c-axis configuration at the b-IDB is confirmed. The cation-anion coordination also
changes from tetrahedral within the ZnO bulk-like domain interior to octahedral at the b-
IDB. A section of a b-IDB slab model, which includes a Mn-doped monolayer of edge-
sharing octahedra as the b-IDB interface, that was refined by first principles calculations
(discussed in Chapter 5) is shown superimposed. Mn, Zn and O atoms are colored purple,
grey and red respectively. A general agreement between the ABF-STEM image and the
model is observed.

along the c-axis of both anion and cation {0002} planes at either side of the b-IDB, it can be
determined that a H-H configuration of the c-axis forms at the b-IDB. In addition, in contrast
to the tetrahedral oxygen coordination of the cations in the domain interior, the cations within
the b-IDB plane exhibit an octahedral oxygen coordination. By careful observation of the

cation and anion positions, it can be determined that the Zn tetrahedra directly neighboring the
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b-IDB share corners with the b-IDB octahedra. Sharing of corners between b-IDB octahedra
and the Zn tetrahedra occurs in order to reduce the Coulombic repulsion associated with
unfavorable face-sharing of b-IDB octahedra with neighboring Zn tetrahedra [1,3,34]. A model
of the Mn-doped b-IDB, obtained by DFT calculations (discussed in detail in Chapter 5), is
shown superimposed in Fig. 3.12. The ABF-STEM image and the model, which assumes a full
occupancy of the b-IDB cation plane by Mn, are in general agreement. The assumption of a b-
IDB cation plane occupied primarily by Mn is supported by the results of STEM-EDS and

EELS, discussed in the following section.

3.3.4 Elemental Analysis of b-IDBs by EDS and EELS

To determine whether or not the localization of Mn or Al at the b-IDB interface occurs,
elemental analysis was carried out using STEM-EDS and EELS. STEM-EDS net counts maps
acquired at a b-IDB are shown in Fig. 3.13. There is a significant increase in the Mn K signal
intensity at the b-IDB, indicating that Mn localizes at the b-IDB. A weaker increase of the Al
K signal intensity is also observed at the b-IDB. Thus, Al also localizes at the b-IDB, at a lower
concentration. This is expected, given that the concentration of Mn (10 at. %) significantly
exceeds that of Al (1 at. %), and also due to the fact that the respective solubility limits of Mn
and Al are approximately 3-8 at. % [12,13] and 0.3 at. % [39] at 1400°C in air. The occupation
of the b-IDB by Mn and Al is further confirmed based on the STEM-EDS net counts map
corresponding to the Zn K signal, which is significantly reduced at the b-IDB. Co-occupation
of the b-IDB cation plane by Mn** and AI’** is understandable considering the fact that an
average cation valence of 3+ is necessary in order to maintain electroneutrality at the b-IDB
octahedral site [1,34]. Mn*>* and AI** also prefer to occupy the octahedral site in the ZnMn>O4

[23] and ZnAl,O4 [17] compounds.
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Figure 3.13. STEM-EDS net counts elemental maps acquired at a b-IDB. At the b-IDB, a
significant increase of the Mn K signal and a minor increase of the Al K signal is observed,
indicating the localization of Mn and Al at the b-IDB. The Zn K signal is also reduced at
the b-IDB, indicating the depletion of Zn.

To analyze dopant localization at the b-IDB at a higher resolution, an EELS line scan
was also acquired across the b-IDB interface. Fig. 3.14 (b) shows the EELS data corresponding
to the line scan shown in the ADF-STEM image in Fig. 3.14 (a). The Mn-L»3 signal is low
within the domain interior and increases in intensity at the b-1DB cation plane, indicating that

significant Mn localization occurs at the b-IDB. Several measurements of the energy-loss
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difference between the Mn L> and L3 edge maxima, AE(L»-L3), at the b-IDB were also made
and the average value was determined to be 11.13 eV, in agreement with the value for a mixed
Mn valence of 3+/2+ (AE(L>—L3) = 11.2 + 0.1 eV [40]). A mixed valence of 3+/2+ may be
observed due to the combined contributions to the EELS signal from both the domain interior

and the b-IDB cation plane, where the stable Mn valence should be 2+ [40] and 3+ [34]

respectively.
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Figure 3.14. (a) ADF-STEM image of a b-IDB showing the line scan corresponding to the
EEL spectra in (b). In (b), the Mn-L; 3 edges exhibit a significant increase in intensity at the
b-IDB interface, indicating Mn localization. The Mn-L3 peak also exhibits a shift to higher
energy-loss values at the b-IDB relative to the domain interior, suggesting a local increase

of the Mn valence state [40].

3.3.5 IDB Formation Mechanism in Zno.ssMng.1Alo.010

IDB formation occurs when the concentration of Mn reaches 10 at. % in ZnO. At lower
Mn concentrations (< 5 at. %), IDB formation is not observed at the same sintering conditions
(1400°C, 12 hr). Thus, a high Mn concentration appears to be the crucial factor determining
whether ID network formation occurs in Mn-Al co-doped ZnO. Previous studies have found

that larger dopants prefer to occupy the b-IDB, while smaller dopants prefer to occupy the p-
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IDB [9,33]. This occurs in order to reduce strain within the ZnO lattice by allowing larger
dopants (e.g. In) to occupy the larger octahedral b-IDB site. Smaller dopants (e.g. Fe) have
been found to preferentially occupy the p-IDB when ZnO is doped with multiple dopants (e.g.
in In-Fe co-doped ZnO [9]). Thus, in Mn-Al co-doped ZnO, Mn and Al may prefer to occupy
the b-IDBs and p-IDBs respectively, due to the difference in the size of their ionic radii
(octahedral ionic radius: Mn**: 65 pm (HS), AI**: 54 pm; five-fold ionic radius: Mn>": 58 pm,
AI**: 48 pm [14]). Al doping alone has never been found to stabilize ID network formation in

ZnO [21,39], possibly as a result of the small ionic radius of AI**

, which prevents the formation
of a stable monolayer of edge-sharing cation octahedra (i.e. a b-IDB) due to significant
electrostatic repulsion between neighboring octahedra. It is likely that Mn doping alone can
stabilize ID network formation in ZnO, since Fe*" can stably occupy both p-IDBs and b-IDBs
[3] and the ionic radius of Fe** and Mn®" is nearly the same (octahedral site, HS: 65 pm, five-
fold site: 58 pm [14]).

IDB nucleation may occur when dopants are adsorbed at the surface of ZnO grains,
with surface octahedral sites near zinc vacancy (Vzn) clusters potentially acting as preferential
sites for b-IDB nucleation [9,34]. The presence of amorphous and semicrystalline spinel phases
at the surfaces of ZnO grains in Sb-doped ZnO has been directly confirmed by TEM [41].
Similar highly-defected ZnxMn3.xO4 spinel phases could form at grain surfaces in Mn-doped
ZnO [12]. At the sintering temperature of 1400°C, Mn** and AI** are stable at the octahedral
site in ZnMn2O4 [23] and ZnALO4 [17] respectively. Thus, defected spinel surface phases could
provide a source of Mn**, which can diffuse into the interior of ZnO grains. Al** may also be
present in these phases and could, therefore, diffuse together with Mn>*,

The formation of IDBs likely occurs by the internal diffusion of Mn*" and AI**, since
IDB development has been found to occur by an internal diffusion mechanism in ZnO doped

with elements having a valence of 3+ (e.g. In*" and Fe** [34]). When IDB formation is

controlled by internal diffusion, b-IDBs can both nucleate at grain surfaces and propagate into
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the grain interior and can also form within grains and propagate to the grain surfaces [3,34]. b-

IDBs likely propagate by the diffusion of Mn**, and possibly AI**

, with dopant diffusion
primarily occurring by a Vzs-mediated mechanism for dopants with a 3+ valence in ZnO
[9,34,42,43]. Zinc vacancies have a low formation energy in n-type ZnO [44]. Thus, at the high
sintering temperature of 1400°C, a significant Vz, concentration should be present in ZnO,
facilitating a high rate of dopant diffusion [42-44]. When b-IDBs form, the Zn sublattice either
above or below the b-IDB cation plane gradually shifts away from the b-IDB, to occupy Zn
tetrahedral sites that share corners with the b-IDB octahedra [3,34]. This prevents energetically
unfavorable face-sharing between the b-IDB octahedra and the neighboring Zn tetrahedra. p-
IDBs form and propagate together with b-IDBs in order to facilitate the inversion of the c-axis
between neighboring b-IDBs [9]. As observed in ZngsoMno.1Alp.010, the internal diffusion
mechanism ultimately results in the formation of ID networks with multiple H-H b-IDBs and
T-T p-IDBs in each ZnO grain [34].

The observed range of angles that form between b-IDBs and p-IDBs is 8.8°-2.3°,
corresponding to {1121} p-IDB planes with a range of / values of 8-21 (average: 13). These /
values are considerably larger than those previously reported for In-doped ZnO (/ ~2-3 [9]) and
Fe-doped ZnO (/ ~5 [3]). Larger p-IDB angles and smaller / values are observed when the p-
IDB is occupied by large dopants (e.g. In) which induce significant strain within the ZnO lattice,
resulting in high-angle p-IDBs that accommodate fewer dopants per basal plane segment [9].
The smaller ionic radii of Mn and Al relative to other known IDB-forming dopants (e.g. In and
Fe) likely contribute to the formation of smaller-angle p-IDBs that can accommodate
significantly more dopants per basal-plane segment [9]. The substitution of Al at the p-IDB in
the InMO3(Zn0O), homologous phase compounds has been determined by DFT calculations to
result in similar energetic stability for both flat p-IDBs, which can be described as basal-plane
monolayers of five-fold coordinated cations (i.e. T-T b-IDBs), and zigzag-shaped p-IDBs [33],

which are observed in ZnogoMno.1Alo.010. Thus, Al doping should be particularly effective for
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stabilizing p-IDBs with small angles. It should be noted, however, that in RMO3(ZnO),
compounds with high concentrations of ZnO, i.e. large values of n, as in the case of
Zno.89Mno.1Alp.010, the formation of zigzag-shaped p-IDBs should be more favorable than flat
p-IDBs, due to the need to distribute the cation dopants efficiently within the (MZn,)O,+ layers

between neighboring b-IDBs, in order to reduce the built-in strain within these layers [33].

3.4 Conclusion

Inversion domain boundaries have been observed in ZnO doped with 10 at. % Mn and
1 at. % Al (Zno.89Mno.1Alo.010). At lower Mn concentrations (< 5 at. %), inversion domain
boundary formation does not occur, suggesting that at a high Mn concentration, exceeding the
solubility limit, inversion domain boundary formation becomes energetically favorable. Two
types of inversion domain boundaries, basal-plane and pyramidal-plane inversion domain
boundaries, have been observed. The atomic structure of the basal-plane inversion domain
boundaries has been investigated by scanning transmission electron microscopy. A c-axis
cation stacking sequence of afaf|ylapap and a head-to-head configuration of the c-axis have
been observed at the basal-plane inversion domain boundary interface. Elemental analysis of
the basal-plane inversion domain boundary by energy-dispersive X-ray spectroscopy and
electron energy-loss spectroscopy revealed significant Mn localization, as well as minor Al
localization, at the basal-plane inversion domain boundary interface. Electron energy-loss
spectroscopic analysis indicated a valence state of 3+ for the Mn occupying the octahedral site
of the basal-plane inversion domain boundary, as expected based on Pauling’s rule of
electroneutrality.

The formation of a network of inversion domains in Zng.gsMng.1Alo.010 suggests that
the development of the inversion domain boundaries occurs by an internal diffusion mechanism,

characteristic of dopants with a 3+ valence. It is likely that Mn>" alone can stabilize the
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formation of both b-IDBs and p-IDBs, as the ionic radii of both Mn>" and Fe**, a dopant known
to induce the formation of Fe2O3(Zn0O), homologous phases [3], are nearly identical [14]. The
AIP" dopant should, on the other hand, primarily contribute to the stabilization of the p-IDB,
which is considered to be the more favorable IDB site for Al to occupy [33]; although, based
on the results of STEM-EDS analysis, A1** appears to also be able to co-occupy the b-IDB with
Mn*" to some extent. The observation of IDBs in the Mn-Al co-doped ZnO system
demonstrates that new co-doping strategies are effective for synthesizing yet unidentified
RMO3(Zn0O), compounds with microstructural features not previously observed in other
systems (e.g. Iny03(Zn0O),, InFeO3(ZnO), and Fe>03(Zn0),). The study of additional
RMO3(Zn0O), systems containing two or more dopants should enable the systematic
modification of microstructural properties such as the b-IDB spacing along the c-axis, the p-
IDB angle and the fractional occupancy of the b-IDB and p-IDB sites by multiple dopants. This
may assist in the optimization of functional properties such as the electrical conductivity,
optical transmission and thermal conductivity at the bulk level in a diverse range of

RMO3(Zn0O), homologous phase systems.
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Chapter 4. Inversion Domain Network Stabilization and

Spinel Phase Suppression in Sn-Al Dual-Doped ZnO

4.1 Introduction

In some ZnO-based material systems, incomplete ID network formation is observed.
This occurs when ZnO is doped with higher-valence elements such as Sn** [1,2] or Sb* [3-5],
which induce IDB formation primarily by the surface diffusion mechanism [6]. These dopants
can stabilize the formation of b-IDBs but not p-IDBs, with the formation of a microstructure
consisting of only a single b-IDB in each grain and spinel precipitates dispersed within grains
and at grain boundaries observed in the Sn [1,2] or Sb-doped ZnO [3-5] systems. p-IDB
formation is necessary for the inversion of the c-axis between neighboring b-IDBs and,
consequently, for the stabilization of ID network formation. Thus, in order to facilitate the
formation of ID networks in these systems, the addition of a dopant which can stably occupy
the p-IDB site is necessary.

In this chapter, the results of phase and microstructural analysis of Sn-Al co-doped
ZnO by XRD, SEM and TEM are described. By co-doping ZnO with Sn and Al, the
stabilization of ID network formation has been acheived. In addition to ID network formation,
Sn-Al co-doping of ZnO also results in the suppression of the ZnSnO4 and ZnAl>O4 spinel
phases, which form when ZnO is doped with either Sn or Al only. Thus, a monophasic material
is obtained, with the formation of the spinel secondary phases suppressed. Atomic-resolution
HAADF and ABF-STEM observations of both b-IDBs and p-IDBs have been carried out and
the results are analyzed in detail. Elemental analysis was also carried out using STEM-EDS
and EELS to analyze dopant localization at the b-IDBs and p-IDBs and the findings are

described. It is found that Sn and Al primarily localize at the distinct sites of the b-IDBs and p-
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IDBs respectively. Based on experimental observations, the formation mechanism of the ID
networks as well as the factors contributing to the stabilization of ID network development and
spinel phase suppression in Sn-Al co-doped ZnO are discussed in terms of the distinct
characteristics of the Sn and Al dopants. Finally, the factors that determine the potential for
different types of dopants to occupy specific IDB sites and induce IDB formation are described
generally, with an eye toward future studies focusing on the stabilization of yet unidentified
types of RMO3(Zn0O), compounds with b-IDB and p-IDB sites intentionally doped with

specific types of dopants in unique configurations.

4.2 Methods

Synthesis

Mixtures with stoichiometries of Zno.99Alo.010, Zno.99Sne.010 and Zno.9sSno.01Alo.010
were prepared by weighing ZnO (CIK NanoTek, 99.9 % purity, 34 nm), SnO» (CIK NanoTek,
99.9 % purity, 21 nm) and Al,O3 (Taimei Chemicals, Tamicron TM-DAR, 99.99 % purity, 100
nm) powders together and mixing them in ethanol. Mixing of ZnogoAlo.o1O and
7Zn0.98Sn0.01Alo.010 was done using the AR-250 Planetary Centrifugal Mixer (Thinky) at 2000
rpm for 3 hr. Zno.990Sno.010 was prepared by milling in ethanol inside a PE bottle for 24 hr using
YSZ balls. The mixtures were dried in air at 60°C-70°C (Zno.99Sno.010: 180°C) to evaporate
the ethanol solvent, crushed using alumina balls (Zno.99Sne.010: YSZ balls) and sifted with a
mesh of size 250 pum. Dense ceramic compacts were obtained by pelletizing powders using a
uniaxial press at 20 MPa (Zno.99Sno.01O: 10 MPa) and sintering the pellets in an alumina
crucible in air at 1400°C for 12 hr with heating and cooling rates of 5°C/min and 10°C/min

respectively.
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Characterization

The methods used for sample characterization include XRD, SEM, TEM and STEM-
EDS/EELS, and are essentially the same as described in Chapter 3. Image analysis methods
are also the same as described in Chapeter 3. EEL spectra corresponding to the b-IDB interface
and domain region represent the average of several spectra, collected at the b-IDB and within
the domain interior respectively. For the analysis of EELS data, a low pass filter of 5 eV was

applied once to reduce noise in the raw EEL spectra.

4.3 Results and Discussion

4.3.1 Phase and Microstructural Analysis by XRD, SEM, and TEM
The XRD patterns of Zng.9sSno.01Alo.010, Zno.99Sne.010 and Zng.99Alp.010 are shown in

Fig. 4.1. Primary phase peaks which can be indexed according to the ZnO wurtzite phase are
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Figure 4.1. XRD patterns for Zno.9sSno.01Alo.010, Zno.99Alo.010 and Zno.99Sne.010. Peaks are

labelled as follows: ZnO Cu-K, (indices only), ZnO Cu-Kp (O0), ZnAlbO4 (SP1), Zn2SnO4

(SP2) and additional peak in Zno.98Sno.01Alo.010 (*).
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observed in all samples. The XRD pattern of Zng.ogSno.01Alo.01O contains an additional low-
intensity peak at 34.94° and exhibits broadening of the 002, 102, 103 and 112 peaks. As
described in Chapter 3, peak broadening may be observed as a consequence of defect formation
[7] and additional low-intensity peaks and peak broadening have been reported for large n
values in the In203(Zn0O), homologous phases [8]. Thus, the formation of homologous or
intergrowth phase compounds may occur in ZnoosSnoo1AlooiO. The XRD patterns of
7Z10.99Al0.010 and Zng.99Sno 010 also contain low-intensity secondary phase peaks that can be
indexed according to the ZnAl,O4 [9] and Zn2SnO4 [10] spinel phases respectively. In contrast,
no spinel secondary phase peaks are detected in Zno.9sSno.01Alo.010.

SEM micrographs of the microstructures of Zno.9sSno.o1Alo.010, Zno.99Snoe.01O and
7Zn9.99Al0.010 are shown in Fig. 4.2 (a), (b) and (c) respectively. The measured densities, average
grain sizes and average precipitates sizes for each sample are listed in Table 4.1. Nanometric
precipitates are observed both within grains and at grain boundaries in Zng.99Sno.01O and
Zn0.99Al0.010. SEM-EDS compositional mapping showed an increased concentration of Sn and
Al in the precipitates in Zno.99Sno.01O and Znp.99Alp.010 respectively, in agreement with the
ZnySn0O4 and ZnAl,Os phases detected by XRD. Precipitates were not observed in

Zn0.98Sn0.01Alp.010.

Table 4.1. Density, Average Grain Size and Average Precipitate Size

Sample Density Relative Average Grain Average Precipitate

Stoichiometry | (g/cm?®) | Density (%)@ | Size, Range (um) Size, Range (um)

Zno.99Al0.010 5.66 99.8 11.1,1.67-31.8 0.48,0.094-1.81
Zn0.99Sn0.010 5.44 96.0 4.55,0.78-12.6 0.65,0.130-1.83
Zno.98Sno.01Alo.01O | 5.48 96.6 2.95,0.67-8.53 No Precipitates

® Theoretical Density of ZnO: 5.67 g/cm?
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Figure 4.2. SEM images of the microstructures of (a) Zno.ogSno.01Alo.010 (b) Zno.99Sno.010
and (¢) Zno99Aloo1O. Nanometric precipitates are observed in Zngg99Sngo1O and
Zn0.99Alp.010, consistent with the ZnoSnO4 and ZnAl,O4 spinel phases detected by XRD.

Also in agreement with XRD results, precipitates are not observed in Zno.9gSno.01Al.010.
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To determine the origin of the additional peak and peak broadening observed in the
XRD profile of Zno.9sSno.01Alo.010, TEM observations were carried out. Fig. 4.3 (a) shows a
BF-TEM image of Zno.0gSno.01Alo.010. Intergrowth-like features are observed within each grain.
Extensive microstructural observations of Zno.9sSno.01Alo.01O using TEM revealed the
formation of intergrowth-like features throughout nearly all grains observed. DF-TEM images
acquired at the [1210] zone-axis using the g = 0002 and g = 0002 reflections are shown
in Fig. 4.3 (b) and (c) respectively. When the DF-TEM reflection is changed from g = 0002
to g = 0002, an inversion in contrast similar to that observed in Fig. 3.9 occurs. Thus, it can
be concluded that the appearance of the zigzag-like features observed indicates the formation
of a network of IDs, with IDB interfaces that form at basal and pyramidal planes corresponding
to b-IDBs and p-IDBs respectively. The corresponding EDP is shown in Fig. 4.3 (d). Streaks
are observed between reflections in the EDP along the c-axis. Similar streaks have been

observed in other ZnO samples containing IDBs and arise due to the formation of stacking

%
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Figure 4.3. (a) BF-TEM image of the microstructure of Zng.9gSno.01Alo.010. Intergrowth-
like features are observed in individual grains. (b)/(¢) [1210] zone-axis DF-TEM images
of the IDs, recorded using the (b) g = 0002 and (c) g = 0002 reflections. Vertical arrows
indicate the ZnO c-axis polarity in individual domains. The c-axis configurations at the b-
IDBs and p-IDBs were determined using ABF-STEM (discussed in Section 4.3.3).
(d) EDP acquired at the edge of the sample area shown in (b)/(c).
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faults at the b-IDBs and the distribution of spacings between neighboring b-IDBs [11]. The
average spacing between b-IDBs along the c-axis in the ID networks was determined to be 14.9

nm (range: 5.0-85.5 nm).

4.3.2 Dopant Localization at Specific IDB Sites: STEM-EDS Analysis of ID
Networks

To determine whether the localization of Sn or Al at the b-IDB or p-IDB interfaces
occurs, STEM-EDS analysis was carried out. Fig. 4.4 (a) shows a high-magnification HAADF-
STEM image viewed at the [1100] zone-axis. Both b-IDBs and p-IDBs are viewed edge-on.
In the RMO3(Zn0O), phases, p-IDBs can only be viewed edge-on at one of the three m-axes (e.g.
[1100]) [12]. This is shown schematically in Fig. 1.3. The HAADF intensity in Fig. 4.4 (a)
increases at the b-IDBs and decreases at the p-IDBs, indicating the possible occupation of the
b-IDBs and p-IDBs by the high atomic number Sn (Z = 50) and low atomic number Al (Z =
13) respectively. To confirm this, STEM-EDS net counts maps of an ID network were acquired.
Fig. 4.4 (b)-(f) show EDS maps corresponding to the Al K, Sn L, composite Al K/Sn L, Zn K
and O K signals respectively. The intensities of the Al K and Sn L signals increase sharply at
the p-IDBs and b-IDBs respectively, in agreement with the HAADF-STEM contrast observed
at the positions of the b-IDBs and p-1DBs in Fig. 4.4 (a). This result shows that Al and Sn
preferentially occupy the respective sites of the p-IDBs and b-IDBs. A small increase of the Sn
L signal intensity is also detected at the p-IDBs, indicating some co-occupation of the p-IDB
sites by Al and Sn. The observed intensity of the Zn K and O K signals is uniform within the

area imaged.
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Figure 4.4. (a) HAADF-STEM image of the ID networks in Zng.ogSno.o1Alo.01O. The
HAADF intensity increases at b-IDBs and decreases at p-IDBs. STEM-EDS net counts
elemental maps are shown in (b)-(f). The Sn L and Al K signal intensities exhibit sharp
increases at the b-IDB and p-IDB interfaces respectively, indicating a clear preference for
Sn and Al to occupy the specific sites of the b-IDBs and p-IDBs. A minor increase of the
Sn L signal intensity also occurs at the p-IDBs, indicating some localization of Sn at the p-

IDB sites. The Zn K and O K signal intensities are uniform within the area analyzed.
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4.3.3 Atomic-Scale Structural Analysis of b-IDBs and p-IDBs by
HAADF/ABF-STEM and EELS

b-IDB Atomic Structure

HAADF-STEM images of a b-IDB acquired at the [1210] and [1100] zone-axes
are shown in Fig. 4.5 (a) and (b) respectively. There is a significant increase of the HAADF
intensity at the b-IDB cation plane. The sharp increase in the HAADF Z-contrast intensity
exactly at the b-IDB cation plane indicates occupation of the b-IDB octahedral sites by the high
atomic number Sn (Z = 50), in agreement with the STEM-EDS result in Section 4.3.2, which
shows a significant increase of the Sn L signal intensity at the b-IDBs. ABF-STEM images of
the b-IDB viewed at the [1210] and [1100] zone-axes are also shown in Fig. 4.5 (c) and (d)
respectively. By observing the c-axis stacking sequence of cation and anion atomic planes,
respectively appearing as rows of large and small dark contrasts in the ABF-STEM images, the
H-H configuration of the c-axis at the b-IDB is confirmed. The octahedral coordination of the
cations occupying the b-IDB layer is also determined based on the cation-anion stacking
sequence along the c-axis. Structural models of the Sn-doped b-1DB, obtained by DFT
calculations (discussed in Chapter 5), are also shown superimposed in Fig. 4.5 (c) and (d). The
models, which assume full occupancy of the b-IDB cation plane by Sn, are in general
agreement with the b-IDB structural features observed in the STEM images. The c-axis cation
stacking sequence of afap|a|yByp observed at the b-IDB is in agreement with that previously

reported for Sn-doped b-IDBs in ZnO [13].
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Figure 4.5. (a)/(b) HAADF and (c)/(d) ABF-STEM images of the b-IDB viewed at the
(a)/(c) [1210] and (b)/(d) [1100] zone-axes. As shown in (a) and (b), a sharp increase of
the HAADF-STEM intensity occurs at the b-IDB cation layer, indicating the localization
of the high atomic number Sn at the b-IDB. The c-axis cation stacking sequence of
afaplalyaya is shown in (a). The H-H configuration of the c-axis at the b-IDB is confirmed
based on the cation-anion stacking sequence along the c-axis, which can be observed in (c)
and (d). Sections of a slab model refined by DFT calculations (discussed in Chapter 5),
which contains a single b-IDB consisting of a monolayer of edge-sharing Sn octahedra, are
shown superimposed in (c) and (d). Sn, Zn and O atoms are colored green, grey and red
respectively. The b-IDB structure observed in the HAADF and ABF-STEM images is in

general agreement with the model.

EELS analysis of the b-IDB was also carried out to confirm the localization of Sn at
the b-IDB interface. Fig 4.6 shows the EELS O K edges obtained at the b-IDB and within the

domain interior. Several differences in the spectra are observed. In comparison to the spectrum
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acquired within the domain, the spectrum acquired at the b-IDB exhibits an increase in intensity
in the energy-loss region from 510 to 530 eV. The increased intensity in the energy-loss range
from 510 to 530 eV can be attributed to the Sn-M4 5 edge, while the fine structure observed
above 530 eV should be primarily due to the O K edges [14,15]. In addition, the O K 1 edge at
the b-IDB is broadened relative to the O K 1 edge acquired within the domain interior. Features
of the b-IDB spectrum, including 1) the presence of two Sn M peaks in the energy-loss range
of 510-530 eV, 2) the separation of the O K 1 and O K 2 peak maxima at the b-IDB, AE> 1, of
~17.5 eV and 3) the position of the O K 1 maximum appear to indicate the formation of a tin
oxide compound with a valence between that of SnO> (Sn*") and the intermediate tin oxide
compound studied in ref. 14. The features of the b-IDB spectrum are clearly inconsistent with

SnO (Sn?") [14].
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Figure 4.6. EEL spectra acquired at the b-IDB and in the domain interior. In comparison to
the domain interior, the b-IDB spectrum exhibits several differences, including: 1) two
minor peaks attributed to the Sn Mss5 edge in the energy-loss range of 510-530 eV, 2) a
broadening of the O K 1 edge, 3) a shift of the O K 1 edge maximum to a higher energy-loss
value and 4) a smaller energy-loss difference between the O K 1 and O K 2 peak maxima,
represented by AE> 1, of ~17.5 eV.
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Pauling’s rule of electroneutrality requires that the average valence of the cations
occupying the b-IDB be 3+ [3,6]. Thus, in order to achieve this requirement, the formation of
a local structure with an effective cation valence state of 3+ should occur at the b-IDB. It is
possible that this can be achieved via the co-occupation of the b-IDB by equal amounts of Zn**
and Sn*'. Indeed, recent studies have determined, based on the results of atomic-resolution
STEM and Rietveld refinement of XRD data, that Zn>" and Sn*" co-occupy the b-IDB at a 1:1
ratio [13]. Additional investigations using atomic column-resolved EELS or atomic-resolution
quantitative STEM-EDS should lead to a more exact determination of the local composition at

the Sn-doped b-IDB in Zno.9sSno.01Alo.010.

p-IDB Atomic Structure

High-magnification and atomic-resolution HAADF-STEM images of a p-IDB viewed
at the [1100] zone-axis are shown in Fig. 4.7 (a) and (b) respectively. The atomic-resolution
HAADF-STEM image of the p-IDB shown in Fig. 4.7 (b) does not exhibit a significant change
in intensity at the position of the p-IDB cation columns relative to the domain interior. Thus,
unlike the b-IDB, which based on HAADF-STEM observation can be determined to
accommodate a significant concentration of Sn, the p-IDB cannot be immediately determined
to be occupied by a specific dopant simply based on HAADF-STEM observation. Although
STEM-EDS clearly indicates that Al localizes at the p-IDBs, cation columns at the p-IDB
could be co-occupied by Al (Z=13), Sn (Z=50) and Zn (Z = 30), resulting in HAADF contrast
that is largely unchanged in comparison to the domain interior. In order to maintain
electroneutrality, the five-fold p-IDB sites should contain cations with an average valence of

2.5+. This can be achieved by equal occupancy of the p-IDB sites by Zn>" and AI**. Minor
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Figure 4.7. (a)/(b) HAADF and (c)/(d) ABF-STEM images of a p-IDB viewed at the [1100]
zone- axis. Both (a)/(c) high-magnification and (b)/(d) atomic-resolution images are shown.
In (a) and (c), a b-IDB is also imaged. The approximate boundaries of the p-IDB are indicated
by the solid black lines in (c). As shown in (a) and (c), the p-IDB exhibits reduced contrast
in both HAADF and ABF images, indicating that local strain or lattice distortion occurs at
the p-IDB interface [ 17]. The polarity of the c-axis at the p-IDB interface is determined based
on the cation-anion stacking sequence along the c-axis observed in the atomic-resolution
ABF-STEM image shown in (d). The polarity of the c-axis above and below the p-IDB
interface is indicated both by the vertical arrows in each image and by the bulk-like sections
of the refined Sn-doped b-IDB slab model that are shown superimposed in (d). In addition,
the approximate locations of the five-fold coordinated cation segments that compose the p-
IDB, across which the inversion of the c-axis occurs, are indicated by the red shading in (d).
The position of these segments is determined by observing the inversion of the c-axis cation-

anion stacking sequence that occurs as the p-IDB is traversed in the [1120] direction.
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occupancy of the p-IDB by Sn, indicated by STEM-EDS, may necessitate an increase of either
the Zn>" or AI’" content at the p-IDB in order to maintain charge balance, in the case of p-IDB
occupation by Sn*" or Sn" respectively [14-16].

In the high-magnification HAADF-STEM image shown in Fig. 4.7 (a), the p-IDB
shows a slight dispersion of dark contrast, relative to the domain interior, and appears to be
several atomic columns wide, in comparison to the b-IDB visible at the top of Fig. 4.7 (a),
which clearly appears to contain an increased concentration of Sn, based on the increased
HAADF image intensity. In Fig. 4.7 (b), the slight reduction in HAADF intensity around the
p-IDB indicates either some localization of Al, which could result in a minor reduction of the
Z-contrast, or the presence of interfacial strain, which can cause a decrease of the HAADF
intensity at defect structures (e.g. interfaces), due to local increases in strain or lattice distortion
[17]. High-magnification and atomic-resolution ABF-STEM images of a p-IDB acquired at the
[1100] zone-axis are shown in Fig. 4.7 (c) and (d) respectively. The b-IDB and p-IDB imaged
in Fig. 4.7 (c) both appear as defects which exhibit a dark contrast. Whereas the reduced
contrast of the b-IDB is essentially confined to a {0002} basal-plane cation monolayer, the
dispersion of dark contrast around the p-IDB is several atomic columns wide. Reduced contrast
may be observed at defect structures such as interfaces in both HAADF and ABF-STEM
images, due to lattice distortion or strain [17]. Significant strain gradients have been confirmed
at p-IDB interfaces using high-resolution TEM [18]. It was proposed that the strain gradients
are due to the dilatation and tilting of cation polyhedra at the p-IDB that occur in order to
accommodate the shift of the oxygen sublattice along the c-axis, which results in c-axis
inversion at the p-IDB [18].

In Fig. 4.7 (d), the cation and anion columns appear as large and small dark contrasts
respectively. Upon observation of the c-axis cation-anion stacking sequence across the p-IDB,
a T-T c-axis configuration is confirmed at the p-IDB. To indicate the c-axis polarity, structural

models of the ZnO bulk-like domain interior (obtained from DFT calculations of a slab model
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containing a single Sn-doped b-IDB, discussed in Chapter 5) are shown superimposed in the
regions above and below the p-IDB. When the p-IDB interface, indicated approximately by the
red shading in Fig. 4.7 (d), is traversed in the [1120] direction, no significant shift of the
cation sublattice along the c-axis is observed. In contrast, the oxygen sublattice, clearly
resolved in the ABF-STEM image in Fig. 4.7 (d), undergoes a shift in the [0001] direction
across the p-IDB interface, resulting in the inversion of the c-axis and the formation of a T-T
IDB. Depending on the type of dopant occupying the p-IDB, the width of the p-IDB can vary,
potentially resulting in the formation of p-IDBs up to several atomic columns wide [12]. The
range of p-IDB angles observed in ZnoosSno01Alo 01O is 25.4°-28.2°, resulting in {1121} p-
IDB planes with an / value range of ~6-7. These / values correspond to p-IDBs composed of
basal plane segments of five-fold coordinated cations with an average thickness of ~3-3.5
cation columns along the [1120] direction [12]. The approximate positions of these segments

are indicated by the red shading in Fig. 4.7 (d).

4.3.4 ID Network Stabilization and Spinel Phase Suppression

After sintering at 1400°C for 12 hr in air, ZnAl2O4 spinel precipitate formation
occurred in Zng.99Alo.010, although no IDBs were observed. Zn>SnO4 spinel precipitates
formed and a single b-IDB developed in each grain in Zno.99Sno.010. In contrast, in
Zn0.98Sn0.01Alo.010 ID networks consisting of b-IDBs and p-IDBs developed throughout most
grains and spinel precipitate formation did not occur. Schematics of the microstructures of
Z1n0.98Sn0.01A10.010, Zno.99Sn0.010 and Znp.99Alo.010 are shown in Fig. 4.8.

Although ID networks developed in Zno.9sSno.01Alo.010, spinel phase formation was
suppressed, despite spinel phase formation occurring in Zno.99Alo.010 and Zng.99Sng.010. This

demonstrates that Sn-Al dual-doping stabilizes the formation of ID networks, which does not
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Zng 93Sn 1Al 41O

Multiple IDBs per Grain and Spinel
Phase Formation Suppressed

Zn; 99Sn; ,,O

Single IDB per Grain and Spinel
Precipitates

Zng 59Al; 41O

Spinel Precipitates and no IDB
Formation

Figure 4.8. Schematics of the microstructures observed in Zng.9gSno.01Alo.010, Zno.99Sng.010
and Zno.99Alo.010. Spinel precipitates are observed in Zn.99Sne.01O and Zng.99Alo010. In
contrast, in Zno.98Sno.01Alo.01O the formation of ID networks occurs and spinel phase

formation is suppressed.
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occur when ZnO is doped with either Sn or Al only. Furthermore, the fact that the localization
of Sn and Al occurs at the b-IDBs and p-IDBs respectively suggests that the site-specific
localization of Sn at the b-IDBs and Al at the p-IDBs is important for stabilizing ID network
formation. First principles studies of the InMO3(Zn0O), homologous phase compounds found
that several rules govern homologous phase formation [19]. Specifically, it was determined that
maintaining charge neutrality and reducing strain within the ZnO lattice at dopant
concentrations exceeding the solubility limit are critical factors governing the development of
the InMO3(ZnO), homologous phases [19]. Thus, at high dopant concentrations, the formation
of intergrowth structures (e.g. b-IDBs and p-IDBs) or RMO3(Zn0O), homologous phase
compounds becomes energetically favorable in order to accommodate excess dopants at
distinct IDB sites [19,20].

In RMO3(Zn0), homologous phase compounds containing two or more dopants,
smaller dopants (e.g. Al) prefer to occupy the p-IDB while larger dopants (e.g. In) prefer to
occupy the b-IDB [19]. In considering whether Sn or Al have the potential to occupy either the
octahedral b-IDB or five-fold p-IDB sites, the relevant ionic radii are: 48 pm (five-fold) and
53.5 pm (octahedral) for A", while those of Sn** are: 62 pm (five-fold) and 69 pm (octahedral)
[21]. Thus, the stabilization of the ID networks in Sn-Al dual-doped ZnO can be understood in
terms of the site-specific occupation of the b-IDBs and p-IDBs by Sn and Al respectively, as a
means to minimize strain by having the larger Sn dopant occupy the b-IDB site and the smaller
Al dopant occupy the p-IDB site. STEM-EDS analysis indicates that Sn may co-occupy the p-
IDB with Al to some degree; however, the localization of Sn at the b-IDB is clearly more
significant, in agreement with the prediction by first principles calculations of site-specific
occupation of IDB sites based on ionic radius [19].

Spinel phase formation is suppressed in Zno.osSnoo1Alo.0o1O, indicating that the
occupation of the octahedral b-IDB and five-fold p-IDB sites by Sn and Al respectively is more

energetically favorable than Sn-Al co-occupation of the spinel phase octahedral site, the
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preferred site for Al and Sn to occupy in ZnAlO4 (above 1000°C) [9] and in Zn2SnO4 [10]
respectively. The significant differences in the octahedral site ionic radii of Al and Sn [21] and
the lattice constants of ZnAl,O4 and Zn,SnO4 (ZnAlOs: 8.0848 A [9], Zn2SnO4: 8.657 A [10])
point to the possibility of a structural instability associated with the co-occupation of the spinel
phase octahedral site by both Al and Sn. This could contribute to the observed suppression of
the spinel phases in favor of ID network formation in Zno.98Sno.o1Alo.010.

In ZnO doped with only Sn [22,23] or Al [24,25], ID networks do not form even at
high sintering temperatures of 1300°C-1400°C. It is likely that Al doping alone cannot stabilize
the complete formation of cation monolayers composed of edge-sharing octahedra (i.e. b-IDBs),
due to the small ionic radius of Al [21] which precludes the formation of b-IDBs occupied only
by Al, possibly due to strong Coulombic repulsion between neighboring AI** octahedra [26].
This also makes sense based on the consideration of the fact that the b-IDB has been determined
to be the favorable site for accommodating larger dopants (e.g. In). In contrast, Sn is known to
induce the formation of stable cation monolayers, necessary for b-IDB development, with a
single b-IDB in each grain typically being observed in Sn-doped ZnO [1,2]. However, Sn
doping alone appears insufficient for stabilizing the formation of p-IDBs, due to both the large
ionic radius of Sn*" [21], which could induce considerable strain within the ZnO lattice upon
occupation of the p-IDBs [19], and the lower mobility of higher-valence dopants such as Sn**
or Sb>* in comparison to dopants such as Al**, In** or Fe**, which have a lower valence and
appear to be able to more readily diffuse within the ZnO lattice [6,27-29].

Two types of diffusion mechanisms leading to the formation of IDBs in ZnO have
been identified. They are the internal diffusion mechanism, characteristic of dopants with a 3+
valence (e.g. In*" and Fe*") and the surface diffusion mechanism, which is the primary diffusion
mechanism for dopants with higher valences (e.g. Sn*" and Sb>") [6]. Since both AI** and Sn**
are likely to be actively diffusing species in Zno.9sSno.01Alo.010, both the internal and surface

diffusion mechanisms could contribute to ID network development. Because the formation of
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both p-IDBs and b-IDBs is stabilized in Sn-Al co-doped ZnO, the final microstructure
resembles that of the In,O03(Zn0O), and Fe2O3(Zn0O), homologous phases, which consist of
zigzag-like ID networks composed of p-IDBs and b-IDBs [11,27]. Both internal and surface
diffusion have been determined to be active in In and Fe-doped ZnO, although internal
diffusion is dominant [6].

Dopants with a valence of 3+ such as AI** are known to diffuse in ZnO primarily by a
Vzo-mediated process [28,29]. As the Fermi level shifts to the conduction band of ZnO, Vz,
formation should become increasingly favorable under oxygen-rich conditions [30], while the
high sintering temperature (1400°C) should also promote significant Vz, formation [30]. In
addition, first principles studies have also found that the diffusion of a higher-valence dopant,
As®*| can be facilitated by the formation of dopant-Vz, complexes, which become increasingly
mobile under n-type conditions at high temperatures [31]. Thus, both AI** and Sn*" may attain
a high rate of diffusion in ZnO at 1400°C. Overall, the high sintering temperature of 1400°C

13*, and possibly Sn*,

should promote Vz, formation, which likely facilitates high rates of A
diffusion, contributing to significant b-IDB and p-IDB development.
As stated in Section 4.3.3, the five-fold sites of the p-IDB should require an average
cation valence of 2.5+ in order to maintain electroneutrality. Similar to the likely scenario of
Zn** and Sn*" co-occupation of the b-IDB at a 1:1 ratio, which may occur in order to maintain
electroneutrality via an average cation valence of 3+ within the b-IDB octahedral sites,
electroneutrality could be achieved at the p-IDB by having AI** and Zn** co-occupy the five-
fold p-IDB sites at equal concentrations (i.e. at a 1:1 ratio). The stable valence states of Sn are
2+ and 4+ [14-16]. Thus, the occupation of the p-IDBs by Sn could be unfavorable in terms of
maintaining charge balance. Overall, the occupation of the p-IDB by AI** should be more
favorable on the basis of both size [19,21] and electroneutrality requirements [3,6]. First

principles calculations have also found that the occupation of the five-fold p-IDB site by Sn is

unfavorable, with a p-IDB configuration consisting of a single tetrahedral and octahedral site

[99]



Chapter 4. Inversion Domain Network Stabilization and Spinel Phase Suppression

occupied by Sn and a stacking fault (SF) determined to be more energetically stable than a
configuration consisting of two five-fold sites occupied by Sn without a SF [32].

The formation of basal-plane SFs has an associated energetic penalty in ZnO [33]. In
addition, based on first principles studies of the InMO3(Zn0O), homologous phase compounds,
it was concluded that the hexagonality of the (MZn,)O,+1 layers between neighboring b-IDBs
should be maximized in order to reduce the total free energy of the system [19]. If SF formation
occurs at p-IDB interfaces, as has been proposed to occur as a result of Sn occupation of the p-
IDB sites [32], an increase of the free energy due to the formation of a local cubic c-axis cation
stacking sequence at the p-IDB could occur, resulting in a reduction of the hexagonality within
the (MZn,)O,+1 layers. Thus, the occupation of the five-fold p-IDB sites by Al appears to be
favorable, due to the reduction of lattice strain, achieved by the small ionic radius of Al, the
ability of AI** to achieve electroneutrality through co-occupation of the p-IDBs with Zn>" and,
possibly, due to the ability of Al to stably occupy the p-IDB without causing SF formation,
thereby preserving the hexagonality of the bulk ZnO-like regions between b-IDBs. Overall, Sn
and Al appear to be essential for stabilizing the formation of the b-IDBs and p-IDBs
respectively in Zno.ogSno.01Alo01O, and it is the addition of both Sn and Al that enables the

formation of ID networks, which do not form in ZnO doped with either Sn or Al only.

4.3.5 Criteria for the Stabilization of IDB Sites by Specific Dopants

It is worthwhile to consider in more detail the specific factors which contribute to the
occupation of either the b-IDB or p-IDB sites by the R and M dopants in the RMO3(Zn0O),
compounds and, also, which types of dopants are most likely to occupy and stabilize IDBs
upon addition to ZnO under sintering conditions of high temperatures and long times. Two
primary factors which should determine which of the IDB sites, if either, a specific dopant can

occupy in ZnO are: 1) the dopant’s ionic radius and 2) its stable valence state(s). These factors
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can be considered in terms of the rules for determining the stable ionic configurations of
crystals put forth by Pauling in his seminal work [34], often referred to generally as Pauling’s
rules for the prediction of ionic structures. Pauling’s first rule is referred to as the radius ratio
rule and states that the stable ionic coordination number for a specific cation-anion radius ratio
can be predicted generally. The stable ranges of cation-anion ionic radius ratios for different
coordination numbers are listed in Table 4.2. These values were calculated by Pauling under
the assumption that, for a hard-sphere model, in a given coordination environment, as long as
the cation remains in direct contact with each coordinating anion, the coordination number will
remain stable. Once the cation ionic radius becomes so small that it can no longer remain in
contact with all coordinating anions, a lower coordination number will become stable. Based
on Pauling’s first rule, the stable coordination for a specific cation (e.g. Zn>* or AI*") and anion
(e.g. O%) pair can be predicted. Although this method is generally considered to be useful for

predicting coordination numbers, some exceptions have been identified [35-38].

Table 4.2. Predicted Ranges of Stability for

Different Cation-Anion Ionic Radius Ratios in

Specific Coordination Environments, Based on
Pauling’s First Rule [34]

Rc/Ra Coord. Coord.
Number Geometry

<0.155 2 Linear
0.155-0.255 3 Triangular
0.225-0.414 4 Tetrahedral
0.414-0.732 6 Octahedral

0.732-1.0 8 Cubic

1.0 12 Hexagonal or CCP

Equally important to Pauling’s first rule is Pauling’s second rule, referred to as the
electrostatic valence rule, which states that: based on a quantity referred to as the electrostatic
bond strength, s, which is defined as: s = z/v, where z is the cation valence state and v is the

cation coordination number, the local electroneutrality within a given ionic configuration can
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be preserved by requiring that the anion valence state should equal the sum of the electrostatic
bond strengths of each of the coordinating cations. This can be expressed as: & = )Y}; s;, where
€ is the anion valence state and s; is the electrostatic bond strength for one of the cations
neighboring a specific anion site in an ionic structure. Conversely, the stable cation valence
required for maintaining electroneutrality within a given ionic crystal structure can be
determined, assuming the anion valence state and cation and anion coordination numbers are
known. Thus, considering the crystallographic structure of the RMO3(Zn0O), compounds,
specifically the local coordination environment at the octahedral b-IDB and five-fold p-IDB
sites, the average cation valence states should be 3+ and 2.5+ at the octahedral b-IDB and five-
fold p-IDB sites respectively.

Coordination numbers of 5, 7, 9 and 10 have been observed by experiment [35-38],
depsite not being originally included within the framework of Pauling’s rules, which are
applicable primarily to crystals which are strongly ionic [34]. In crystals such as ZnO which
possess a significant covalent bonding component [39], there will be an overlap between
neighboring atoms due to electron sharing, making possible the stabilization of other
coordination environments, e.g. five-fold coordination, as in the case of the p-IDB, and
reducing the applicability of Pauling’s rules to some degree. Thus, Pauling’s rules should be
considered only as a general guideline for determining whether specific dopants can occupy
either IDB site in the RMO3(Zn0O), compounds and should not be assumed to be absolutely
predictive. Indeed, recent studies have determined rules for the formation of RMO3(ZnO),
compounds which are less general than Pauling’s rules [19]. In parallel to Pauling’s first and
second rules respectively, they determined that: (1) smaller dopants should occupy the p-IDB
sites and larger dopants should occupy the b-IDB sites and (2) the electronic octet rule should
be obeyed for the RMO3(ZnO), compounds [19]. The results described in this chapter directly
support (1), with the larger Sn and smaller Al dopants clearly appearing to prefer to occupy the

respective sites of the b-IDBs and p-IDBs.
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Listed in Table 4.3 are the cation-anion ionic radius ratios (R¢/Ra) for the dopants that
have been determined to occupy the b-IDB and p-IDB sites in the RMO3(Zn0O), homologous
phase compounds. Table 4.4 lists which of the IDB sites these dopants have been found to
stably occupy. All of the calculated octahedral site Rc/Ra values are within the range of stability
(0.414-0.732) predicted based on Pauling’s first rule, with the exception of AI**. This is
consistent with the fact that Al doping alone does not stabilize b-IDB formation in ZnO [24,25];
however, Al co-occupation of the b-IDB with both Mn (Chapter 3, Fig. 3.13) and In [40] has
been observed. Although a five-fold coordination is not predicted within the framework of
Pauling’s rules, the calculated Rc/Ra values for the five-fold coordination are near the boundary
of stability between tetrahedral (0.225-0.414) and octahedral (0.414-0.732) coordination,
which is to be expected. The range of ionic radius values observed for dopants found to stably
occupy the octahedral b-IDB site is between 64.5 pm (Fe*" and Mn**, HS) and 80 pm (In*")
[21] (it should be noted that Ga doping does not result in the formation of a monolayer of edge-
sharing octahedra, representing a b-IDB, but instead causes the formation of inversion twin
boundaries with a somewhat different structure [41]). Additionally, Sb>" doping also has not
been found to result in the formation of a monolayer of edge-sharing Sb octahedra; instead, Sb
occupies the b-IDB in a 1:2 ratio with Zn?* [42], in order to maintain electroneutrality, i.e. an
average cation charge of 3+ at the b-IDB. It appears reasonable to assume that cation dopants
with a valence state of 3+ should be able to stably occupy the octahedral b-IDB sites if their
ionic radius is within the range of 64.5-80 pm, although the lower and, in particular, the upper
limits may actually be respectively less than and greater than this, considering the known limits
of stability of the octahedral coordination environment according to Pauling’s first rule (R¢/Ra:
0.414-0.732). For cation dopants with a valence state greater than 3+, e.g. Sn*" and Sb>", the
co-occupation of the b-IDB with lower valence cations (e.g. Zn**) will likely be necessary in
order to maintain electroneutrality. Similarly, dopants with lower valences, e.g. Li* (octahedral

ionic radius: 76 pm) and Mg?* (octahedral ionic radius: 72 pm) may also be found to stably
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occupy the b-IDB, provided that they co-occupy the b-IDB with other dopants of an appropriate
higher valence (e.g. Sn*" or Sb>*) [21].

In the case of the p-IDB, as shown in Table 4.3, the range of cation ionic radii that
can be determined to stably occupy the five-fold p-IDB sites appears to be between 48 pm
(AI*") and 62 pm (In**); although both the lower and upper limit may actually be respectively
somewhat smaller and larger than this. In particular, it is expected that the upper limit is greater
than 62 pm, since the value listed in Table 4.3 is for tetrahedrally coordinated In**, with In**
being known to stably occupy both the b-IDB and p-IDB sites without the addition of other
dopants [11,12]. In the case of the p-IDB, it should be noted that Zn>" likely co-occupies the
five-fold p-IDB sites with dopants having a valence of 3+ in a 1:1 ratio, in order to maintain
electroneutrality via an average cation valence of 2.5+ within the five-fold sites of the p-IDBs.
As to the question of whether or not the occupation of the p-IDB sites by other dopants, with
valences either larger than 3+ or smaller than 2+ occurs, there appears to be a distinct possibility
due to the fact that Sn co-occupation of the b-IDB with Al appears to occur, based on the result
of STEM-EDS analysis (Fig. 4.4); however the valence state of Sn at the p-IDB interface was
not investigated by EELS. Thus, there is also the possibility that the Sn dopants occupying the
p-IDB are, at least partially, in a valence state of 2+ [14-16] and substitute primarily for the
five-fold coordinated Zn?" cations (ionic radius: 68 pm [21]). Previous investigations into the
diffusion mechanisms of dopants with different valence states in ZnO found that dopants with
higher valences (e.g. Sn*" and Sb*") diffuse primarily by a surface diffusion mechanism [6],
resulting in the formation of microstructure with a single b-IDB in each grain [1-5]. This
indicates that higher-valence dopants may not readily diffuse to occupy the five-fold sites of
the p-IDBs, possibly due to a lower rate of diffusion in ZnO than dopants with lower valences
(e.g. 2+ or 3+). This may be a result of the fact that higher-valence dopants require a higher
Vzn concentration to diffuse at a high enough rate to stabilize p-IDB formation and movement

than is required for the lower valence dopants [6,12,28,29,31,43]. However, this remains an
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open question. Similarly, it remains undetermined whether or not dopants with valences either

less than 2+, e.g. Li" (tetrahedral ionic radius: 59 pm, octahedral ionic radius: 76 pm), or greater

than 3+, e.g. Zr*" (five-fold ionic radius: 66 pm), can stably occupy the five-fold p-IDB sites

[21]. Important questions for future studies to explore should include the determination of what

the exact upper and lower limits are for the cation ionic radii that can stably occupy either the

b-IDB or p-IDB sites as well as whether or not dopants, such as Li* or Zr*", with nominal

valences either less than or greater than those of the dopants determined thus far to stably

occupy the b-IDB and p-IDB sites can in fact occupy these sites, either independently or via

co-occupation with other dopants.

Table 4.3. Ionic Radii and Cation-Anion Ionic Radius Ratios for Dopants

Known to Occupy b-IDB or p-IDB Sites [21]

Dopant | Five-Fold Ionic | Octahedral Ionic | Rc/Ra,® Five-Fold | Re/Ra,® Octahedral
Radius [21] Radius [21] p-IDB Site b-IDB Site
AP* 48 pm 53.5 pm 0.348 0.388
Ga’** 55 pm 62 pm 0.399 0.449
In3* 62 pm® 80 pm 0.449 0.580
Fe3t 58 pm 64.5 pm (HS) 0.420 0.467
Mn* 58 pm 64.5 pm (HS) 0.420 0.467
Ti+H© 51 pm 60.5 pm 0.370 0.438
Sn*+ 62 pm 69 pm 0.449 0.507
Sbs* ] 60 pm ] 0.435

(@) O Tetrahedral Ionic Radius: 138 pm [21]; () Tetrahedral Ionic Radius [21]

() Grains containing a single, meandering IDB were observed in Ti-doped ZnO [44]; however, the valence state(s)

of Ti at the IDB(s) and the exact IDB sites it occupies were not determined conclusively.

@ 7n2* Tonic Radii: 60 pm (tetrahedral), 68 pm (five-fold), 74 pm (octahedral) [21]
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Table 4.4. Occupation of b-IDB and p-IDB Sites by

Specific Dopants in Inversion Domain Networks

Stable Occupation of: IDB Occupation
Dopant p-IDBs b-IDBs Reported in
(Reference):
AP* Yes No (a) This work
Ga’* (b) [41]
In3* Yes Yes [6,11,12]
Fe’t Yes Yes [27]
Mn3* (©) Yes This work
Sn** No (d) Yes This work,
[1,2,13,32] (e)
Sb5* No Yes [3-5,42] (e)

® AP+ co-occupation of b-IDBs with In** was reported in ref. 40; however, AI** single dopant addition to ZnO is
not considered to be able to induce the formation of b-IDBs due to the small ionic radius of AI’* [21].
(b) Although Ga** doping of ZnO can induce the formation of homologous phase compounds, these compounds
are composed of inversion twins, and thus lack distinct b-IDB and p-IDB interfaces [41], in contrast to the case
of In** or Fe** doping of ZnO. © Although the occupation of p-IDB sites by Mn** has not been confirmed, it is
likely that Mn** can induce the formation of both b-IDBs and p-IDBs, due to the similar ionic radii of Mn** and
Fe**, another dopant known to induce the formation of ID networks composed of both b-IDBs and p-IDBs in ZnO
[27]. @ As shown in Fig. 4.4, Sn appears to co-occupy the p-IDBs with Al to some extent. However, single-dopant
addition of Sn to ZnO has not been found to induce the formation of p-IDBs [1,2]. () In ref. 1-5, a microstructure
consisting of grains containing a single b-IDB was reported for either Sn or Sb-doped ZnO. However, ID network
formation has not been reported to occur in ZnO ceramics doped with only a single higher-valence (i.e. valence
state > 4+) cation dopant. In ref. 32 and 42 respectively, the occupation of b-IDBs by Sn and Sb was reported in
ZnO nanowires. Ref. 13 contains observations of Sn localization at the b-IDBs in Sn-Ga co-doped ZnO
polycrystals and single crystals. However, the concept of ID network stabilization via multiple-dopant addition
cannot be said to be demonstrated in ref. 13 due to the fact that Ga single-dopant addition is known to induce
homologous phase formation in ZnO, which precludes the clear determination of the specific roles of Sn and Ga

in terms of stabilizing the formation of the specific b-IDB and p-IDB sites.

Although, primarily, dopants with a valence of 3+ have been found to occupy both the
b-IDB and p-IDB sites, likely due to the fact that, as can be understood based on Pauling’s
second rule, the b-IDB should be occupied by dopants with an average valence of 3+ and the

p-IDB should be occupied by dopants with an average valence of 2.5+, which can likely be
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achieved by equal occupancy of the five-fold p-IDB sites by Zn?* and dopants with a 3+ valence
(e.g. In*" and AI’"), it is possible that dopants with lower or higher valences may occupy either
site. As shown in Fig. 4.9, previous investigations of the atomic-scale structure of the b-IDBs
in Sb-doped ZnO nanowires have found that Zn** and Sb>" form an ordered structure within
the b-IDB cation plane, resulting in the appearance of atomic columns with the periodicity of
Zn*"|Zn**|Sb>* along one of the a-axes of ZnO, in order to maintain an average cation charge
of 3+ at the octahedral sites of the b-IDB [3,42]. Thus, it is possible that other combinations of
cation dopants may form ordered structures at the b-IDBs or p-IDBs in order to maintain a
local cation charge of 3+ and 2.5+ at the respective IDB sites and that these dopants may have
lower valences (e.g. 1+ or 2+) or higher valences (e.g. 4+ or 5+) than the 3+ valence which
meets the requirement for electroneutrality at the b-IDB cation sites. Specific combinations of

dopants with different valence states, e.g. 1+/5+ and 2+/4+, may be most likely to form ordered
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Figure. 4.9. HAADF-STEM image of the modulated b-IDB structure observed to form in
Sb-doped ZnO nanowires, viewed along one of the m-axes of ZnO. The b-IDB consists of
both Zn*" and Sb>" cations, in a 2:1 ratio. Thus, at the {0002} plane of the b-IDB, nearest
neighbor Sb atomic columns, which exhibit increased HAADF intensity due to the high

atomic number of Sb (Z = 51), are separated by two Zn atomic columns along the direction
of the a-axis perpendicular to the zone-axis of the image. This ordering occurs in order to
achieve electroneutrality within the b-IDB cation layer by maintaining an average cation
valence of 3+. The image shown is adapted from ref. 42 and reprinted with the permission

of the American Chemical Society.
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structures at the b-IDB due to the fact that they can maintain electroneutrality while also
reducing the electrostatic repulsion that may be associated with dopants having the same or
nearly the same valence states. It should also be noted that the relative ionic radii of the dopants
occupying either IDB site is also likely to be a determining factor influencing whether a specific
ordering scheme, or any degree of co-occupation, can be stabilized or not. In addition, the shape
assumed by the b-IDB octahedra is likely to be distorted from that of an ideal octahedron, for
example due to compression of the b-IDB octahedra along the c-axis, with the extent of this
deviation from the ideal octahedron shape expected to be influenced by the ionic radius of the
dopant or dopants occupying the b-IDB. Thus, the possibility of polyhedral distortion should
also be taken into consideration when evaluating the likelihood that a specific dopant or
combination of dopants can stably occupy the IDB sites.

In addition to the specific ionic radii and valence states of the dopants, R and M, which
occupy the respective sites of the b-IDBs and p-IDBs in the RMO3(Zn0O), compounds, other
factors may also determine whether or not the addition of specific dopants or dopant oxides to
ZnO can cause the formation of IDBs or result in the occupation of the IDBs by specific dopants.
For example, certain dopants may have a higher intrinsic diffusivity in ZnO than others. A
higher rate of diffusivity should promote IDB formation; however, the rate of diffusivity will
be significantly influenced by the temperature and, possibly, by the defect (i.e. Vzn)
concentration, in the case of some dopants [6,12,27-31,43]. Alternatively, some other dopants
(e.g. Li" or Na") may not diffuse by a Vz,-mediated mechanism in ZnO, instead diffusing via
interstitial diffusion [45,46]. Thus, the specific diffusion mechanism and intrinsic diffusivity of
the dopants added to ZnO should be considered in determining whether or not doping can
induce IDB formation. In addition, not only the diffusivity of specific dopants but also the
reactivity of the dopant oxide powders with ZnO is likely to play a role in determining whether
IDB formation can occur, regardless of the dopant ionic radius and valence state. If no reaction

between ZnO and the dopant oxide powder occurs, IDB formation may not occur. It is possible
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that sintering with dopant oxide powders which undergo a reaction to form a ZnO-based spinel
phase may be particularly conducive to the formation of IDBs in ZnO, due to the structural
similarities between the b-IDBs and the spinel phases and the fact that IDB formation has been
proposed to be a precursor step which occurs before complete spinel phase development
[1,2,6,20]. Lastly, the characteristics of the dopant oxide powders used may also influence the
ease by which IDB formation occurs; for example, due to the facts that nanopowders may have
a high rate of reactivity and the use of nanometric oxides may promote surface diffusion and
interdiffusion, enabling more extensive and homogeneous IDB development. Overall, based
on the significant number of dopants and combinations of dopants that are yet to be considered
in terms of their potential for IDB stabilization, it is clear that the research field for the
investigation of IDB formation in ZnO and the stabilization of RMO3(Zn0O), homologous phase
compounds is vast. However, as stated above, not only should the ionic radii and valence states
of the dopants added to ZnO be considered in determining their potential for inducing IDB
formation, but, in addition, the dopant diffusion mechanism and diffusion rate in ZnO, the
reactivity of the dopant oxide powders with ZnO and the particle characteristics (e.g. average
particle size, purity) should also be taken into account. The sample preparation methods and
sintering temperature and time must also be determined carefully, particularly by considering

how they may influence IDB formation.
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4.4 Conclusion

ID networks consisting of b-IDBs and p-IDBs have been observed in Sn-Al co-doped
ZnO. In contrast to Al-doped ZnO, in which IDB formation does not occur, and Sn-doped ZnO,
in which only a single b-IDB develops in each grain, the development of ID networks in Sn-
Al co-doped ZnO is extensive, with ID networks developing thoughout essentially all grains
observed. STEM-EDS analysis of the ID networks revealed that the localization of Sn and Al
occurs at the b-IDB and p-IDB interfaces respectively. The localization of Sn at the b-IDB was
also confirmed by HAADF-STEM and EELS analysis. The b-IDB appears to be composed of
a monolayer of edge-sharing cation octahedra, containing a significant concentration of Sn. In
contrast, based on HAADF and ABF-STEM observations, the p-IDB has been determined to
be a more diffuse defect than the b-IDB, with p-IDBs forming at {1121} planes with / values
of ~6-7, corresponding to a p-IDB width of ~3-3.5 cation columns.

The critical factor influencing the formation of ID networks in Sn-Al co-doped ZnO
is the difference in the ionic radii of Sn and Al. The larger Sn dopant prefers to occupy the
octahedral b-IDB site while the smaller Al dopant prefers to occupy the five-fold p-IDB site
[19,21]. The distinct diffusion mechanisms of AI** and Sn*" may also contribute to ID network
formation. While the higher-valence Sn*' is less mobile and may cause b-IDB formation
primarily by a surface diffusion mechanism, AI**, with a lower valence, should be more mobile
and can readily diffuse within the ZnO grain interior in order to stabilize p-IDB nucleation and
growth [6,12], which is necessary for ID network development. The ionic radius mismatch of
Sn and Al and the stable occupation of the respective sites of the b-IDBs and p-IDBs by these
dopants also appears to contribute to the suppression of the spinel phases, which contain only
a single octahedral site at which to accommodate both the Sn and Al dopants.

The results of this chapter have implications for the synthesis of RMO3(Zn0O),

materials based on the specific characteristics (e.g. ionic radius and valence state) of the R and
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M dopants occupying the b-IDBs and p-IDBs respectively. As observed in Zno.9gSno.01Alo.010,
by controlling the concentration and/or the type of the R and M dopants, it should be possible
to stabilize ID network or homologous phase compound formation even in systems containing
R and M dopants that are both considered to be ineffective for inducing ID network
development in the case of single-dopant addition. Thus, the synthesis of new RMO3(Zn0O),
compounds could allow for the development of materials with properties (e.g. electrical
conductivity, optical transparency or thermal conductivity) that can be tuned based on the value
of n and the fractional occupancy of the b-IDBs and p-IDBs by the R and M dopants
respectively, with the potential for the co-occupation of b-IDB and/or p-IDB sites by multiple
dopants, particularly via the addition of dopants with average valence states meeting the
specific criteria for electroneutrality at either IDB. The suppression of the spinel phases through
multi-dopant addition for the preferential stabilization of ID network and homologous phase
compound formation should also aid in obtaining monophasic materials with properties

unaffected by spinel secondary phase development.
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Chapter 5. Atomistic and Electronic Properties of Mn and

Sn-Doped b-IDBs: First Principles Calculations

5.1 Introduction

In chapters 3 and 4, the localization of Mn and Sn at the b-IDB interfaces was observed
in Mn-Al and Sn-Al co-doped ZnO materials respectively. In this chapter, the atomistic
properties and local electronic structures at the Mn and Sn-doped b-IDBs have been
investigated by first principles calculations using the density functional theory (DFT) as
implemented in the Vienna Ab Initio Simulation Package (VASP). Slab models containing a
single b-IDB interface were constructed and structural relaxation was carried out to determine
the stable interface structure. The relaxed structural models are in general agreement with the
b-IDB atomic structures observed by HAADF and ABF-STEM. The local electronic density of
states (DOS) at the Mn and Sn-doped b-IDBs has also been calculated and the local b-IDB
electronic structure has been compared with that of bulk ZnO. The implications of the results
for the design of RMO3(Zn0), materials with interfaces having electronic structures which can

be modified based on the specific dopants substituting at IDB sites are discussed.

5.2 Methods

Mn-Doped b-IDB

Calculations were carried out using the density functional theory (DFT) [1] as
implemented in the Vienna Ab Initio Simulation Package (VASP) [2]. The projector
augmented-wave (PAW) method (plane wave cutoff: 520 eV) [3] and generalized gradient
approximation (GGA) [4] were used. The slab models studied contained a monolayer of edge-

sharing Mn octahedra, representing the b-IDB interface. The b-IDB was bounded by 11 Zn-O
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cation-anion planes both above and below the b-IDB cation plane. The model also contained
two oxygen-terminated (0001) surfaces and 98 atoms total (44 Zn, 48 O, 2 Mn and 4 H). 12,
6 and 7 valence electrons were included for the Zn, O and Mn atoms respectively. A pseudo-
hydrogen atom with a charge of 0.5 e was placed above each surface oxygen atom to maintain
charge balance. Surface passivation using pseudo-hydrogen atoms is also useful for removing
dangling bonds, which can result in spurious localized mid-gap electronic states [5]. A vacuum
layer of ~12-13 A was included between the surfaces to avoid interactions between periodic
images of the slab model [5].

The slab model volume, shape and atomic coordinates were relaxed subject to the
convergence criteria that the residual forces on all ions be < 0.02 eV/A. I'-point centered k-
points meshes of size 5x8x1 and 10x16x2 were used for the structural relaxation and
calculation of the density of states (DOS) respectively. For comparison, a calculation was also
carried out for bulk ZnO, with k-points meshes of size 9x9x5 and 36x36x20 used for the
structural relaxation and DOS calculation respectively. The electronic on-site Coulombic
interaction was also incorporated in the calculation by including the effective Hubbard
interaction parameter, U.sr[6]. For Mn, Us = 6 eV was used [7]. The use of GGA alone results
in a significant underestimation of the band gap, Eg, of ZnO (GGA E;: 0.78 eV, experimental
Eg: 3.3-3.44 eV); thus, Uk values of Us = 10 eV and U, = 7 eV were included for the Zn and

O atoms respectively [6], resulting in an increase of the calculated band gap value to 2.23 eV

for bulk ZnO.

Sn-Doped b-IDB

Slab model calculations for the Sn-doped b-IDB were carried out using essentially the
same methods and parameters as used for the Mn-doped b-IDB calculation. Edge-sharing Sn
octahedra were substituted in place of Mn octahedra to represent the b-IDB cation layer. It

should be noted that the b-IDB sites in Sn-doped ZnO may, alternatively, actually consist of
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Zn** and Sn*" in a 1:1 ratio, which fulfills the condition for electrostatic neutrality at the b-IDB
by maintaining an average cation valence of 3+. The model studied contained a total of 98
atoms (44 O, 48 Zn, 2 Sn and 4 H) and 12, 6 and 14 valence electrons were included for the
Zn, O and Sn atoms respectively. Oxygen surfaces were passivated by hydrogen atoms with a
charge of 0.5 e and a vacuum layer of ~15-16 A was included between surfaces. A k-points

mesh of size 5x8x1 was used for both the structural relaxation and DOS calculations.

5.3 Results and Discussion

5.3.1 b-IDB Structural Models
Mn-Doped b-IDB

Based on the results of HAADF/ABF-STEM, STEM-EDS and EELS analysis, a slab
model containing a single Mn-doped b-IDB was constructed. Although minor localization of
Al was detected at the b-IDB in Zno.goMno.1Alo.010, Al doping was not included in the model
due to the significantly higher Mn concentration detected at the b-IDB. Al doping alone does
not induce IDB formation, with only spinel precipitates being observed in ZnO doped with 1
at. % Al and sintered in air at 1400°C for 12 hr. Views of the refined slab model, which was
visualized using VESTA [8], at several different zone-axes are shown in Fig. 5.1. The slab
model dimensions (including vacuum layer) are: 5.38 A, 3.11 A and 72.29 A in the [1010],
[1210] and [0001] directions respectively. The stable c-axis cation stacking sequence of
afaply|apap, observed across the b-IDB, is in agreement with that observed in HAADF/ABF-
STEM images of Zno.goMno.1Alo.010.

The {0002} cation interplanar spacing of the slab model is 2.527 A and 2.835 A
within the bulk-like domain interior and at the b-IDB respectively. Thus, there is an expansion

of the {0002} cation interplanar spacing by 12.2 % at the b-IDB. This is larger than the value
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of 8.5 % measured in the HAADF-STEM image shown in Fig. 3.11 (a). The presence of Al in
addition to Mn at the b-IDB and the substitution of Mn at Zn tetrahedral sites within the domain
interior, features not accounted for in the slab model, should respectively result in additional
lattice contraction at the b-IDB and lattice expansion within the domain interior of the
Zno8oMno 1Alo010 samples synthesized. This may contribute to the discrepancy observed
between the values of the {0002} cation interplanar spacing of the slab model and the
experimental images. The {0002} cation interplanar spacing of the bulk-like domain interior
in the model, 2.527 A, is noticeably smaller than the experimental value for undoped ZnO, 2.6
A [9]. The inclusion of the U parameter can cause increased localization of the Zn d and O p
states, resulting in a reduction of the lattice constants of ZnO [6]. However, the difference of
~3 % observed between the calculated and experimental lattice constant values is reasonable
considering that LDA and GGA typically result in a deviation of up to +3 % from the
experimental lattice constant values [10]. Overall, the features of the slab model Mn-doped b-

IDB are in general agreement with those observed experimentally.
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Sn-Doped b-IDB

Views of the Sn-doped b-IDB at several zone-axes are shown in Fig. 5.2. The
structures were visualized using VESTA [8]. Substitution of Zn at the b-IDB octahedral sites
was not considered in order to investigate only the influence of Sn doping; although the co-
occupation of the b-IDBs by both Zn** and Sn*" at a ratio of 1:1 may occur in actual samples
in order to maintain an average cation valence of 3+ at the b-IDB. The c-axis cation stacking
sequence of apoaf|alyaya observed at the b-IDB is in agreement with that observed in the
HAADF/ABF-STEM images shown in Chapter 4. Two different Sn sites are observed at the
b-IDB and are labeled as Snl and Sn2 in Fig. 5.3. The average Sn-O bond lengths of Snl and
Sn2 are 2.33 A and 2.09 A respectively. These values resemble the Sn-O bond lengths of the
Sn** and Sn*" cations in SnO (2.22 A) and SnO; (2.06 A) respectively [11]. As described in
Chapters 3 and 4, in order to maintain electroneutrality, the average cation valence should be
3+ at the octahedral sites of the b-IDB [12]. Thus, to maintain charge balance, different
octahedral sites with Sn-O bond lengths resembling those of Sn?" and Sn**, in SnO and SnO»
respectively, could be stabilized at the b-IDB interface in the model, effectively resulting in an

average cation valence of 3+ within the b-IDB cation plane.
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Sn-doped b-IDB slab model. The c-axis configuration at the b-IDB is indicated by the

vertical arrows.
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Figure 5.3. Enlarged inclined view of the b-IDB interface in the Sn-doped b-IDB slab
model. The distinct Sn sites (Snl and Sn2) at the b-IDB are shown. These sites can be
distringuished at the [1120] zone-axis in the model.

5.3.2 Electronic Density of States
Mn-Doped b-IDB

The local electronic density of states (LDOS) at the Mn-doped b-IDB is shown in Fig.
5.4 (a). The electronic DOS of bulk ZnO is also shown for comparison in Fig. 5.4 (b). There
are several important differences between the DOS of the Mn-doped b-IDB and bulk ZnO. As
shown in Fig. 5.4 (a), the Mn-doped b-IDB LDOS contains a valence band exhibiting
significant hybridization between the Mn d and O p states over the energy range from -5.5 eV
to just below the Fermi level at 0.0 eV. In contrast, the Mn d states that occupy the bottom of

the conduction band, from just above 2.0 eV to ~4.5 eV, exhibit a highly localized character,
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with a smaller degree of hybridization with the O p states. As observed in the Mn3O4
Hausmannite compound, the equatorial Mn-O bonds of octahedrally-coordinated Mn, Mnoct,
possess a more covalent character than and correspond to electronic states located lower in
energy than the electronic states associated with the apical Mn-O bonds, which are more ionic
in character and are, thus, expected to correspond to electronic states located higher in energy
[13]. Contributions to the DOS from the Zn s, p and d states and O s and p states exhibit similar
features in the LDOS at the b-IDB and in bulk ZnO, with the primary difference being a reduced
contribution of these states relative to the Mn d states at the b-IDB.

In contrast to the previous studies of Mn-doped ZnO, in which the DOS of
tetrahedrally-coordinated Mn, Mne, was studied [14], the LDOS at the b-IDB shows different
features due to the local octahedral coordination of Mn. The partial DOS (PDOS) of Mnget in
Zn0O exhibits mid-gap Mn d states [14], which are not observed in the LDOS of Mnoct. The
mid-gap Mn d states due to Mn¢ cause the band gap of ZnO to increase due to repulsive
interactions with the O p states in the valence band [14]. The hybridization of the Mn d states
of Mnoc and the O p states within the valence band, observed in the LDOS at the Mn-doped b-
IDB, could result in band gap reduction due to a shift upward in energy of the valence band
maximum (VBM) [14]. The Hausmannite Mn3O4 compound contains both Mnyet and Mn sites
and the calculated DOS of this compound clearly indicates that the contributions of the Mnoct
atoms to the DOS are located lower in energy than those due to the Mny¢ atoms [13], which is
to be expected based on the relatively covalent and ionic bonding character of the Mnoc and
Mny sites respectively. The band gap at the Mn-doped b-IDB, determined via the LDOS, is
2.17 eV, in comparison to the value of 2.23 eV for bulk ZnO. Although Mnct does not induce
the formation of mid-gap states, which are known to act as electron traps, a quantum well could
form at the b-IDB, due to the local zinc-blende cation stacking sequence within the wurtzite

matrix [15], potentially resulting in electron localization at the b-IDB.
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Figure 5.4. (a) LDOS at the Mn-doped b-IDB. The Mn, Zn and O states correspond to the
two Mn at the b-IDB, the four Zn directly neighboring the b-IDB and the four O coordinated
to the Mn at the b-IDB. (b) Bulk ZnO DOS. The Fermi level (Ey) is set to the zero on the

abscissa and, in the case of the slab model, represents the Er value for the entire model.
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The thickness of the Zn-O bulk-like regions of the slab model is ~2.5 nm, which is
considerably less than the average spacing between b-IDBs along the c-axis of 50.6 nm (range:
17-206 nm) observed in Zno.goMno.1Alo.01O by TEM observation. This thickness was chosen as
a compromise between achieving convergence of the DFT calculation and maintaining a
sufficient separation between the Mn-doped b-IDB interface and the slab model surfaces, in
order to avoid the occurrence of spurious results due to interactions between the interface and
the surfaces. Calculations were also carried out for a smaller slab model containing only 50
total atoms and a total of 5 Zn-O cation-anion layers both above and below the b-IDB plane.
The Zn-O, Mn-O and H-O bond distances were found to change by less than 1 % upon
increasing the number of Zn-O cation-anion layers to 11. In future experiments, increasing the
concentration of Mn or Al, in order to synthesize other Mn203(Zn0O), or MnxAlyO3(ZnO),
compounds, could result in the formation of intergrowth or homologous phase compounds with
smaller b-IDB spacings. Similar to the InoO3(Zn0O), homologous phases, these compounds
could exhibit optoelectronic properties that are dependent on the relative concentration of Mn
to Al, as well as on the concentration of these elements relative to Zn (i.e. properties dependent

on the values of Mn:Al and n) [16-18].

Sn-Doped b-IDB
The LDOS at the Sn-doped b-IDB is shown in Fig. 5.5 (a). The LDOS of the ZnO

bulk-like region of the slab model is also shown in Fig. 5.5 (b). There is a considerable decrease
of the fundamental band gap magnitude at the b-IDB, to a value of 0.72 eV in comparison to
2.06 eV in the bulk-like region consisting of Zn tetrahedra (bulk ZnO: 2.23 e¢V). In ZnO doped
with group III elements (e.g. AI**, Ga** and In*"), the ZnO fundamental band gap can undergo
a renormalization depending on the energy position of the group-III element s states. Al is

considered an ideal n-type dopant for ZnO because the Al s states are located high enough in
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Figure 5.5. (a) LDOS at the Sn-doped b-IDB. The Sn, Zn and O states correspond to the
two Sn at the b-IDB, the four Zn directly neighboring the b-IDB and the four O coordinated
to the Sn atoms at the b-IDB. (b) LDOS in the domain interior. The Zn and O states
correspond to the two Zn in the sixth basal-plane cation layer above the b-IDB and the four
coordinating O atoms. Relative to the domain interior, a large renormalization of the
fundamental band gap (indicated by the green shading) occurs at the b-IDB, causing a local
decrease of the band gap. The Fermi level of the entire slab model is set to the zero on the

abscissa.

energy relative to the conduction band minimum (CBM) of ZnO that they do not cause a
renormalization of the ZnO band gap [19,20]. This is a result of the large band gap of Al>O3

(ALO3 Ey: 8.8 eV [21], ZnO Eg: 3.3-3.44 [6]). In contrast, the s states of In and Ga are located
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lower in energy and, thus, cause a considerable renormalization of the ZnO band gap [19,20],
due to the fact that the band gap magnitudes of InoO3 and Ga>Os3 are closer to that of ZnO (In203
Eg: 3.75 eV [18], GaxO3 Eg: 5.2 eV [22]). The band gap renormalization is thus due to the close
proximity of the In s and Ga s states to the ZnO CBM. As in the case of In, the s states of Sn
are located close to the CBM of ZnO, since the band gap of SnO; is similar in magnitude to
that of ZnO (SnO2 E,: 3.25-4.1 eV [23,24]). This is considered to be the primary factor
contributing to the large renormalization of the fundamental band gap at the Sn-doped b-IDB.

In addition, the Fermi level is shifted to the conduction band at the b-IDB, indicating
that Sn acts as a donor dopant. The shift of the Fermi level to the conduction band should result
in an increase of the optical band gap (measured from the energy level of the VBM, Evgwm, to
the Fermi level, Er) to a value of: Er-Evem = 2.57 eV, due to the Burstein-Moss effect [19,20].
Based on the average Sn-O bond lengths at the b-IDB, the Sn2 site clearly bears a resemblance
to Sn*" in SnO, (Sn2: 2.09 A, Sn**: 2.06) [11]. In contrast, the average Sn-O bond length of the
Sn1 site is closer to that of Sn*" in SnO, but exhibits a greater deviation than Sn2 does from
Sn**in SnO;, (Sn1: 2.33 A, Sn?": 2.22 A) [11]. It is thus possible, assuming a valence of 2- for
each coordinating oxygen atom, that Sn2, which appears to possess a Sn*'-like character, could
act as a donor dopan at the b-IDB octahedral site and cause the Fermi level to shift to the
conduction band.

The PDOS of the Sn1 and Sn2 sites at the Sn-doped b-IDB are shown in Fig. 5.6 (a)
and (b) respectively. A number of distinctive features are observed in the PDOS for the two
sites. The PDOS for both Snl and Sn2 exhibit a sharp peak due to the Sn s states located near
-9 eV. Throughout the energy range from -8 eV to -3 eV, the PDOS of both sites contains a
lower-intensity broadened feature due to the Sn p states. However, the intensity of this feature
is lower at the Snl site. From -3 eV to 0.5 eV, an energy gap in which the Fermi level, which
is set to 0.0 eV, is located is observed within the Sn2 PDOS. In contrast, the Sn1 site exhibits a

smaller energy gap located between -3 eV and -2 eV. These PDOS features of the Sn1 and Sn2
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Figure 5.6. PDOS of the (a) Snl and (b) Sn2 sites at the Sn-doped b-IDB. The Fermi level

of the entire slab model is set to the zero on the abscissa and is indicated by the dashed lines.

sites closely resemble those of the respective Sn(b) and Sn(a) sites that are found within the
proposed Sn2Os tin oxide homologous phase compound that has been studied by first principles

calculations [25]. The Sn(a) and Sn(b) PDOS respectively correspond to octahedrally

[128]



Chapter 5. Atomistic and Electronic Properties of Mn and Sn-Doped b-IDBs

coordinated (SnO»-like) and four-fold coordinated (SnO-like) Sn sites in the Sn2O3; compound
[25]. In addition to the similarity of the bond lengths of Sn1 and Sn2 sites to those reported for
SnO and SnO:> respectively [11], the relative sizes of the band gaps observed for the Snl and
Sn2 sites are also in general agreement with the experimental band gaps reported for SnO and
and SnO2 (SnO E,: 2.5-3.0 eV, SnO» E,: 3.25-4.1 eV [23,24]).

The PDOS of Snl contains a sharp peak due to the Sn s states that is approximately
located between -2 eV and 0.5 eV, with an intensity maximum located at ~ -0.5 eV. This feature
is in agreement with the PDOS of the Sn(b) site in the Sn2O3 compound; however, it is
inconsistent with the PDOS of SnO, which, instead of a sharp peak located near the Fermi level,
exhibits a broader PDOS feature due to the Sn s states near Er [25]. At higher energy levels,
within the energy range starting at ~1 eV, the Sn p states dominate the PDOS of Snl. This is
consistent with the PDOS of both the Sn(b) site in SnyO3 and SnO [25]. For the Sn2 site, above
the Fermi level, which is located within the energy gap region, sharp PDOS features due the
Sn s states are dominant within the energy range from 1 eV to 3 eV. This is in agreement with
the PDOS of the Sn(a) site in Sn203 but inconsistent with the PDOS of SnO», which exhibits
Sn s states that are lower in intensity and increase gradually in intensity within the energy range
from 1 eV to 3 eV [25].

Overall, the PDOS of the Sn1 and Sn2 sites of the Sn-doped b-IDB resemble the PDOS
of the SnO and SnO> compounds respectively [25]. However, several incongruities between
the PDOS of the Snl and Sn2 sites and the SnO and SnO> compounds are observed. A better
agreement is observed between the PDOS of the Snl and Sn2 sites located at the b-IDB and
the respective Sn(b) and Sn(a) sites in the SnpO3 homologous phase compound that has been
studied by first principles calculations [25]. Similar to the Snl and Sn2 sites located at the Sn-
doped b-IDB, the Sn(b) and Sn(a) sites are directly bonded and exhibit distinct average Sn-O
bond lengths. In order to maintain electroneutrality, the b-IDB should possess an average cation

charge of 3+ [12,26]. The Sn,0O3 compound also possesses an average cation valence of 3+.
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Thus, the similarities between the PDOS of the Snl and Sn2 sites at the Sn-doped b-IDB and
those of the respective Sn(b) and Sn(a) sites in the SnoO3 compound may reflect the similarity

of the local atomic bonding environments of the Sn-doped b-IDB and the Sn,O3; compound.

5.4 Conclusion

First principles calculations were carried out using the density functional theory as
implemented in the VASP software in order to determine the stable atomistic and electronic
structures of the Mn-doped and Sn-doped b-IDBs. The structural features of the relaxed models
are in general agreement with those observed using HAADF and ABF-STEM in the
Zn0.89Mno.1Alo.010 and Zno.9sSno.01Alo.010 samples synthesized. The local electronic density of
states at the Mn-doped b-IDB exhibits a hybridization of the Mn d and O p states within the
valence band and localized Mn d states within the conduction band. This is attributed to the
octahedral coordination of Mn at the b-IDB, with equatorial and apical Mn-O bonds possessing
a relatively covalent and ionic bonding character respectively. In contrast to tetrahedrally
coordinated Mn in bulk ZnO, the octahedrally coordinated Mn at the b-IDB does not introduce
localized mid-gap electronic states.

At the Sn-doped b-IDB, two different Sn sites, Snl and Sn2, are observed. The two
sites have Sn-O bond lengths resembling those of Sn** and Sn*" in SnO and SnO> respectively.
This charge disproportionation between b-IDB sites, which results in the stabilization of Sn
sites with bond lengths resembling those associated with Sn** and Sn*', could occur in order
to maintain electroneutrality at the b-IDB. The PDOS of the Snl and Sn2 sites at the Sn-doped
b-IDB also exhibit a clear resemblance to the PDOS of the Sn(b) (SnO-like) and Sn(a) (SnO»-
like) sites of the SnoO3 homologous phase compound, suggesting a similarity between the local
atomic structure of the Sn-doped b-IDB in the model and the Sn,O3 compound. Sn*" sites at

the b-IDB may act as electron donors, since the Sn-doped b-IDB LDOS exhibits an n-type
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character, with the Fermi level shifted to the conduction band. The fundamental band gap at
the Sn-doped b-IDB also undergoes a large renormalization to a value of 0.72 eV (bulk ZnO:
2.23 eV) due to the close proximity of the Sn s states to the CBM of ZnO.

The Mn-doped b-IDB and Sn-doped b-IDB exhibit very different atomistic and
electronic properties due to the differences in the Mn and Sn elements, which can both occupy
the b-IDB octahedral site. Similar to the In,O3(Zn0O), homologous phase compounds [16-18],
the optoelectronic properties of other RMO3(Zn0O), homologous phase compounds (where R =
Sn, Mn, In, Fe, and Sb etc.; M = In, Fe, Ga or Al etc.) could be systematically modified by
varying the value of n and, additionally, the ratio R:M. By studying the effects on the properties
of ZnO due to doping with different elements, in particular the influence of different dopants
on IDB formation in ZnO, additional R and M dopants, which localize at the respective
interfaces of the b-IDBs and p-IDBs, could be identified. The structural and electronic
properties of ZnO could also be tuned locally at the nanoscale level by varying the type and
also the relative concentrations of the dopant species, R and M, that substitute at the octahedral

b-IDB and five-fold p-IDB sites respectively.
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Chapter 6. Thermoelectric Properties of

Mn-Al and Sn-Al Dual-Doped ZnO

6.1 Introduction

In this chapter, the results of thermoelectric property measurements of Mn-Al and Sn-
Al dual-doped ZnO ceramics from RT to 750°C are described and the findings are discussed
by separately considering the influence of substitutional doping and defect (IDB) formation on
the thermoelectric properties. Substitutional dopants, at levels below the solubility limit, are
found to have a significant impact on the thermoelectric properties, with the addition of Al and
Sn, which act as donors, causing the carrier concentration of ZnO to increase. Increases in the
concentration of Mn are found to result in thermal conductivity reduction due to the scattering
of phonons by Mn point defects. At high doping levels, above the solubility limit, the formation
of ID networks occurs. ID networks also significantly influence the thermoelectric properties,
with IDBs acting as interfaces that can affect both electron and phonon transport. The effects
of both point defects and IDBs on the thermoelectric properties, specifically the electrical
conductivity, Seebeck coefficient, thermal conductivity and figure of merit, are analyzed and
discussed in detail. Comparisons are also made with previous studies of the thermoelectric
properties of both conventionally doped ZnO ceramics and ZnO ceramics doped with IDB-
forming elements. Potential strategies for improving the thermoelectric properties of ZnO
ceramics containing IDBs are suggested. Optimization of phonon and electron transport should
be acheivable through a combination of nanostructuring by ID network formation and the
modification of IDB interfaces by controlling the type and concentration of dopants that occupy

the IDBs.
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6.2 Methods

Electrical Conductivity and Seebeck Coefficient Measurement

The electrical conductivity (c) and Seebeck coefficient (S) were measured using the
Ulvac-Riko ZEM-2 from 50°C to 730°C. Samples with a typical cross-section of ~2-3 mm?
and length of ~8-11 mm were cut from sintered pellets using a diamond isometric cutter, sample
surfaces were polished using SiC paper and the samples were cleaned in an ultrasonic bath.
The ZEM-2 measures ¢ and S simultaneously. ¢ is measured using the four-probe method. A
pressure contact is made with the top and bottom sample faces in order to apply a current
through the sample at each measurement temperature. The resulting voltage difference between
the central contacts is then measured to determine the resistivity, from which the conductivity
is determined. The Seebeck coefficient is measured by using a heater to apply a temperature
difference, AT, of 10, 20 and 30 K at each measurement temperature. The Seebeck coefficient
is determined from a AV/AT plot, with AV values determined by the voltage difference
measured between the two central contacts to the sample at each AT. Measurements were made
along the direction perpendicular to the axis of uniaxial pressing during sample pelletizing prior

to sintering (i.e. along the direction within the plane of the sintered pellet).

Thermal Conductivity Measurement

The thermal conductivity (k) was determined via measurements of the thermal
diffusivity of pellet-shaped samples with a typical thickness of ~1-2 mm and diameter of ~10-
11 mm. The thermal diffusivity was measured from room temperature (RT) to 750°C using the
laser flash method (Ulvac-Riko, TC-7000). Sample surfaces were polished and covered with a
black carbon spray coating to reduce thermal losses due to increasing emissivity at high
temperatures. To measure the thermal diffusivity, a laser pulse is applied to one face of the

pellet at each measurement temperature and the profile of temperature increase is measured by
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an infrared (IR) detector at the other face. This process is carried out a total of three times at
each measurement temperature and the thermal diffusivity is calculated as the average of the
three measurements. The thermal diffusivity is then used to calculate the thermal conductivity,
according to the following equation: k = axCp*p, where a, Cpand p are the thermal diffusivity,
specific heat and density respectively. The C, values of undoped ZnO were used [1]. This
approximation is reasonable since the dopant concentration is low (< 10 at. %) [2]. p values

were determined by Archimedes’ method or by measuring the sample weight and dimensions.

6.3 Results and Discussion

6.3.1 Electrical Conductivity, ¢
Mn-Al Co-Doped ZnO

The electrical conductivity of ZnO doped with 1 at. % Al and 0, 1, 2, 5 and 10 at. %
Mn measured from 50°C to 730°C is plotted in Fig. 6.1. Zno.99Alo.010 attains the highest ¢ over
the entire temperature range and exhibits a metallic behavior, i.e. as the temperature increases
the electrical conductivity is reduced. AI** is known to act as a donor dopant in ZnO and can

generate electrons by substituting on the Zn sublattice according to the following reaction:

Al,05 =5 2L, + 2¢' +20% + %02 1 [3]
Al doping can increase the ¢ value of ZnO by up to three orders of magnitude [4]. The electrical
conductivity of Al-doped ZnO will continue to increase up to the solubility limit of Al in ZnO,
beyond which the less conductive ZnAl,O4 spinel secondary phase will form, resulting in
increasing reduction of ¢ as the volume fraction of ZnAl>O4 increases [4]. In 1 at. % Al-doped
ZnO, the volume fraction of ZnAl,O4 is low, thus ¢ remains high. Because AI** acts as a donor

dopant in ZnO, causing a significant increase in the carrier density, the Fermi level will shift to

the conduction band of ZnO. Thus, as the temperature increases, electron-electron scattering
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will occur at an increasing rate within the conduction band, resulting in ¢ reduction,

characteristic of a metal or degenerate semiconductor [5].
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Figure 6.1. Plot of the electrical conductivity measured from RT to 730°C for Zno.g9-
xMnxAlo.010 samples.

As the concentration of Mn in Zno.99.xMnxAlo.01O increases, the temperature
dependence of o exhibits an increasingly semiconducting or activated electronic transport
behavior, i.e. ¢ increases as the temperature increases. In contrast to AI**, Mn substitutes on
the Zn sublattice in the Mn?" state [6]. Thus, Mn doping of ZnO will not result in an increase
of the carrier density. Mn?" can, however, act as a deep acceptor in ZnO, causing the formation
of mid-gap states within the band gap of ZnO [7,8]. A schematic of the band structure of ZnO,
including the position of the Mn?"3" mid-gap states is shown in Fig. 6.2 [9]. As the

concentration of Mn mid-gap states increases, the carrier density will decrease, because the
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Figure 6.2. Schematics showing (a) the magnitude of the energy of 1) the transition from
the VBM to the CBM and 2) the transition from the localized Mn?"3" mid-gap energy levels
to the CBM in ZnO and (b) the location of the localized Mn?"3* deep acceptor levels which
form within the band gap of ZnO upon substitution of Mn?" for Zn** on the Zn sublattice.
Significant formation of Mn>"** deep acceptor levels will lead to an increase of the
resistivity due to the depletion of conducting electrons and the shift of Erto lower energy
values. Images shown are adapted from [9] and reprinted with permission from the

American Physical Society.

impurity levels can act as traps for the electrons that would normally occupy the shallow donor
levels located higher in energy. Electrons trapped in these levels will be increasingly excited
with increasing temperature, resulting in the activated character of the electrical conductivity.
As the concentration of Mn increases, the mobility may also be reduced due to alloy scattering
caused by the substitution of Mn at Zn sites. When the solubility limit of Mn in ZnO (~3-8
at. % at 1400°C [10-12]) is exceeded, the formation of ZnxMnj3.xO4 spinel phases can occur
[10-13]. When the volume fraction of these phases is high, ¢ will be degraded due to the low
o values of the ZnMn3xO4 phases [14]. However, instead of the formation of a high volume
fraction of ZnxMn3.xO4 spinel phase precipitates, the extensive development of IDBs was
found to occur at a Mn concentration of 10 at. %.

Networks of IDs, consisting of b-IDBs and p-IDBs, formed throughout most grains in
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Zno.89Mno.1Alp.010. The average b-IDB spacing along the c-axis is ~50 nm, thus IDB formation
is expected to exert a stronger influence on the electrical conductivity than the presence of
spinel precipitates or grain boundaries, which are spaced at intervals ranging from several um
to tens of wm, significantly larger than the electron mean free path and, thus, resulting in less
electron scattering. The combination of substitutional Mn?* dopants and a high density of IDB
interfaces in Zno.goMno.1Alo.010 causes significant electron scattering, resulting in the lowest o
values measured for all Zno 99 xMnxAlo.01O samples. IDB interfaces can act as potential barriers,
influencing electron transport and contributing to the activated character of ¢ with respect to
temperature [15]. Indeed, Zno.goMno.1Alp.01O clearly exhibits the most strongly activated
conductivity. Variation in the electrical conductivity values observed in ZnO systems
containing IDBs, e.g. Ino03(Zn0), [16] and Ga>03(Zn0O), [17], indicates that the transparency
of the ID networks to electron transport may be dependent on the type of dopant occupying the
IDB interfaces [15]. Thus, by controlling both the type and fractional occupancy of the dopants
substituting at the IDB interfaces, it may be possible to modify the electronic potential energy

barrier height at the IDB interfaces, in order to optimize the value of c.

Sn-Al Co-Doped ZnO

The values of ¢ measured from 50°C to 730°C for Zno.99Alp.010, Zno.99Sng.01O and
Zn0.98Sn0.01Alo.010 are shown in Fig. 6.3. Zno.99Alo.010 exhibits the highest ¢ values due to the
significant increase in carrier density caused by Al doping [3,4]. The ¢ values of Zno.99Sno.010
and Zno.9§Sno.01Alo.010 are lower than Zno.99Alo.010 over the measured temperature range. Sn**
can act as a donor dopant in ZnO by substituting on the Zn sublattice [18]. However, the
solubility limit of Sn in ZnO (< 0.1 at. % [19]) is lower than that of Al (~0.3 at. % [20]),
resulting in a smaller increase in the carrier density in the case of Sn doping. As discussed in
Chapter 4, extensive IDB formation was observed in Zno.98Sno.01Alo.010. This accounts for the

reduction in ¢ in comparison to Zno.99Alo.010. Although the average IDB spacing along the c-
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Figure 6.3. Plot of the electrical conductivity measured from RT to 730°C for
Zn0.98Sn0,01Alo.010 (@), Zno.99Sn0.010 (A ) and Zno.99Alo.010 (M).
axis in Zno.9sSno.01Alo.010 is ~15 nm, smaller than the value of ~50 nm in Zno.goMno.1Alo.010,
the ¢ values of Zno.9sSno.01Alo.01O are considerably higher. This suggests that alloy scattering
due to the substitution of Mn** on the Zn sublattice contributes significantly to the reduction
of o. This makes sense because the grain size of ZngogSnoo1Aloo1O is smaller than
Zno.89Mno.1Alp.010 and the volume fraction of the spinel phases in Zno .goMno.1Alo.010 is low. At
higher concentrations of Sn or Al, i.e. in SnxAlyO3(Zn0), compounds, an optimum ¢ value
could be achieved due to increased carrier transport isotropy, as observed in the In2O3(Zn0O),

homologous phase compounds [16,21].
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6.3.2 Seebeck Coefficient, S
Mn-Al Co-Doped ZnO

The values of the Seebeck coefficient for Zno.99.-xMnxAlo.01O samples, measured over
the temperature range from 50°C to 730°C, are shown in Fig. 6.4. All Seebeck coefficient
values are negative, indicating that the samples are n-type semiconductors. The absolute value
of the Seebeck coefficient, |S|, is known to exhibit an inverse relationship with respect to the
carrier density, n, scaling as S o n"?® [22]. Thus, because Al doping of ZnO results in a
significant increase of the carrier density, |S| is significantly reduced in comparison to
undoped ZnO. As the concentration of Mn increases, there is little change in the value of |S|

throughout the measured temperature range. Because Mn?*, which is isovalent with Zn**,
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Figure 6.4. Plot of the Seebeck coefficient measured from RT to 730°C for Zng.g9-
xMnxAlo.010 samples.
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substitutes on the Zn sublattice [6], there is expected to be little change in the carrier density.
Previous studies have found that the Seebeck coefticient increases when ZnO is doped with
Mn, due to spin polarization caused by the Mn d states and a shift of the Fermi level downward
in energy toward the localized Mn?" mid-gap states [7,8]. However, these effects do not appear
to be significant at low (< 5 at. %) Mn doping levels in Al-doped ZnO. At a high Mn
concentration of 10 at. %, there is a larger increase in |S| observed throughout the entire
temperature range. The extensive ID networks that form in Zno.goMno.1Alp.010 could result in
an increase of the Seebeck coefficient. Possible sources for the increase in |S| include: 1)
electron filtering at electronic potential energy barriers that may form at the IDB interfaces,
resulting in an asymmetry of the DOS near the Fermi level [23,24], 2) quantum confinement
at IDB interfaces [25,26], which could arise due to the local zinc-blende cation stacking
sequence at the b-IDB [27], or 3) an increase of the DOS near the Fermi level due to localized

transition metal (TM) d states at IDB interfaces [26].

Sn-Al Co-Doped ZnO

The values of the Seebeck coefficient measured from 50°C to 730°C for Zno.99Alo.010,
7Z10.99Sn0.010 and Znp.9gSno.01Alp.010 are shown in Fig. 6.5. All values are negative, indicating
an n-type semiconducting character. In comparison to the |S| values of Zng.99Alo.010, the |S|
values of Zno.99Sno010 are considerably larger throughout the measured temperature range,
although lower than reported for undoped ZnO [4]. This is due to the higher carrier density of
Z10.99Al0.010 in comparison to Zno.99Sno.010, which is a result of the higher solubility of Al in
ZnO. In Zno.0sSno.01Alo.010, |S| is increased in comparison to Zno.99Alo010. This is attributed
to the formation of ID networks with a high density of IDB interfaces, which may cause
increased electron filtering [23,24] or quantum confinement [25,26] at IDB interfaces, leading
to increases in |S|. A significant increase of the Seebeck coefficient, in comparison to In-doped

Zn0, has been observed in In-Al co-doped ZnO [15]. The increase may be due to a modification
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Figure 6.5 Plot of the Seebeck coefficient measured from RT to 730°C for
Z10.98Sn0.01Alp.010 (@), Zno.99Sne.010 (A ) and Zno.99Alp.010 (m).

of the IDB electronic potential energy barrier height, due to the substitution of In by Al at IDB
sites [15]. This modification has been suggested to increase electron filtering, resulting in
increases in |S|. Thus, by controlling the type and also the fractional occupancy of different
dopants within the b-IDB and/or p-IDB sites, it may be possible to tune the IDB electronic

potential energy barrier height, in order to optimize both |S| and o.

6.3.3 Power Factor, 6S?

The power factor, 6S2, of Zno.99-xMnxAlp 01O samples, measured within the
temperature range from 50°C to 730°C, is shown in Fig. 6.6. As the concentration of Mn
increases, the power factor is reduced as a result of the decrease of ¢ caused by increasing

electron scattering due to Mn?* points defects and, at the doping level of 10 at. % Mn, a high
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Figure 6.6. Plot of the Power Factor (6S?) measured from RT to 730°C for Zng.oo-
xMnxAlo 010 samples.

density of IDB interfaces. The power factor values measured from RT to 730°C for
Zn0.99Al0.010, Zno.99Sn0.010 and Zno.9sSno.01Alo.010 are shown in Fig. 6.7. Zno.99Alo.010 exhibits
the highest values of the power factor, which are in agreement with those previously reported
for 1 at. % Al doped ZnO ceramics sintered under similar conditions [4]. The values of the
power factor for Zno.99Sng 010 are lower than those of Zng 99Alo.010, but also somewhat lower
than previously reported for Zno.99Sno.010 ceramics (PF = 1.2E-3 W/(m-K?) at ~750°C [18]).
This discrepancy may be attributed to differences in the oxide powders or sample preparation
methods used during synthesis. The power factor of Zno.9sSno.01Alo.01O is lower than
Zno.99Al0.010, due to increased electron scattering at IDB interfaces, which causes the reduction
of 6. However, it is possible that, at higher concentrations of Sn and/or Al, o, |S| and,

correspondingly, 6S? could be increased by reducing the b-IDB spacing along the c-axis, as
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Figure 6.7. Plot of the Power Factor (6S?) measured from RT to 730°C for
Zn0.98Sn0,01Alo.010 (@), Zno.99Sn0.010 (A ) and Zno.99Alo.010 (M).

has been observed to occur in the In2O3(Zn0O), homologous phase compounds at specific values
of n (e.g. n = 4 in InoO3(Zn0O), [16]). This optimization is due to a reversal of the trend of
decreasing ¢ with decreasing b-IDB spacing at the point where the b-IDB spacing becomes
sufficiently small that increases in the carrier transport isotropy occur, causing ¢ to increase
[16,21]. Additionally, even at somewhat small values of n (e.g. n = 4-5 [16]), it should be
possible to maintain sufficiently large values of |S|, e.g. due to significant carrier filtering at

the IDB interfaces [15,16,23,24], allowing the power factor to be maximized.
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6.3.4 Thermal Conductivity, k
Mn-Al Co-Doped ZnO

The thermal conductivity, k, of Zng.99xMnxAlpo1O samples, measured from RT to
750°C, is shown in Fig. 6.8. As the concentration of Mn increases, a drop in the thermal
conductivity is observed over the entire temperature range. k values also become less strongly
dependent on temperature as the concentration of Mn increases. The thermal conductivity can

be described generally according to the following expression:

6

kB kBT 3 TD x4ex
o= ZEZUS(T)L Tc(x)mdx, eqn.6.1 [28]

where T is the temperature, vs is the speed of sound, A is Planck’s constant divided by 2z, 0p
is the Debye temperature, . is the total relaxation time for all phonon scattering processes and
x is defined as: x = (hw)/kgT), where o is the phonon frequency [28]. The inverse of the
total relaxation time can be expressed as the sum of several terms according to the following
equation:
7=t +1pt+15Y, eqn.6.2  [28]

where Tpt, tp' and tg' are the inverses of the relaxation times due to phonon-phonon
scattering, the scattering of phonons by point defects and the scattering of phonons by
boundaries respectively [28]. The solubility limit of Mn in ZnO is rather high (~3-8 at. % [10-
12]); thus, for the samples containing Mn concentrations < 5 at. % that were studied in this
work, the 5! term due to scattering by Mn substitutional point defects will be significant.
Ty generally takes the form: tp' = Aw*, where A is the defect scattering coefficient,
expressed as: A = Q,I'/(4mud) [28]. Q, is the unit cell volume and T is the scattering

parameter, which describes the strength that a specific type of point defect has to scatter

phonons [28]. ' can be written generally as:

— = 2
I; = x; u2+£ b9 eqn.6.3 [29]
i i M 5 ’ qn. 6.
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Figure 6.8. Plot of the thermal conductivity measured from RT to 750°C for Zng.g9-
xMnxAlo 010 samples.

where x; i1s the concentration of a specific type of impurity or defect, M; is the impurity or
defect mass, M is the average mass of all atoms in the solid, € is a parameter describing size
misfit, §; is the size of the defect and § is the average size of all atoms in the solid [29]. The
complete expression for the contribution to I' due to the mass contrast caused by Mn
substitution on the Zn sublattice is expressed as:
—2
Ir= %x lWl , eqn.6.4  [29]

where Mmn is the mass of Mn and My, is the average mass of the atoms (and vacancies)
composing the Zn sublattice [29]. A plot of the k (T =300 K) and I' gamma values determined

using the above equation for Mn concentrations up to 10 at. % is shown in Fig. 6.9. An

additional term for Al doping is included, in order to take into account the substitution of up to
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0.3 at. % Al on the Zn sublattice [20]. An inverse relationship between k and I' is observed,
indicating that increasing phonon scattering due to impurities leads to an increasing reduction

in x as the concentration of Mn increases.
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Figure 6.9. Plot of the thermal conductivity values for Zno.99-xMnxAlo.010 samples measured

at RT vs. the scattering parameter, I. An inverse relationship is observed.

At a high Mn concentration of 10 at. %, in Zno.gsMno.1Alo.010, the solubility limit of
Mn in bulk ZnO is exceeded, resulting in ID network formation. The formation of the ID
networks in Zno.goMno.1Alo.010, discussed in Chapter 3, should result in increased phonon
scattering due to the high density of IDB interfaces [15-17,30,31]. Thus, the term tg’,
representing grain boundary or interface scattering, will become significant. Indeed, by
observing the trend of decreasing k values that occurs as the concentration of Mn increases, as
shown in Fig. 6.9, it appears that an additional drop in the thermal conductivity which cannot
be accounted for by considering only point defect scattering occurs between the Mn doping

levels of 5 and 10 at. %. The additional phonon scattering due to IDB interfaces in
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Znp.89Mno.1Alp.010 thus appears to result in a significant decrease of k beyond that due to point
defect scattering. This effect is particularly pronounced at RT, as observed in Fig. 6.8, and the
K values of ZnggoMno.10Alo.010 exhibit the weakest dependence on temperature, due to the
combined influence of both point defects and IDBs on phonon scattering. As the temperature
increases, the difference in the k values for samples with different Mn concentrations becomes
less significant, as a result of the increasing impact of phonon-phonon scattering on the thermal
conductivity [32]. Although spinel precipitates are observed in Zng.goMno.10Alo.010, they likely
have a minimal impact on k in comparison to IDBs, since the size of the spinel precipitates
(~2 um) is considerably greater than the b-IDB spacing of ~50 nm along the c-axis and the
volume fraction of the spinel precipitates is low, based on the results of XRD, SEM and TEM

analysis, described in Chapter 3.

Sn-Al Co-Doped ZnO

The « values of Zno.99Alo.010, Zno.99Sno.010 and Zno.9sSno.01Alo.010, measured from
RT to 750°C, are shown in Fig. 6.10. The « values of Zno.99Alo.01O are in general agreement
with those previously reported for ZnO doped with 1 at. % Al and sintered under similar
conditions [4]. There is not a significant difference between the thermal conductivities of
Z10.99Al0.010 and Zng.99Sno.010 due to the fact that: 1) the solubility limits of Al and Sn in ZnO
are both low, resulting in minimal scattering of phonons due to point defects, 2) the average
grain sizes of Zno.99Alo.010 and Zno.99Sno.010 differ only by a factor of ~2 and 3) the volume
fractions and average sizes of the ZnAl>O4 and Zn>SnO4 spinel precipitates are similar in their
respective samples (see Table 4.1). In contrast to Zng.99Alo.010 and Zno.99Sne.010,
the thermal conductivity of Zno.9sSno.01Alo.010 is significantly reduced over the entire
temperature range, with the k values of Zno.0sSno.01Alo.010 exhibiting a weaker dependence on
temperature than the other samples from RT to 750°C. This is primarily attributed to the high

density of b-IDB and p-IDB interfaces in Zno.ggSno.o1Alo.010, since the grain sizes of
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Figure 6.10. Plot of the thermal conductivity measured from RT to 750°C for
Z10.98Sn0.01Alp.010 (@), Zno.99Sne.010 (A ) and Zno.99Alp.010 (m).

ZN0.99SN0.010 and Zno.0gSno.01Alo.010 differ only by a factor of ~2 and spinel precipitates do not
form in Zno.98Sno.01Alo.010. The small b-IDB spacing along the c-axis (~15 nm) in
Zn.98Sno.01Alo.010 should also result in increased boundary scattering of phonons in
comparison to Zno.goMno.1Alo.01O (b-IDB spacing: ~50 nm). However, the additional
contribution to the reduction of «, due to point defect scattering caused by Mn?" substitution
on the Zn sublattice, likely results in the similar « values observed for Zno.9sSno.o1Alo.010 and
Zno.39Mng.1Alo.010.

Networks consisting of two types of IDBs: b-IDBs and p-IDBs, form in both
Zn9.89Mno.1Alp.010 and Zno.9gSnp.01Alp.010. Since the b-IDBs and p-IDBs have different c-axis
cation stacking sequences, contain dopants at different densities and are occupied by different
types of cations, they likely exert a different degree of influence on the scattering of phonons.

Previous studies of Fe-doped ZnO have found that the b-IDB consists of a complete monolayer
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of Fe, while the p-IDB has an Fe occupancy of ~2/3 [33]. The b-IDB is also considered to be
the favorable site for accommodating larger dopants (e.g. In and Sn), in comparison to the p-
IDB which is the favorable site for accommodating smaller dopants (e.g. Fe and Al) [34,35],
particularly in systems containing multiple IDB-forming dopants. Larger dopants such as In
and Sn that can stably occupy the b-IDB are also heavier than the smaller dopants (e.g. Fe or
Al) that prefer to occupy the p-IDB. Heavy dopants are known to scatter phonons effectively
[22,36]. b-IDBs should, thus, be able to accommodate larger dopants at higher densities and,
based on HAADF/ABF-STEM observations (e.g. Fig. 4.7), appear to form a sharper
discontinuity in the ZnO lattice than the p-IDBs. Consequently, b-IDBs may scatter phonons
more effectively than p-IDBs. Both b-IDBs and p-IDBs have been found to accomodate co-
occupation by several different types of dopants (e.g. In/Fe co-doped b-IDBs [35], Sb/Zn co-
doped b-IDBs [37], Mn/Al co-doped b-IDBs (Chapter 3), Sb/Bi co-doped b-IDBs [38], Sn/Al
co-doped p-IDBs (Chapter 4) and In/Ga co-doped p-IDBs [31]). Depending on the extent of
intermixing, the degree of phonon scattering at the b-IDBs and/or p-IDBs could be increased
via the co-occupation of the IDB sites by multiple dopants, which could result in increased

disorder and mass contrast at the IDB interfaces, leading to thermal conductivity reduction [15].

6.3.5 Thermoelectric Figure of Merit, ZT
Mn-Al Co-Doped ZnO

The thermoelectric figure of merit, ZT (Z = 6S%/x, T: temperature), calculated using
the o, S and « values measured from 50°C to 730°C (¢ and S) and RT to 750°C (k) for the
Zn0.99-xMnxAlo.010 samples, is shown in Fig. 6.11. As the temperature increases, the ZT values
of all samples increase. Also, as the concentration of Mn increases, a decrease in the ZT values
is observed. Although |S| either remains approximately constant or increases and « is reduced
as the concentration of Mn increases, ZT is ultimately reduced due to decreasing ¢ values. The

specific influence of several different dopants with high solubility limits in ZnO (e.g. Mn [10-
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Figure 6.11. Plot of the Figure of Merit (ZT) determined using thermoelectric parameter

measurements from RT to ~750°C for Zng.99.xMnxAl.01O samples.

12], Mg [39]) on the thermoelectric properties of ZnO has been investigated both in this thesis
and in previous works [39]; however, an increase of ZT due to the reduction of k caused by the
alloying of ZnO has not been observed. This contrasts with the behavior of some systems (e.g.
S11xGex [40]) in which alloying has been demonstrated to result in the improvement of ZT.
According to equation 6.3, the scattering parameter, I, is linearly proportional to the impurity
concentration and proportional to the square of the mass contrast between the impurity element
and the matrix element for which it substitutes. Thus, in order to improve ZT, it is best to choose
an alloying element with a high solubility limit and a large mass contrast. Alternatively, dopants
with a large size mismatch could also be beneficial for reducing k in order to increase ZT.
However, a large size misfit may result in a low solubility limit. The Si;xGex systems exhibits
a complete solid solubility between Si and Ge [41] and the mass contrast of Si and Ge is ~61 %.

In contrast, the solubility limit of Mn in ZnO is between 3 and 8 at. % [10-12] and the mass
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contrast of Mn and Zn is ~16 %. Thus, « reduction will not be as significant as in the Sij.xGex
system. However, in comparison to Zno.99Alo.010, a 40 % reduction in « is observed at RT for
a doping level of 2 at. % Mn (see Fig. 6.8), indicating that a substantial reduction of « is
achieved by alloying ZnO with Mn.

There is a tradeoff between the reduction of k and the reduction of ¢ associated with
solid solution alloying of thermoelectric materials [40]. Thus, in addition to the importance of
choosing a dopant with a high solubility limit in the host lattice and a large mass contrast with
the matrix element to be substituted for, the influence of the dopant on alloy scattering, which
can result in ¢ reduction, must also be considered. The difference in the electronegativity, U,
between Mn and Zn is small [42], indicating that the reduction of ¢ due to Mn alloying of ZnO
may be minimal. However, a significant decrease in ¢ occurs as the Mn concentration increases,
indicating that the difference in the U values of Mn and Zn is not insignificant enough to
acheive ZT increase simply via the reduction of k by point defect scattering. Other dopants
with U values similar to Zn, as well as a high solubility limit in ZnO and a large mass contrast
with Zn could potentially result in ZT increase through k reduction by point defect scattering.
However, given the limited number of dopants with a solubility limit exceeding even 5 at. %
in ZnO (e.g. Mn [10-12], Mg [39] and Co [43]), the prospects for increasing the ZT values of
ZnO through solid solution alloying could be limited.

Alternatively, nanostructuring, for example via the formation of defects such as IDBs,
may be a more promising pathway to acheiving significant increases in the ZT values of ZnO.
Although the ZT values of Zno.s9Mno.1Alo.010 are the lowest among all the Zno.99.xMnxAlp.010
samples studied, due to significant ¢ reduction caused by the combination of alloy scattering
of electrons by Mn point defects and interface scattering of electrons by IDBs, the
thermoelectric properties of other systems containing IDBs, e.g. In203Zn0O), [16], have been
investigated systematically and it was found that at specific values of », both the power factor

and ZT values can be optimized. Optimization occurs at low values of n (e.g. n =4 [16]) and
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has been determined to be a consequence of the increasing isotropy of the carrier transport that
occurs as the b-IDB spacing is reduced and the fraction of the InoO3 b-IDB layers increases
[21]. The increase in carrier transport isotropy is accompanied by a significant reduction in «
due to a high density of IDB interfaces and an increase of the Seebeck coefficient, possibly due
to significant electron filtering, also caused by the formation of dense ID networks [15,23,24].
Thus, at higher concentrations of Mn or Al, i.e. in other MnxAlyO3(ZnO), compounds, the ZT
values could be improved and even surpass the values obtained for Zngo9Aloo1O, as a
consequence of the combination of a low «x, high |S| and improved values of ¢ due to the
increased carrier isotropy at small values of n. Additional modifications of the IDB interfaces
could also be beneficial for improving ZT. As observed in In-Al co-doped ZnO [15] and In-Ga
co-doped ZnO [31], the co-occupation of IDBs by different dopants leads to increased disorder
and mass contrast at the IDB interfaces, which likely contributes to the reduction of k. The co-
doping of other homologous phase compounds, e.g. InoO3(Zn0O),, with TM dopants (e.g. Mn,
Ni or Ti) could also lead to improved ZT values due to increases in |S| caused by an increased

DOS near the Fermi level, resulting from the formation of localized TM d states [26].

Sn-Al Co-Doped ZnO

The ZT values determined for Zno.99Alo.010, Zno.99Sno.010 and Zno.9sSno.01Alo.010 are
plotted in Fig. 6.12. Znp.99Alo.01O exhibits the highest values of ZT as a result of its high ¢
values. Zno.99Sno 010 exhibits lower ZT values, likely due to decreased ¢ values caused by a
lower carrier density relative to Zno.99Alp.010. The ZT values of Zno.ogSno.01Alo.010 are between
those of Znp.99Alo01O and Zno.99Sno 010, though closer to Znp.99Aloo1O above 500°C, the
primary temperature range of interest for the thermoelectric operation of ZnO. In contrast to
Zn0.99A10.010 and Znp.99Sno.010, spinel precipitates do not form in Zno.osSne.01Alo.01O. Instead,
a dense network of IDs, consisting of b-IDBs and p-IDBs, with a b-IDB spacing of ~15 nm is

observed. The ID networks significantly reduce k due to phonon scattering at b-IDB and p-IDB
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Figure 6.12. Plot of the Figure of Merit (ZT) determined using thermoelectric parameter

measurements from RT to ~750°C for Zno.9sSno.o1Alo.o1O (@), Zno.9eSneo1O (A) and
Z1n0.99Alp.010 (m).

interfaces. However, they also cause electron scattering, resulting in ¢ values reduced in
comparison to Zno.99Alo.010. Despite the smaller b-IDB spacing of Zno.9sSno.01Alo.010 (~15 nm)
relative to Zno.goMno.1Alo01O (~50 nm), the k values of the two samples are similar. This is
likely due to the high concentration of Mn point defects in Zno.gsMno.1Alo.010, which also
contribute to the reduction of k. However, the ¢ values of Zno.9gSno.01Alo.010 are higher than
those of Zngg9oMno.1Alo010. This indicates that the ID networks in Zno.9sSno.01Alp.01O cause
less total electron scattering than the combination of both the Mn point defects and IDBs in
Zno.390Mno.1Alo.010, despite the smaller b-IDB spacing in Zng.9sSno.01Alo.01O. The smaller b-
IDB spacing observed in Zno.9gSno.01Alo.01O indicates that a higher total dopant amount, likely
very nearly 1 at. % Sn and 1 at. % Al, contributes to IDB formation in this sample, whereas in
Zno.80Mno.1Alo.010 the spinel secondary phases appear to be able to accommodate a significant

fraction of the total dopant content, supported by the appearance of spinel precipitates

[155]



Chapter 6. Thermoelectric Properties of Mn-Al and Sn-Al Dual-Doped ZnQ.

exhibiting twinned bands, indicative of a significant Mn>" content, at the doping level of 10
at. % Mn. This indicates that a lower total dopant amount may contribute to the formation of
the ID networks in Zno.goMno.1Alo.010, in comparison to Zno.9gSno.o1Alo.010.

There is the potential for increasing the ZT values of SnxAlyO3(Zn0O), compounds at
higher Sn or Al concentrations. As observed in the In2O3(ZnQO), homologous phases [16], the
carrier transport isotropy of the SnxAlyO3(Zn0O), compounds could increase as the b-IDB
spacing decreases and the fraction of the Sn and Al doped IDB layers increases [21]. The use
of texturing has also been shown to significantly improve the thermoelectric performance of
In-doped ZnO ceramics containing IDBs by increasing the in-plane electrical conductivity [44-
46]. The introduction of texture in the SnxAlyO3(Zn0O), compounds could potentially result in
a significant increase of the power factor, especially if a 2D electron gas (2DEG) is determined
to form at the Sn-doped b-IDB interfaces. The shift of the Fermi level to the conduction band
and the high density of Sn s states near the Fermi level observed in Fig. 5.5 suggest that 2DEG
formation could occur at the Sn-doped b-IDB interface. 2DEG formation can increase ¢ and
|S| simultaneously through the combined effects of 2D carrier density increase and carrier
localization at the b-IDB [26]. Co-doping of the In,O3(Zn0O), homologous phases with Sn or
Al could also improve the thermoelectric performance of these phases, since co-doping has
been found to improve the ZT values of the In203(Zn0O), homologous phase compounds (e.g.
In-Ga co-doped ZnO [31], In-Ca co-doped ZnO [45], In-Y co-doped ZnO [46,47] and In-M (M
=Y, Mg or Co) co-doped ZnO [48]), due to the reduction of «, likely caused by increased
disorder and mass contrast at the IDB interfaces. Co-doping could also be useful for modifying
the electronic potential energy barrier height at the IDB interfaces, in order to optimize carrier

transport [15].
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6.4 Conclusion

The thermoelectric properties of Mn-Al and Sn-Al dual-doped ZnO ceramics have
been measured from RT to ~750°C. The addition of Al resulted in a significant increase of the
carrier density of ZnO, increasing the electrical conductivity. As the concentration of Mn
increased, the electrical conductivity decreased due to alloy scattering of electrons by Mn point
defects. The increasing concentration of Mn point defects also caused thermal conductivity
reduction due to phonon scattering. When the solubility limit of Mn in ZnO was exceeded (in
Zno 8oMno.1Alo.010), IDBs formed. IDB formation caused an additional reduction of both the
electrical and thermal conductivity due to the scattering of electrons and phonons at IDB
interfaces. The Seebeck coefficient also increased in Zno.goMno.1Alo.010, possibly due to effects
occurring at IDB interfaces, including electron filtering, quantum confinement or an increased
DOS near the Fermi level caused by localized Mn d states. In Zno.9sSno.01Alo.010, a smaller b-
IDB spacing along the c-axis of ~15 nm, in comparison to ~50 nm in Zno.gsMno.1Alo.010,
resulted in a similar thermal conductivity to Zno.goMno.1Alo.010 likely because of the absence
of Mn point effects, which also contribute to thermal conductivity reduction. The lack of Mn
point defects also enabled a larger electrical conductivity in Zno.9gSno.01Alo.010, despite its
smaller b-IDB spacing.

The ZT values obtained for the ZnosoMno.1Alo.010 and Zno.9sSno01Alo.01O ceramics
containing IDBs are lower than the maximum values previously reported for In-doped ZnO
[16], Ga-doped ZnO [30] and In-Ga co-doped ZnO [31] ceramics containing IDBs. By the
investigation of other MnxAlyO3(ZnO), and SnxAlyO3(ZnO), ceramics with higher
concentrations of Sn, Al and/or Mn, it may be possible to acheive higher ZT values, due to the
potential increase in the carrier transport isotropy and reduction in the thermal conductivity
which can occur when the b-IDB spacing is reduced sufficiently. Additionally, the modification

of the IDB interfaces via co-doping with multiple dopants that can substitute at the IDB sites
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should be beneficial for further optimizing the ZT values of RMO3(Zn0O), compounds. This can
be achieved by increased interface disorder and mass contrast due to the co-occupation of IDBs
by different dopants, which can reduce the thermal conductivity, and by the modification of the
IDB electronic potential energy barrier height, which can be optimized to improve carrier
transport and increase the power factor, 6S2. Co-doping of other homologous phase systems
such as In203(Zn0), and Ga>03(Zn0O), with heavy dopants (e.g. Sn), which are effective
phonon scatterers, and TM dopants (e.g. Mn), which can introduce localized d states at IDB
interfaces, thereby increasing the DOS, could also enable further optimization and
improvement of the thermoelectric performance of these compounds. Investigations focusing
on the identification of additional IDB-forming dopants and RMO3(Zn0O), homologous phase
compounds will be useful for the systematic optimization of bulk properties ranging from the
thermoelectric properties, such as the electrical and thermal conductivity, to other properties
such as the optical transmission or quantum efficiency, for LED applications. It should be
possible to optimize the bulk properties not only by controlling the formation of specific
nanoscale ID features (e.g. the b-IDB spacing and p-IDB angle) but also via the control of sub-
nanometer features, for example by selecting specific dopant elements to occupy the b-IDB
and/or p-IDB sites and by controlling the fractional occupancy of these IDB sites by one or

more dopants.
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Chapter 7. Summary and Outlook

In this thesis, the atomic and electronic structures of inversion domain boundaries in
Mn-Al and Sn-Al dual-doped ZnO ceramics have been investigated by atomic-resolution
scanning transmission electron microscopy, energy-dispersive X-ray spectroscopy, electron
energy-loss spectroscopy and density functional theory calculations. The influence of inversion
domain boundaries on the thermoelectric properties of these compounds has also been
investigated in the temperature range from room temperature to ~750°C.

Inversion domain networks consisting of basal-plane and pyramidal-plane inversion
domain boundaries formed when the solubility limit of Mn in ZnO was exceeded in
Zno.890Mno.1Alo.010 ceramics sintered at 1400°C in air. Inversion domain networks exhibited a
basal-plane inversion domain boundary spacing of ~50 nm along the c-axis axis and consisted
of pyramidal-plane inversion domain boundaries that form shallow angles of ~8.8°-22.3° with
the basal-plane inversion domain boundaries and form at {112[} pyramidal planes with /
values of ~8-21. Atomic-scale observation of basal-plane inversion domain boundaries
revealed a head-to-head configuration of the c-axis and a cation stacking sequence along the c-
axis of ofof|ylopop at the basal-plane inversion domain boundary interface. Elemental
analysis revealed significant localization of Mn and minor localization of Al at the basal-plane
inversion domain boundary. The results of STEM-EELS suggested the valence of Mn at the
basal-plane inversion domain boundary octahedral site to be 3+, as expected based on Pauling’s
rule of electrostatic neutrality. Inversion domain boundaries are considered to develop in
Zno.89Mno.1Alo.010 due to the high concentration of Mn, which exceeds the solubility limit of
Mn in ZnO, allowing for the formation of polytypic structures such as inversion domain
boundaries. The 3+ valence of Mn** and AI** should facilitate the formation of inversion

domain boundaries by an internal diffusion mechanism. Based on their respective ionic radii,
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the larger Mn®>" and smaller A}

dopants may be more likely to assist in stabilizing the
formation of the basal-plane and pyramidal-plane inversion domain boundaries respectively.

The formation of inversion domains also occurred in Zno.9gSno.o1Alo.01O ceramics
sintered at 1400°C in air. However, unlike in Zno goMno.1Alo.010, spinel secondary phases did
not form. A spacing between the basal-plane inversion domain boundaries of ~15 nm and
pyramidal-plane inversion domain boundaries with angles of ~25.4°-28.2° which form at
{1121} planes with / values of ~6-7 were observed in Zno.9sSno.01Aly.010. Elemental analysis
revealed that Sn and Al primarily localize at the basal-plane and pyramidal-plane inversion
domain boundaries respectively. Atomic-resolution observations of both the basal-plane and
pyramidal-plane inversion domain boundaries in Zno.9sSno.o1Alo.010 were carried out. HAADF-
STEM imaging and EELS analysis also confirmed that the b-IDBs contain significant
concentrations of Sn, which appears to occupy the b-IDB sites uniformly. Using ABF-STEM
imaging, H-H and T-T c-axis configurations were determined to form at the b-IDBs and p-IDBs
respectively. The development of ID networks in Zno.ogSno.01Alo.010, which does not occur in
7Z10.99Al0.010 or Znp.99Sno 010, is attributed to the stabilization of b-IDB and p-IDB formation
via the addition of the Sn and Al dopants respectively. This occurs due to the ionic radius
mismatch of Sn and Al, with the large Sn and small Al dopants preferentially occupying the b-
IDB and p-IDB sites in order to minimize lattice strain. The stabilization of inversion domain
network formation in Zno.98Sno.01Alo.010 also results in the suppression of the formation of the
ZnAl>;04 and Zn2SnOy spinel phases. Although Sn and Al can only occupy a single octahedral
site in the spinel phases, the separate b-IDB and p-IDB sites in the inversion domain networks
allow for the site-specific localization of Sn and Al based on their distinct ionic radii. This
avoids unfavorable co-occupation of the spinel octahedral site by Sn and Al, which could
potentially result in a large lattice distortion due to ionic radius mismatch.

The differences in the features of the IDs and IDBs determined, by TEM,

HAADF/ABF-STEM, EDS and EELS analysis, to develop in ZnggoMno.1Aloo1O and
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Znp.98Snp.01Alp.010 demonstrates the importance of the characteristics of the specific IDB-
forming dopant element in terms of influencing the exact microstructural features that develop
upon sintering, e.g. the b-IDB spacing, p-IDB angle and the cation stacking sequence at the b-
IDB interface. The co-occupation of the b-IDB by Mn and Al has been confirmed in
Znp.89Mno.1Alp.010 and the stabilization of ID networks due to the site-specific localization of
Sn and Al at the b-IDBs and p-IDBs has been observed in Zno.9sSno.01Alo.010. These results
prove that, by selecting specific types of dopant elements, not only can the occupancy of the
specific IDB sites be controlled but also that the formation of yet unidentified intergrowth and
RMO3(Zn0), homologous phase compounds can be acheived. Future investigations of other
RMO3(Zn0), compounds should take into consideration the potential for different dopants and
dopant combinations to stabilize inversion domain network formation based on the ionic radii
and stable valence states of the specific types of dopants, as these factors will likely influence
which of the IDB sites, if either, a particular dopant can occupy. This can be understood
generally by considering Pauling’s first and second rules for the formation of ionic crystal
structures. In systems doped with multiple dopants, these factors will be very important, as the
relative ionic radii of the dopants will likely dictate which of the IDB sites specific dopants
will occupy and since the addition of multiple dopants with distinct valence states may make
possible the formation of ordered structures, due to the specific requirements for
elecroneutrality at the b-IDB and p-IDB sites. In addition to the ionic radii and valence states,
other factors to be considered in investigating IDB formation and RMO3(ZnO), homologous
phase compound stabilization include the dopant diffusion mechanism and diffusion rate of
specific elements in ZnO, the reactivity of the dopant oxide with ZnO and also the
characteristics of the dopant oxide powder (e.g. particle size and impurity concentration). The
suppression of the spinel phases in Zno.9sSno.01Alo.010 also demonstrates that dopant-controlled
ID network stabilization can be utilized to maintain phase purity by suppressing the formation

of unfavorable secondary phases, with potential implications for improving functional
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properties such as the electrical conductivity and optical transmission.

The local atomistic and electronic properties of the Mn-doped b-IDBs and Sn-doped
b-IDBs observed experimentally have been investigated using DFT calculations. Slab models
containing a single b-IDB interface were constructed and structural relaxation was carried out.
The stable b-IDB structural features of the refined models were found to be in general
agreement with those of the experimentally observed b-IDB structures. The local electronic
structure of the b-IDB model containing a monolayer of octahedrally coordinated Mn exhibited
LDOS features showing significant hybridization of the Mn d and O p states within the valence
band and localized Mn d states in the conduction band. The equatorial Mn-O bonds, which
should exhibit a significant covalent bonding character, likely make the primary contribution
to the lower-energy hybridized valence band states, while the apical Mn-O bonds, which should
exhibit a significant ionic bonding character, are expected to make the primary contribution to
the higher-energy localized conduction band states. The Fermi level of the Mn-doped b-IDB
model remained near the VBM, similar to the DOS of undoped bulk ZnO. In contrast, the
LDOS of the Sn-doped b-IDB exhibited a significant renormalization of the fundamental band
gap in comparison to undoped bulk ZnO. The Fermi level of the Sn-doped b-IDB shifted to the
conduction band, indicating that the octahedrally coordinated Sn at the b-IDB acts as an
electron donor dopant. The shift of the Fermi level to the conduction band at the Sn-doped b-
IDB is expected to result in an increase of the optical band gap due to the Burstein-Moss effect.
The appearance of significant Sn s states near the Fermi level at the Sn-doped b-IDB also
suggests that 2DEG formation could occur at the b-IDB interface.

The thermoelectric properties of the Mn-Al and Sn-Al dual-doped ZnO ceramics were
also investigated in the temperature range from RT to ~750°C. The addition of Al to ZnO
resulted in a significant increase of the carrier density of ZnO. In Mn-Al dual-doped ZnO, as
the concentration of Mn increased, the electrical and thermal conductivity decreased due to the

scattering of electrons and phonons by Mn substitutional point defects. When the solubility
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limit of Mn in ZnO was exceeded, in Zno 8oMng 1Alo 010, the formation of IDBs occurred. The
high density of b-IDB and p-IDB interfaces caused additional electron and phonon scattering,
further decreasing the electrical and thermal conductivity. The Seebeck coefficient of
Zno.8oMno.1Alo.01O also increased relative to Znp.ooxMnxAloo1O samples with lower Mn
concentrations, possibly due to electron filtering or quantum confinement at the IDB interfaces.
The presence of ID networks with a small b-IDB spacing of ~15 nm in Zno.98Sno.01Alo.010
resulted in a drop in the magnitude of the thermal conductivity in comparison to Zng.99Alo.010
and Zno.99Sno01O. The IDB interfaces in Zno.9sSno.o1Aloo1O also caused the electrical
conductivity to decrease relative to Zno.99Alo010, likely due to electron scattering at IDB
interfaces, while the Seebeck coefficient increased, suggesting the filtering of low-energy
electrons by IDB potential barriers or the quantum confinement of electrons at the IDBs.

The results of both first principles calcualations, that demonstrate that the local
atomistic and electronic properties of the IDBs can be modified based on the specific type of
dopant occupying the IDB sites, and also of thermoelectric property measurements, which
show a significant influence of IDB formation on the thermoelectric properties, prove,
respectively, that the local properties at the nanoscale level as well as the bulk properties at the
macroscopic level can be controlled not only by nanostructuring via ID formation but also by
selecting specific dopant elements with distinct characteristics. Future research focusing on the
study of ZnO materials containing IDBs, in particular RMO3(Zn0O), homologous phase systems,
should include a systematic investigation of the influence of changing both the type and
concentration of the specific dopants occupying the b-IDB and p-IDB sites on the nanoscale
and atomic-scale properties, e.g. b-IDB spacing, p-IDB angle and cation stacking sequences at
the b-IDB, using atomic-resolution methods for structural and elemental analysis, such as
HAADF/ABF-STEM and STEM-EDS/EELS. Atomic-resolution EDS will be useful for
evaluating the site-specific occupancy of both the b-IDBs and p-IDBs by different dopants,

particularly in the case where multiple dopants co-occupy either of the IDB sites. The use of
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image simulation methods should also assist in determining the origin of the distinct features
observed in the HAADF or ABF-STEM images. For example, to more definitively determine
the precise origin of the reduced HAADF contrast that has been previously observed around
the b-IDB interfaces in Fe-doped ZnO and also in the Mn-doped ZnO samples analyzed in this
thesis.

As new IDB-forming dopants and RMO3(Zn0O), systems are identified, additional first
principles studies should be useful for understanding how specific dopants modify the local
properties at the IDBs in the materials observed experimentally. First principles studies
comparing the cases of dopant substitution in the bulk vs. dopant occupation of the IDB
interfaces should assist in determining the stability of IDB formation for different dopants, as
well as the IDB formation energy. Systematic studies focusing on the effects of changing the
value of #n in a diverse range of RMO3(Zn0O), homologous phase systems should enable the
optimization of bulk properties such as the electrical conductivity, thermal conductivity and
optical transmission, in order to improve device functionality. Control of the microstructural
properties to the Angstrom level may be achieved via the selection of different combinations
of dopants, R and M, and by changing the ratio R:M. As has been demonstrated in
Zn0.98Sn.01Alo010, the suppression of spinel secondary phase formation in favor of the
formation of monophasic RMO3(ZnO), homologous phase systems should also be beneficial

for the optimization of the the bulk properties.
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The following experimental findings and results of DFT calculations are provided as

additional support for the primary findings discussed within the main body of this thesis.

Mn-Al Dual-Doped ZnO

As shown in Fig. Al, an additional orientation relationship, OR2, was identified
between the spinel precipitates and the surrounding ZnO grains observed in Zno.94Mng.o5Alo.010.
OR2 exhibited an alignment between the [112] zone-axis of the spinel precipitate and the
[1210] zone-axis, i.e. the a-axis, of the ZnO grain. Based on the indexing of the reciprocal
lattice reflections in the corresponding EDPs, shown in Fig. Al (b) and (c), the alignment of
the [220] direction of the spinel precipitate with the [0002] direction of the ZnO grain was
also confirmed, with an approximate misalignment of ~3.4°. Based on the relationships
between the crystallographic directions described above, OR2 can be expressed generally
according to the following expressions: [1210]z,0/[112]sp, (0002)7,0//(220)sp.

Chapter 3 focuses on the analysis of the basal-plane inversion domain boundary in
Znp.89Mno 1Alo.010 as observed primarily at the a-axis. As shown in Fig. A2, images of the b-
IDB were also collected at the m-axis. Fig. A2 (a) and (b) respectively show atomic-resolution
HAADF and ABF-STEM images of the b-IDB interface. In agreement with
HAADF-STEM observations of the b-IDB at the a-axis, there is a reduction in HAADF
intensity within the cation planes of the b-IDB and the neighboring {0002} cation planes.
However, the individual cation columns at the b-IDB cation plane are not clearly resolved,
possibly due to the combination of the smaller spacing between cation columns within the
basal plane that is observed when the ZnO lattice is viewed at the m-axis and the presence of

increased strain at the b-IDB interface, relative to the domain interior. In addition, a modulation

of bright and dark cation columns, several atomic columns wide, is observed along the direction
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Figure Al. (a) BF-TEM 1image of a spinel precipitate (SP) and ZnO grain (ZnO) in
710.94Mno 05Alo.010. (b) EDP of the spinel precipitate, aligned to the [112] zone-axis. (c)
EDP of the ZnO grain, aligned to the [1210] zone-axis. Based on the EDPs, a second
orientation relationship (OR2) of: [1210]zn0//[112]sp, (0002)7.0// (220)sp, with a
misorientation angle of ~3.4° along the [0002],,o direction, is observed between the
spinel precipitates and ZnO grains.
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Figure A2. Atomic-resolution [1010] zone-axis (a) HAADF and (b) ABF-STEM images
of the b-IDB in ZnogoMno.10Alo01O. Similar to the [1210] zone-axis atomic-resolution
HAADF-STEM image of the b-IDB shown in Fig. 3.11, a reduction in contrast is observed
at the b-IDB cation layer and within the two cation layers directly neighboring the b-

IDB.The approximate boundaries of the b-IDB cation layer are indicated by the dashed
white lines in (a) and (b).
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perpendicular to the zone-axis in the cation layers directly neighboring the b-IDB. This
modulation may be due to lattice distortion around the b-IDB interface or, possibly, an ordering
of the Mn and/or Al dopants within these layers. Additional studies using atomic-resolution
STEM-EDS may assist in clarifying whether cation ordering actually occurs within these layers.

In order to clearly illustrate the polyhedral connectivity between the Zn tetrahedra,
which form the bulk-like inversion domain interior, and the cation dopant-occupied octahedra
at the b-IDB interface, additional visualizations of the refined slab model containing a single
Mn-doped b-IDB are shown in Fig. A3. The edge-sharing between Mn octahedra within the
basal-plane cation layer as well as the corner-sharing between the Zn tetrahedra and Mn
octahedra can clearly be observed. In addition, as shown in Fig. A3 (b), when the b-IDB is
observed at the a-axis, the c-axis cation stacking sequence can be determined to be afofly|

afap, in agreement with the experimentally observed b-IDB structure, described in Chapter 3.
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Figure A3. (a) [1010] and (b) [1210] zone-axis views of the b-IDB interface within the
Mn-doped b-IDB slab model, showing the polyhedral connectivity of the Mn octahedra
(purple) and the Zn tetrahedra (grey). The b-IDB is composed of a {0002} plane
monolayer of edge-sharing Mn octahedra.
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Sn-Al Dual-Doped ZnO

Although STEM-EDS analysis of the inversion domain networks (Fig. 4.4) clearly
shows that Sn and Al localize at the respective interfaces of the b-IDBs and p-IDBs, additional
information can be obtained by the determination of the exact extent of the localization at a
higher spatial resolution. As shown in Fig. A4, high-resolution STEM-EDS analysis clearly

indicates that the Sn dopant localizes primarily within < 1 nm of the b-IDB interface. This

sIxe-2

v
b-IDB
A

sixe-2

Figure A4. High-resolution STEM-EDS net counts elemental maps acquired at a b-IDB in
Znp.98Sno.01Alo.010. A local increase of the Sn L signal is detected within < 1 nm of the b-
IDB, indicating significant Sn localization at the b-IDB cation layer. In contrast, the Al K
signal exhibits no local increase at the b-IDB, indicating the absence of significant
localization of Al at the b-IDB.
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result directly confirms the finding of HAADF-STEM analysis of the b-IDBs in
Zn0.98Sno.01Alo.010, shown in Fig. 4.5, that indicates that the b-IDB cation plane contains
significant concentrations of the high atomic number Sn dopant. Also in agreement with
STEM-EDS analysis of the inversion domain networks at a lower magnification (Fig. 4.4) and
the results of HAADF-STEM analysis of the b-IDBs (Fig. 4.5), high-resolution STEM-EDS
analysis indicates that significant localization of Al does not occur at the b-IDB interface.
Although Chapter 4 contains a detailed analysis of the b-IDB and p-IDB interfaces
that form within the inversion domain networks in Zno.9sSno.01Alo.010, additional observations
of both the b-IDBs and p-IDBs were also carried out using HAADF/ABF-STEM to analyze
the inversion domain networks in greater detail. Fig. A5 shows high-magnification HAADF-
STEM images of an ID network in Zno.9gSno.01Alo.010, as viewed along the m-axis. Both b-
IDBs and p-IDBs can be viewed edge-on. The b-IDBs exhibit increased HAADF-STEM
contrast, in agreement with other STEM-EDS/EELS and HAADF-STEM results discussed in
Chapter 4, which indicate that Sn localizes within the {0002} b-IDB cation plane. This is
particularly evident in Fig. A5 (b), in which {0002} cation monolayers with increased
HAADF contrast are observed at the positions of the b-IDBs. In contrast, the p-IDBs appear to
form at {1121} pyramidal planes that form an angle, 6, with respect to the b-IDBs, as
indicated in Fig. AS (b), and consist of segments exhibiting reduced HAADF contrast that are
several atomic columns wide and stack along the c-axis, with consecutive segments shifted in
the direction of the a-axis perpendicular to the [1100] zone-axis. The reduced HAADF
intensity observed at the p-IDBs may be attributed to a combination of increased concentrations
of the low atomic number Al dopant and the presence of increased local strain gradients, which
can contribute to reduced HAADF intensity at defect structures such as the p-IDB interface.
Fig. A6-A9 show HAADF and ABF-STEM images of the inversion domain networks
as viewed along the a-axis, i.e. along the [1210] zone-axis, at different magnifications and

positions with respect to the IDB interfaces. Figure A6 (a) and (b) respectively show ABF and
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Figure AS. (a) Medium and (b) high-magnification HAADF-STEM images of an area
within an ID network in Zno.osSno.01Aloo1O, viewed at the [1100] zone-axis. Both b-IDBs
and p-IDBs are viewed edge-on. The HAADF intensity increases and decreases at the b-
IDBs and p-IDBs respectively. The solid lines in (b) indicate the approximate boundaries
of the p-IDB and the angle, 0, formed between the p-IDBs and b-IDBs.
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Figure A6. Medium-magnification (a) ABF and (b) HAADF-STEM images of an ID
network in Zno.osSno.01Alo010, viewed at the [1210] zone-axis. b-IDBs are viewed edge-
on, while p-IDBs are inclined with respect to the zone-axis.
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HAADF-STEM images of the general microstructure of an ID network, viewed along the a-
axis. At this orientation, the b-IDBs can be viewed edge-on; however, the p-IDBs are inclined
with respect to the zone-axis and, thus, cannot be imaged clearly. Fig. A7 (a)/(c) and (b)/(d)
respectively show atomic-resolution ABF and HAADF-STEM images of a single b-IDB and
p-IDB. The meeting point between the b-IDB and p-IDB is shown in Fig. A7 (a) and (b), while
Fig. A7 (c) and (d) show the b-IDB and p-IDB interfaces at a higher magnification. The vertical
arrows indicate the polarity of the c-axis in individual domains, which can be confirmed based
on the stacking sequence of the cation-anion planes observed in Fig. A7 (a)/(c). The solid lines
in (b) and (d) indicate the approximate position and orientation of the p-IDB plane, which is,
however, inclined with respect to the zone-axis. The b-IDB interface exhibits reduced intensity
in the ABF images and increased intensity in the HAADF images, in agreement with other
HAADF/ABF-STEM and STEM-EDS/EELS results, discussed in Chapter 4, which confirmed
the localization of the high atomic number Sn at the b-IDB interface. The reduced intensity
observed at the p-IDB in Fig. A7 (a)-(d) may be due to local strain or lattice distortion.

Fig. A8 shows atomic-resolution ABF-STEM images of the meeting point of a single
b-IDB and two p-IDBs. Fig. A8 (a) and (b) respectively show lower and higher magnification
views of the ID network structure at the meeting point. The vertical arrows indicate the c-axis
polarity in individual domains, determined based on the stacking sequence of the cation and
anion planes long the c-axis that can be observed in Fig. A8 (a) and (b). The p-IDB appears as
a diffuse defect, several atomic columns wide, as a result of both the diffuse nature of the defect
itself and the fact that the p-IDB interface is inclined with respect to the zone-axis. Sections of
the Sn-doped b-IDB slab model corresponding to both the region including the Sn-doped b-
IDB and the bulk-like regions of the domain interior, with either a +c or —c polarity, are shown

superimposed in (b), in order to indicate the polarity of the c-axis in the different regions of the
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Figure A7. Atomic-resolution [1210] zone-axis (a)/(¢) ABF and (b)/(d) HAADF-STEM
images of a single b-IDB and p-IDB in Zno.9sSno.01Alo.01O. Vertical arrows indicate the
polarity of the c-axis in individual domains.

IDs that are bounded by the b-IDBs and the p-IDBs. Based on Fig. A8 (a) and (b), it can be
observed that the dispersion of dark contrast around the p-IDB interface appears to extend very
close to the b-IDB interface. However, based on images of the b-IDBs and p-IDBs, as
simultaneously viewed edge-on in Fig. A5, the apices of the p-IDBs actually appear to form
several (~2-7) basal-plane cation layers away from the b-IDB interfaces. This may occur in
order to avoid the formation of localized regions of high strain by increasing the separation

between the b-IDB octahedra and the five-fold p-IDB sites, due to the fact that both interfaces
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Figure AS8. (a)/(b) Atomic-resolution [1210] zone-axis ABF-STEM images of the
meeting point of two p-IDBs with a b-IDB in Zno.98Sno.01Alo.010.
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have an associated built-in strain as a result of the local lattice expansion caused by the
accommodation of the cation dopants. Local inhomogeneities in the chemical composition
and local variations in the spacing between neighboring b-IDBs may result in local variations
in the spacing between the p-IDB apex and the neighboring b-IDB interface.

Fig. A9 shows the HAADF-STEM images corresponding to the ABF-STEM images
shown in Fig. A8. The b-IDB cation layer is clearly imaged based on the increased HAADF
intensity observed at the {0002} plane corresponding to the octahedrally coordinated cation
layer at which the inversion of the c-axis can be observed in Fig. A8. The vertical arrows
indicate the c-axis polarity in individual IDs. The solid lines in (a) indicate the approximate
location and orientation of the p-IDB, which is inclined with respect to the zone-axis. The c-
axis cation stacking sequence of afaflalyaya at the b-IDB is shown. As shown in Fig. A9 (b),
the cation stacking sequences of yaya and afaf are unaltered across the p-IDBs located both
above and below the b-IDB respectively, suggesting that SF formation does not occur at the p—
IDB interfaces. However, only a limited number of p-IDB interfaces and, thus, areas within the
7Zn0.98Sno.01Alo.010 sample were observed. Thus, the formation of SFs at p-IDB interfaces
located at other areas in the sample cannot be precluded based on the results shown in Fig. A9.

The polyhedral connectivity of the edge-sharing b-IDB octahedra and corner-sharing
Zn tetrahedra, respectively located at the b-IDB interface and within the ID interior respectively,
is shown in Fig. A10, in which the slab model containing a single Sn-doped b-IDB, discussed
in Chapter 5, is visualized at several zone-axis orientations. The Sn, Zn and O atoms are
colored green, grey and red respectively. The model b-IDB is composed of a {0002} plane
monolayer of edge-sharing Sn octahedra that share corners with the neighboring Zn tetrahedra.
As shown in Fig. A10 (c), in contrast to the b-IDB interface in the Mn-doped b-1DB slab model,
which only contains a single Mn-doped octahedral b-IDB site, the Sn-doped b-IDB contains

two distinct Sn sites, Snl and Sn2, which can be distinguished at one of the a-axes, e.g. the
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Figure A9. (a)/(b) Atomic-resolution [1210] zone-axis HAADF-STEM images of the
meeting point of two p-IDBs and a b-IDB in Zno.98Sno.01Alo.010.
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(a)

[0001]
[1120]

QO ™D a® A < Q9 < Q

Figure A10. (a) [1100] (b) [1210] and (¢) [1120] zone-axis views of the b-IDB
interface within the Sn-doped b-IDB slab model, showing the polyhedral connectivity of
the Sn octahedra (green) and Zn tetrahedra (grey).
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[1120] zone-axis. As shown in Fig. A10 (a) and (b), when the slab model b-IDB interface is
viewed along the m-axis or either one of the other a-axes, the Snl and Sn2 sites cannot
be distinguished.

As discussed in Chapter 5, the Snl and Sn2 sites exhibit different average bond
lengths, resulting in some distortion of the polyhedral connectivity between the Sn-doped b-
IDB octahedra and the Zn tetrahedra with which they share corners. This can be observed at
the [1120] zone-axis, as shown in Fig. A10 (c). The formation of distinct Sn sites may be a
consequence of charge disproportionation between different Sn sites with bond lengths similar
to those of the Sn?* and Sn** sites in SnO and SnO> respectively, resulting in a local average
cation valence state of 3+ at the b-IDB, which is expected to be a requirement for maintaining
electroneutrality based on the local cation and anion coordination environments and the
polyhedral connectivity at the b-IDB interface. The c-axis cation stacking sequence of
apaplalyaya at the Sn-doped b-1DB is shown in Fig. A10 (b) and is in agreement with the
stacking sequence observed in HAADF/ABF-STEM images of the Sn-doped b-1DB interface
(Fig. 4.5, Fig. A7-A9). It should be noted that although the model studied assumes the
occupation of the b-IDB octahedra entirely by Sn, an alternative b-IDB configuration
consisting of octahedra occupied by Zn?* and Sn** in a 1:1 ratio may be observed in actual

samples.
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