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Chapter 1. General introduction

Chapter 1. General introduction

1.1. Background of thermoelectric energy conversion

Securing sustainable and reliable energy sources has been a persistent challenge since the
Industrial Revolution. Although global energy consumption has increased dramatically
with industrialization, a significant portion of primary energy, often exceeding two-thirds,
is ultimately dissipated as waste heat during power generation, transportation, and
industrial processing. The ability to directly convert this unused thermal energy into
electricity would therefore provide an attractive route to improving overall energy
efficiency and reducing greenhouse gas emissions. Thermoelectric (TE) materials, which
enable solid-state heat-to-electricity conversion without moving parts, have emerged as
one of the most promising candidates for waste-heat recovery and distributed power
generation.!” Their operation is based on three fundamental thermoelectric effects: the
Seebeck, Peltier, and Thomson effects. Among these, the Seebeck effect serves as the

primary mechanism for power generation.

The Seebeck effect was first reported by T. J. Seebeck in 1821°, who observed that a
conductor with two ends maintained at different temperatures develops an electric
potential difference. When a temperature gradient is applied across a material, charge

carriers at the hot side gain higher thermal energy and diffuse toward the cold side. As
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shown in Figure. 1-1, holes in the p-type leg migrate upward (from hot to cold), while
electrons in the n-type leg show the opposite drift direction. This carrier diffusion
generates an electrochemical potential difference between the two ends of the material.
When an external circuit is connected, this potential drives an electric current, enabling
the direct conversion of heat into electrical power. The proportionality between the
induced voltage (AV) and temperature difference (A7) defines the thermopower (=

Seebeck coefficient),
AV
AT

and has the unit of V/K (often expressed in pV/K). Although the Seebeck effect is the

S (1.1)

primary mechanism for thermoelectric power generation, it is intimately related to two

a Seebeck Effect b Peltier Effect

Heat side Cold side

©

Generator . __ Generator
Heat ——— > Electricity Electricity

Cooling

Figure 1-1. Schematic illustrations of (a) Seebeck effect and (b) Pielter effect.
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additional thermoelectric transport phenomena: the Peltier effect and the Thomson effect.
Together, these three effects describe the complete coupling between heat and charge

transport in conductive materials.

In 1834, J. C. A. Peltier discovered that when an electric current passes through a junction
between two different conductors, heat is either absorbed or released at the junction. This
phenomenon, known as the Peltier effect, is essentially the reverse process of the Seebeck
effect. The heat absorbed or emitted at a junction per unit electric current is quantified by

the Peltier coefficient I1:

M=- (1.2)
where ¢ is the heating or cooling rate and / is the applied current. Physically, IT
corresponds to the amount of heat carried per unit charge as carriers cross a material
boundary. In the context of Figure. 1-1, reversing the current direction causes electrons
and holes to move in the opposite directions compared with the Seebeck configuration,
resulting in active heating at one junction and cooling at the other principle widely used
in solid-state thermoelectric coolers. Importantly, the Seebeck and Peltier coefficients are

not independent. Thermodynamics imposes the Kelvin relation:
N=Ss-T (1.3)

which indicates that a material with a large S also exhibits a large Peltier heat transport at
temperature 7. Thus, the two effects are different manifestations of the same underlying

coupling between charge and heat flow.
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Although the Seebeck effect and the Peltier effect can both be defined within a single
material, they were historically observed in circuits composed of two different conductors.
However, even in a homogeneous semiconductor or metal, if an electric current flows
through a region where a temperature gradient exists, additional heat absorption or release
occurs continuously along the conduction path. This arises because the S is temperature
dependent, and therefore the local Peltier effect varies continuously along the material.
This phenomenon was first identified by William Thomson in 1854 and is now referred
to as the Thomson effect. The heating or cooling rate associated with the Thomson effect

can be expressed as
q=71t71-AT (1.4)

where 7r is the Thomson coefficient, / is the electric current, and AT is the temperature

difference along the current path.

The maximum power conversion efficiency of a thermoelectric generator operating

between a hot-side temperature Tyand cold-side temperature T is expressed as
Ty — T, 1+ 2T4 — 1

Tmax =TT AT ZT oo + T/ Ty

where ZT,,gis the dimensionless thermoelectric figure of merit averaged over the

(1.5)

operating temperature range. This expression indicates that the efficiency increases
monotonically with both the temperature difference and the material’s intrinsic Z7. For a
given application, thermal stability constraints usually fix the operating temperature

window, so maximizing Z7 becomes the primary design objective.
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The figure of merit ZT is defined as
§%2.0-T

IT = —— (1.6)
K
where S is the thermopower, o is the electrical conductivity, 7 is the absolute temperature,
and « is the total thermal conductivity. The numerator S%gis known as the power factor
(PF). A high PF indicates that the material can produce a large voltage (large S) while
maintaining high electrical current (large o). Meanwhile, low thermal conductivity is
required to maintain a strong temperature gradient across the material. Thus, high-
performance thermoelectric materials must simultaneously achieve large S, high o, and
low k, a combination that is difficult to realize because of the intrinsic coupling among

transport parameters. For degenerate semiconductors and metals, the S can be

approximated by the Mott equation®
. 2 - kg®T [dln[a(E)]] _ szT{l dn(E) N 1 d,u(E)}
T 3e dE. lgp, 3 e Wn dE p  dE

(1.7)
E=Efp
where kg is the Boltzmann constant, e is the electron charge, » is the carrier concentration,
EFr is the Fermi energy, and u is the carrier mobility. Because o(E) is proportional to
n(E)-.w(E), Eq. (1.7) indicates that the magnitude of § is determined by the energy
dependence of the electronic structure near the Fermi level. Features such as band
curvature, density of states (DOS), and scattering mechanisms govern how rapidly o(E)

changes with energy. Sharp variations in the DOS, narrow electronic bands, or resonance

levels can therefore lead to enhanced thermopower.
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The Mott relation also provides a microscopic basis for understanding how transport
properties evolve with carrier concentration. As n increases, the Fermi level shifts deeper
into the electronic band where the DOS becomes less energy dependent. This reduces the
slope term in Eq. (1.7) and consequently decreases S. In contrast, electrical conductivity
increases because 0 = n - e - u. These competing tendencies give rise to the well-known
S—o trade-off, which limits simultaneous enhancement of thermopower and conductivity

in many thermoelectric systems.

S: g, 820': Keler Kiaty K, ZT

Carrier concentration, n (cm™3)

Figure 1-2. Schematic of relationship between Z7, thermopower (S), electrical
conductivity (o), power factor (S°-o) and thermal conductivity [« sum of electron

thermal conductivity (&ee) and lattice thermal conductivity (Klat)].

The macroscopic consequences of this trade-off are illustrated in Figure. 1-2. The

thermopower decreases monotonically with increasing carrier concentration, whereas the
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electrical conductivity increases. As a result, the power factor S?gexhibits a maximum at
an intermediate carrier concentration where neither S nor ¢ dominates the transport
behavior. Thermal conductivity k also varies with carrier concentration # and consists of
two distinct components: the lattice thermal conductivity xia, Which originates from
phonon transport, and the electronic thermal conductivity xele, which arises from charge
carrier heat transport. While xiat is primarily governed by phonon scattering processes and
is only weakly dependent on n, k.l increases with carrier concentration according to the

Wiedemann—Franz law’.
Kele =L0-T=L-n-e-u-T (1.8)

As n increases, the rise in xele partially offsets any benefit gained from the enhanced
electrical conductivity, and this interplay has a direct influence on the achievable
thermoelectric performance. By combining the contributions of s and xele, the figure of
merit ZT reaches its maximum near the carrier concentration that optimizes the power
factor while ensuring that the increase in xele remains limited. For many thermoelectric
materials, this optimum falls within the range of 10'° to 10*! cm™, although the precise
value depends on the electronic structure and phonon scattering characteristics of the

specific system.

Because ZT is inversely proportional to x, reducing thermal conductivity is critically
important for enhancing thermoelectric performance. In particular, xia represents the

dominant portion of x in many semiconducting thermoelectrics and 1is relatively
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insensitive to carrier concentration. As a result, most modern thermoelectric research
focuses on strategies that simultaneously increase the power factor and suppress xiat
through phonon engineering, defect introduction, nanostructuring, and other lattice-level

design approaches.

1.2. Development and challenges of thermoelectric materials

3.0 | N R S SR AN A BN I S I S B
| O PbvTe SiGe { Cosb,
B PbSe O BiCuSeO <> InSb
25 m ps O BiTe 0 Mg;Sb,
I O CwSe [ Cu(InGa)Te,
20k ® CwS () Half-Heusler
A SnSe O
" L
E15f
WE 1
N 3
10 -
<>/
05
0.0

| Bt T ¥ T T T L T k T ¥ T

— . ‘ ‘
1960 1980 2004 2006 2008 2010 2012 2014 2016
Year

Figure 1-3. Historical evolution of the maximum figure of merit (Z7max) reported for
representative thermoelectric material families®. PbTe”!!, PbSe!?>!3, PbS!+1¢ Cu,Se!”?°,
CuxS*'22, SnSe” 2, MgsShy”’, SiGe, BiCuSeO™, BirTes*?, Cu(In,Ga)Ter ¥,

CoSbs°%38 InSb**°, and half-Heusler compounds*!*3.

Thermoelectric materials have attracted sustained interest due to their potential for
converting waste heat into useful electrical energy. Practical thermoelectric devices have
traditionally relied on well-established compounds such as Bi;Tes and PbTe, whose

typical ZT values are close to 144, A ZT of approximately 1 has long been regarded as
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the minimum threshold for viable commercial applications.*> Considerable research
efforts have therefore focused on enhancing thermoelectric performance, and the progress

achieved over the past several decades is summarized in Figure. 1-3.

Conventional BixTe; and PbTe-based compounds continue to play a central role in
thermoelectric research because they provide reliable benchmarks for understanding
charge and heat transport mechanisms.”"!!3%32 However, the low abundance and high
toxicity of elements such as Pb and Te have raised increasing concerns regarding
environmental impact, long-term safety, and scalability. As a result, there is a growing
demand for thermoelectric materials that exhibit comparable or superior performance

while being composed of earth-abundant and non-toxic elements.

In response to these challenges, many alternative material systems have been investigated,
including MgAgSb-based alloys*®,  skutterudites’’*’, and  various Cu/Sn
chalcogenides'’??264% Among these, single-crystalline SnSe has drawn significant
attention due to its record-high Z7 values of approximately 2.6 for p-type and 2.8 for n-

23,49

type compositions™*’, which are attributed to its extremely low lattice thermal

conductivity and highly anisotropic layered structure.

Despite these breakthroughs, most thermoelectric devices are intended for use at elevated

temperatures (> 500 °C), where many high-performance chalcogenides encounter critical
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limitations. These materials often suffer from decomposition, volatilization, or melting
under high-temperature operating conditions, which compromises device stability and
reliability. Consequently, the long-term practical applicability of many high-ZT
chalcogenides remains a subject of ongoing debate. These limitations highlight the need
to explore alternative thermoelectric materials that can maintain structural and chemical
stability while offering competitive performance. In this context, we direct our attention
to rare-earth-free oxide thermoelectric materials, which are intrinsically stable under
oxidizing and high-temperature environments and therefore represent a promising

platform for reliable thermoelectric energy conversion.

1.2.1. Oxide thermoelectric

The limitations of conventional chalcogenide-based thermoelectrics, particularly their
instability under oxidizing and high-temperature environments, have prompted the
exploration of alternative material systems capable of sustaining long-term operation.
Oxide thermoelectric materials have therefore attracted increasing attention due to their
intrinsic thermal robustness, chemical stability in air, and the use of abundant and
environmentally benign elements.’*>> These characteristics make oxides a promising
platform for thermoelectric applications in harsh industrial environments where
conventional chalcogenides tend to degrade.

Oxides emerged as a promising class of thermoelectric materials owing to their intrinsic

robustness, thermal and chemical stability in air, and absence of toxic or scarce elements.
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Research on oxide thermoelectrics has a long history. During the first research boom in
the 1950s—1970s, thermoelectric measurements of simple conducting oxides such as
CdO*3, Zn0O**, In,05°°, SrTi03°°, Ti02%’, and Cu,0°® were performed to understand their
electronic properties. A second surge of interest occurred in the late 1980s, associated
with the discovery of high 7. superconducting oxide, where thermopower measurements
were widely used to probe charge dynamics.*”%> The modern era of oxide thermoelectrics
began with seminal reports in the mid-1990s demonstrating unexpectedly large
thermopower and reasonable electrical conductivity in CaMnO3%, Al-doped ZnO%, and
particularly Na,CoO>%. These discoveries triggered a global effort to identify high-ZT

oxides capable of operating reliably at elevated temperatures.

Despite these advances, the thermoelectric performance of oxides generally lags behind
that of state-of-the-art chalcogenides. Their relatively large lattice thermal conductivity,
strong ionicity, and wide electronic band gaps impose fundamental constraints on both
the power factor and the achievable ZT. Nevertheless, several oxide families, including

layered cobalt oxides, Ca3Co409 misfit layered compounds®®-®’

, and electron-doped
SrTiOs%7°, have demonstrated ZT values approaching or exceeding 0.5 at high
temperatures. Among them, layered cobalt oxides have been recognized as particularly

promising due to their unusual electronic structure that supports simultaneously high

electrical conductivity and large thermopower.
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1.3. Layered cobalt oxides

Layered cobalt oxides represent one of the most promising families of p-type
thermoelectric oxides because they combine unusually large thermopower with relatively
high electrical conductivity.”! The significant breakthrough in this field began with the
report by Terasaki et al., who demonstrated that single-crystalline Naz4CoO: exhibits an
exceptionally large thermopower of approximately 100 pV K ™! at 300 K together with a
low resistivity of 0.2 mQ-cm.®® Soon after, Masset et al. showed that Ca3;Co4O9 has
similar thermoelectric characteristics, further establishing layered cobaltites as key

materials in oxide thermoelectrics.®®

AxCoO2 Ca3Co409
(A =Li, Na, Ca, Sretc.)

[0001]

[1120] (Hexagonal) [010] (Monoclinic)
[1100] [100]

Figure 1-4. Schematic illustrations of crystal structure of Na34CoO2 and Ca3Co409"
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The crystal structures of these layered cobalt oxides are shown in Figure. 1-472. In
ACo0O; compounds (A = Li, Na, Ca, Sr, etc.), the structure consists of alternately stacked
sheets of A-site cations and electronically active CoO» layers arranged in a hexagonal
framework. In contrast, Ca3Co0sO9 adopts a monoclinic misfit structure composed of
conductive CoO: layers interleaved with Ca;CoOs blocks. In both cases, the two-
dimensional CoOz layers provide efficient pathways for hole transport, while the layered
architecture enhances phonon scattering and helps suppress lattice thermal conductivity.
This combination of electronic and structural features enables these materials to achieve

promising thermoelectric performance at elevated temperatures.

The unusually large thermopower observed in layered cobalt oxides has been a central
topic in understanding their promising thermoelectric properties.”>’* A key theoretical
contribution was made by Koshibae et al., who demonstrated that the large thermopower
originates from the low-spin electronic configuration of Co ions in the CoO: layers. In
Nas3#CoO2, the formal valence states of Na* and O* require equal proportions of Co** and
Co*" to maintain charge neutrality.”® As illustrated in Figure. 1-5, both Co** and Co*"
adopt low-spin states, but their electronic degeneracies differ significantly. Co*" has no
degeneracy, whereas Co*" possesses sixfold degeneracy that reflects the available tag
orbitals and spin degrees of freedom. Koshibae et al. described this behavior using an
extended Heikes formula:

B 4y P

k 9a
S=—In(=— 1.9
cnCHT (19)
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where g,and ggrepresent the degeneracies of Co®" and Co*", C is their charge difference,
and p is the concentration of Co*". For Na34CoO», p = 0.5, which allows the equation to

be simplified to

5= 8y (oo

1.1
C 9co4t ( O)

This gives a thermopower of approximately 150 pV K!, which is very close to the
experimentally measured values at high temperatures. This theoretical prediction was
later confirmed by Yayu Wang et al., establishing the spin-entropy mechanism as the
fundamental origin of the large thermopower in layered cobaltites.”® In this mechanism,
a hole on a Co*" site carries both electric charge and a substantial amount of entropy,
which directly enhances thermopower. The combination of strong electronic correlations,
low-spin Co valence states, and the two-dimensional electronic structure of the CoO:

layers provides a robust explanation for the large thermopower in A.CoO:.

Co4* State Co3* State

€, €4

tZQ_H__H__T_ tZQ_H__H__H_

COO00
A A\ 4

Figure 1-5. Schematic illustrations of mechanism of large thermopower in NaCo0204
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1.3.1. Epitaxial A,CoO:2 (Ax = Na3, Cai3, Sri13 and Bais3) thin films

Our research group has focused on layered cobalt oxides of the A,CoO> family as
promising oxide thermoelectric materials. A,CoO2 compounds consist of alternately
stacked electronically active CoO; layers and A-site ion layers, where charge transport is
primarily governed by the CoO> layers, while the A-site ions mainly influence lattice
dynamics and thermal transport. Owing to this structural separation, AyCoO; provides an
ideal platform for selectively reducing thermal conductivity without significantly

degrading electrical transport properties.

Among layered cobalt oxides, Na34sCoO> has been reported to exhibit a high in-plane
power factor of approximately 1.02 mW m' K™!. However, its relatively high thermal

'K limits the room-temperature Z7T value to

conductivity of about 6.79 W m~
approximately 0.04.® This indicates that further enhancement of thermoelectric
performance in A,CoO; critically depends on suppressing thermal conductivity. In 2013,
the research group led by D. J. Voneshen proposed a rattling model in Na,CoO,,
demonstrating that sodium vacancies can enhance electron—phonon scattering and
thereby reduce thermal conductivity.”” This rattling mechanism strongly suggests that

thermal transport in layered cobalt oxides can be effectively controlled through A-site ion

substitution, providing a rational strategy for thermoelectric optimization.
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To evaluate intrinsic and reliable thermoelectric properties free from extrinsic effects
such as grain boundaries, our group investigated high-quality single-crystalline epitaxial
thin films. Starting from Na34CoO; epitaxial films, Na ions were systematically
exchanged with Li, Ca, and Sr ions via ion-exchange reactions.”® The thermal
conductivity of these films was then measured using the time-domain thermoreflectance
(TDTR) technique, as summarized in Figure 1-6. The experimental results revealed that
the thermal conductivity of A,CoO: decreases monotonically with increasing atomic
mass of the A-site ion (Figure 1-6a). Heavier A-site ions suppress lattice vibrations and
enhance phonon scattering, which is considered to be the primary origin of the reduced

lattice thermal conductivity (Figure 1-6 b and ¢).”®
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Figure 1-6. (a) Dependence of the in-plane thermal conductivity « of epitaxial A,CoO:
thin films on the atomic mass of the A-site ion, showing a monotonic decrease in k with
increasing A-site atomic mass. (b, ¢) Schematic illustrations of phonon transport in
ACo0;, comparing systems with light and heavy A-site ions, where heavier ions enhance

phonon scattering and consequently reduce lattice thermal conductivity.”®
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1.3.2. Epitaxial Ba13Co00: thin films

Based on this material design principle, barium was selected as the A-site ion because it
is the heaviest among the alkali and alkaline-earth elements. Ba;3Co0O2 (BCO) epitaxial
thin films were fabricated by ion exchange from Na3sCoO; precursor films, replacing

Na* ions with Ba?* ions.”®

a b

& 2 T T T

& i

- ]
Co0O2 = Nag 75 Baq31

z I |
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@] L 4
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Figure 1-7. (a) Schematic illustrations of crystal structure of Bai;3C00;. (b—d) Atomic-
mass dependence of (b) the power factor, (¢) thermal conductivity, and (d) the figure of

merit ZT at room temperature.’®



Chapter 1. General introduction

Comparative studies of Cai;3C002, NazsCoO2, Sri3C00,, and BCO epitaxial films
showed that the power factor remains nearly constant across the series (Figure 1-7b),
whereas the in-plane thermal conductivity decreases sharply with increasing atomic mass
of the A-site ion (Figure 1-7c¢). As a result, BCO epitaxial thin films exhibit a
significantly enhanced room-temperature Z7 of approximately 0.11, which is the highest
value among the A,CoO, compounds studied (Figure 1-7d).”®

The thermoelectric performance and thermal stability of AxCoO> were further evaluated
at elevated temperatures in air. BCO was found to be structurally stable up to 600 °C,
which is the highest temperature among the A,CoO: series (Figure 1-8). This enhanced
thermal stability is likely associated with the incorporation of the heaviest A-site ion, Ba,

which stabilizes the layered structure.”
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Figure 1-8. Change in the crystal structure of AxCoO: films after annealing at high
temperatures for 0.5 h in air.”® (a) Out-of-plane XRD and (b) in-plane XRD patterns

measured at room temperature after each annealing step.
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A comparison of the temperature dependence of Z7 values clearly demonstrates that BCO
exhibits the best thermoelectric performance among the ACoO> compounds (Figure 1-
9a). Notably, BCO reaches a ZT of approximately 0.55 at 600 °C, which represents the
highest reported value among oxide thermoelectric materials and is comparable to those
of p-type PbTe and SiGe (Figure 1-9b). These research highlight BCO as a highly

promising candidate for high-temperature oxide thermoelectric applications.”

d 16—+ L
—O— Na3g/4 1
1.0 kASb,Te 4
08 - O Ca1/3 n 2 3
0.6 | —A—Srq3 ] 0.8 PbTe .
~ o ] ~ SiGe
N I N 06
0.4 -
i 04
0.2 -
i ] 0.2 Ba1/3C00,
0 .\ N 1 " 1 0 1 " 1 N 1 N 1 N
0 200 400 600 0 200 400 600 800 1000
T(°C) T (°C)

Figure 1-9. Temperature dependence of the in-plane ZT of epitaxial Bai;3Co0O; thin
films.” (a) Comparison among ACoO> (A = Nas4, Cais3, Sri/3, and Bay3). (b) Comparison

with commercially available p-type thermoelectric materials.
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1.3.3. Practical consideration for Ba1,3C00:2

As discussed in the previous sections, BCO has emerged as one of the most promising
oxide thermoelectric materials among layered cobaltites. In particular, epitaxial BCO thin
films exhibit simultaneously large thermopower and high electrical conductivity,
resulting in excellent thermoelectric performance over a wide temperature range from
room temperature to high temperatures. These results clearly indicate the strong potential

of BCO for high-temperature thermoelectric applications.”®”

However, epitaxial BCO thin films typically have a thickness of approximately 150 nm
and are deposited as heterostructures on insulating substrates such as Al,O; or yttria-
stabilized zirconia (YSZ), whose thickness is on the order of 0.5 mm. As a consequence,
although the intrinsic thermoelectric properties of the BCO film are excellent, the overall
thermoelectric performance of the entire sample is severely suppressed by the dominant
thermal and electrical contributions of the substrate. Therefore, the thermoelectric
performance evaluated in epitaxial thin-film geometries does not directly reflect the

performance achievable at the device level.

Moreover, from the viewpoint of practical thermoelectric device implementation,
epitaxial thin films inherently suffer from structural and processing limitations. Most

thermoelectric generators are fabricated using bulk or ceramic materials, which allow
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sufficient output power and mechanical robustness. Thin-film-based materials are limited
in terms of power density and device architecture, making their direct application to large-
scale thermoelectric modules challenging. Consequently, to translate the superior
thermoelectric properties of BCO into practical applications, it is necessary to realize

comparable properties in bulk, ceramic, or other large-area material forms.
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Figure 1-10. Temperature dependence of the thermoelectric properties of Bai;3CoO:
(BCO) epitaxial thin films and bulk ceramics, including (a) thermopower, (b) electrical

conductivity, (c) thermal conductivity, and (d) figure of merit Z7.7%-8

Despite this necessity, the thermoelectric performance of bulk or ceramic BCO reported

to date remains significantly inferior to that of epitaxial thin films. As shown in Figure
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1-10, BCO ceramics exhibit a very low ZT value of approximately 0.014 at room
temperature. This poor performance is primarily attributed to the markedly reduced
electrical conductivity of bulk samples, which is typically around 300 S cm™ at room
temperature, compared to approximately 1500 S cm™ observed in epitaxial films. The
substantial reduction in electrical conductivity directly leads to a pronounced degradation

of the overall thermoelectric performance.

In addition to the reduced electrical conductivity, the fundamental origin of the degraded
thermoelectric performance in bulk BCO has not yet been clearly identified. The
fabrication of high-density bulk or ceramic thermoelectric materials generally requires
sintering processes at temperatures exceeding 1000 °C. However, BCO is known to
undergo changes in its crystal structure at temperatures above approximately 600 °C. This
intrinsic thermal instability poses a critical challenge for bulk fabrication, as the high-
temperature sintering process necessary to achieve sufficient densification may
simultaneously induce structural evolution that deteriorates the intrinsic thermoelectric

properties.

Despite the importance of this issue, systematic studies on the high-temperature structural
evolution of BCO and its direct impact on thermoelectric transport properties remain
limited. In particular, the relationship between phase evolution during high-temperature

treatment and the resulting electrical and thermal transport behavior has not been fully
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clarified. A comprehensive understanding of these effects is therefore essential for
identifying the factors responsible for the performance gap between epitaxial thin films
and bulk ceramics, and for establishing viable processing routes toward scalable BCO-

based thermoelectric materials.

In order to advance BCO as a practical thermoelectric material, it is therefore essential to
verify the reproducibility of its thermoelectric properties in single-crystalline BCO that
are free from substrate effects, and to clarify the factors responsible for the property
differences between epitaxial thin films and bulk materials. Fundamental studies aimed
at understanding the structural evolution and thermoelectric transport behavior during
scale-up processes are required. These considerations form the basis of the objectives of

this study, which are described in the following section.

1.4. Objective of This Study

The primary objective of this dissertation is to advance BCO toward practical
thermoelectric applications by clarifying two critical issues identified in the preceding
chapters: the reproducibility of intrinsic thermoelectric properties in substrate-free single-
crystalline BCO, and the mechanisms responsible for the degraded thermoelectric
performance in bulk ceramics. Through addressing these issues, this study aims to provide

new insights into the practical utilization of layered cobalt oxide thermoelectrics.
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In this work, epitaxial BCO thin films with a thickness of approximately 600 nm were
fabricated on Al,Os thin-film substrates. By employing a water-soluble process, the films
were successfully exfoliated from the substrates to obtain freestanding single-crystalline
BCO sheets. Even after removal from the substrate, the freestanding BCO single-
crystalline sheets retained excellent thermoelectric performance, demonstrating the

intrinsic transport properties of BCO without substrate-induced suppression.®!

Furthermore, to elucidate the origin of the poor thermoelectric performance observed in
bulk BCO, epitaxial BCO thin films grown on yttria-stabilized zirconia (Y SZ) substrates
were annealed in air over a wide temperature range from 100 °C to 1000 °C. The evolution
of crystal structure and thermoelectric properties was systematically investigated. BCO
was found to decompose into BaCoO3, BaCoO26, and Co304 at temperatures above
approximately 700 °C. This decomposition induces a transition in the electronic transport
mechanism from metallic conduction to percolation conduction, leading to a pronounced
loss of electrical conductivity. These findings clarify the strong correlation between high-
temperature structural evolution and thermoelectric performance degradation in BCO.%?

This dissertation is organized as follows.

In Chapter 1, the fundamental principles of thermoelectrics, the development of

thermoelectric materials, and the characteristics of layered cobalt oxides are introduced.
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In Chapter 2, the experimental methods used for thin-film growth, structural

characterization, and thermoelectric property measurements are described.

In Chapter 3, the fabrication of freestanding Bai;3CoOz single-crystalline films and their
thermoelectric properties are presented, highlighting the intrinsic transport behavior of

free-standing single crystalline BCO sheets.

In Chapter 4, the high-temperature decomposition behavior of Ba;3Co0; and its impact
on electron transport are discussed in detail, with particular emphasis on the mechanisms

underlying performance degradation during high temperature annealing.

Finally, Chapter 5 summarizes the main conclusions of this dissertation and discusses

future perspectives for practical thermoelectric applications of layered cobalt oxides.
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Fabrication and Thermoelectric Properties

Chapter 2. Experimental procedures

2.1. Thin film fabrication

Thin-film deposition techniques are generally classified into two categories: physical
vapor deposition (PVD) and chemical vapor deposition (CVD), depending on whether
the film is formed through physical transport or chemical reactions of the source material.
In this study, all epitaxial single-crystalline films used for the fabrication of the oxide
thermoelectric thin films were grown by pulsed laser deposition (PLD), which is a
representative PVD technique. Therefore, this section focuses exclusively on PVD-based

thin-film growth methods.

PVD involves the physical transport of source materials, either in solid or molten states,
to the substrate surface under high vacuum conditions. PVD processes are typically
characterized by relatively low deposition temperatures, high purity of deposited films,
and simple system configurations. With the advancement of vacuum engineering since

the mid-20th century, a variety of PVD techniques have been developed.

Among vacuum evaporation-based methods, electron beam evaporation and molecular
beam epitaxy (MBE) enable precise control of film thickness and composition. In

addition, several advanced deposition techniques utilizing energetic particle—solid
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interactions have been established, including sputtering, ion beam sputtering, magnetron
sputtering, pulsed laser deposition (PLD), and ion beam-assisted deposition (IBAD).
These methods provide enhanced control over film density, crystallinity, and interfacial

quality.

2.1.1. Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is a PVD technique and, together with sputtering, is widely
used for the growth of high-quality thin films. In this method, a high-energy pulsed laser
beam—typically an excimer or Nd:YAG laser—is focused onto a ceramic target having
the same chemical composition as the desired film. When the laser pulse irradiates the
target surface, most of the incident energy (excluding the reflected portion) is absorbed
within a shallow optical penetration depth. This induces rapid local heating and results in
laser ablation, in which the target surface is explosively vaporized. The ablated species
form a hot and highly ionized plasma plume directed toward the substrate, and the film

grows as these energetic species condense on the heated substrate surface.!

Pulsed lasers are used instead of continuous-wave sources to avoid excessive target
heating and to achieve the high instantaneous power density required for efficient ablation.
A schematic illustration of the PLD process is shown in Figure 2-1. In each laser pulse,
a small amount of target material is removed and accelerated toward the substrate. The

plume expands predominantly along the target normal direction, and its angular
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distribution is commonly described by a cos®(0) function, where n typically ranges from
~4 to 30 depending on the material and laser conditions.? Factors such as surface texturing
from repeated ablation, spatial inhomogeneity in the laser spot, and partial laser
absorption by the plasma can lead to non-uniform deposition. However, uniformity over
a large area can be achieved by rastering the target and rotating the substrate. Similar to
molecular-scale evaporation, PLD enables precise control over the film growth at the

atomic level under optimized conditions.

Rotating rod

Pulsed laser Heating stage

Window
for laser Substrate
|
— Plum Pump
Target < NN -
Gate valve
Gas

Rotating rod

Figure 2-1. Schematic of PLD
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PLD offers several advantages for complex oxide thin-film deposition:

1. Accurate stoichiometric transfer: The high-power pulsed ablation process
generates a plume whose composition closely matches that of the target. By
controlling the oxygen partial pressure during deposition, oxygen loss can be
minimized, enabling highly stoichiometric oxide films.

2. High deposition efficiency: Ablated species possess kinetic energies of
approximately 10-100 eV, promoting surface diffusion and allowing epitaxial
growth at relatively low substrate temperatures.

3. Flexible parameter control: Because the laser system operates independently from
the chamber vacuum system, laser parameters such as fluence, pulse frequency, and
spot size can be readily adjusted for different materials.

4. High compatibility with research environments: The directional nature of the
plume minimizes chamber contamination, facilitating rapid material changes and
making PLD well suited for exploratory thin-film research.

5. Integration with in-situ monitoring tools: Modern PLD systems can incorporate
real-time diagnostics such as reflection high-energy electron diffraction (RHEED)
and rotating multi-target carousels, allowing precise control of growth mode and

multilayer structures.

The development of high-power excimer lasers, such as the KrF laser (A = 248 nm),

significantly expanded the applicability of PLD by enabling shorter wavelengths, higher
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pulse energies, and more efficient ablation of complex materials. In this study, epitaxial
oxide thermoelectric thin films used were grown using a PLD system equipped with a

Coherent COMPex 102 excimer laser (A = 248 nm).

2.1.2. Direct Current (DC) Sputtering

DC sputtering is a cost-effective PVD technique that is well suited for depositing
electrically conductive materials. In this process, high-purity argon gas is introduced into
a vacuum chamber in which the target material and the substrate are arranged parallel to
each other, and a pulsed DC current is applied to ionize the argon gas. The generated Ar*
ions are accelerated toward the negatively biased metal target (cathode) and collide with
its surface, resulting in the ejection of metal atoms through momentum transfer. The
sputtered atoms are then transported through the plasma and subsequently condense on

the positively biased substrate (anode), forming a thin-film coating.

In this study, a DC sputtering system was employed to deposit Pt top electrodes on
thermoelectric oxide thin films for electrical transport and thermal conductivity

measurements.
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2.2. Crystallographic analysis

2.2.1. X-ray diffraction (XRD)

Figure 2-2. Geometric relationship of Bragg’s law

In 1895, the German physicist Wilhelm Rontgen discovered a highly penetrating form of
radiation, which he named X-rays. Later, in 1912, P. P. Ewald established the theoretical
framework for X-ray scattering in crystals based on the hypothesis that crystals consist of
atoms arranged in a periodic spatial lattice. Through discussions with Ewald, Max von
Laue recognized that X-rays possess a suitable wavelength to produce diffraction from
crystal lattices and reported the first X-ray diffraction pattern in 1912. Inspired by this
discovery, W. H. Bragg and W. L. Bragg formulated Bragg’s law, which provides a

quantitative description of X-ray diffraction.
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When X-rays interact with crystalline material, atoms located at the lattice points act as
independent scattering centers. Constructive interference occurs when the path difference
between X-rays scattered from adjacent lattice planes is an integer multiple of the X-ray
wavelength. As shown in Figure 2-2, This geometric relationship is described by Bragg’s

law:
2-d-sinf=n-1 (2.1)

where d is the interplanar spacing, @ is the Bragg angle, A is the wavelength of the incident
X-rays, and n is the diffraction order. Based on this principle, X-ray diffraction is a
powerful, non-destructive structural analysis technique widely used in materials science,
physics, geology, and various industrial and medical applications to determine crystal
structure, lattice parameters, preferred orientation, and crystallinity.

In this study, the crystal structures of thermoelectric thin films used as the active layers
of thermal transistors were analyzed using a high-resolution X-ray diffractometer
(HRXRD, ATX-G, Rigaku, Japan). A Cu Kal radiation source with a wavelength of
1.5406 A was employed. Characteristic X-rays are generated when accelerated electrons
collide with a copper target, causing inner-shell electron transitions that emit X-rays with

a specific wavelength corresponding to the energy difference.

Several XRD measurement modes, including w—26 scanning, rocking curve (@ scan), X-
ray reflectivity (XRR), in-plane scanning, and ¢ scanning, were employed. The w—26

scan is the most fundamental measurement mode, in which the incident angle w and the
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diffraction angle 26 are synchronously varied while the sample remains fixed. This
method is widely used to analyze the crystal structure and lattice parameters of thin films.
For epitaxial thin films, the crystallographic orientation is constrained by the substrate;
therefore, an additional correction angle o is introduced to precisely satisfy the diffraction

condition during w—26 measurements.

The crystallinity of the thin films was evaluated using rocking curve measurements. In
this method, the diffraction angle 26 corresponding to a specific Bragg peak is fixed,
while the incident angle o is scanned. The full width at half maximum (FWHM) of the
rocking curve is commonly used as an indicator of crystal quality, with smaller FWHM

values representing higher crystallinity.

X-ray reflectivity (XRR) measurements were performed to determine the thickness and
surface/interface roughness of the thin films. XRR measurements are typically conducted
at low incident angles below 6°, where X-rays are reflected from both the film surface
and the film—substrate interface, forming interference fringes. The period of these fringes
is directly related to the film thickness, while their decay behavior reflects the surface and
interface roughness. In addition, the critical angle behavior provides information on the
electron density of the film. The approximate film thickness can be derived using the

Bragg equation:

HeZ——— =" (2.2)
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@ scans were conducted by rotating the sample azimuthally through 360° with respect to
a selected crystallographic plane to investigate the in-plane epitaxial relationship and
crystal symmetry between the thin films and the substrates. In-plane XRD measurements
were additionally performed to analyze the in-plane lattice structure of the epitaxial thin

films.

Through these comprehensive HRXRD analyses, the crystal structure, epitaxial growth
characteristics, crystallinity, film thickness, and interface properties of the thermoelectric

oxide thin films were systematically evaluated in this study.

2.2.2. Scanning Transmission Electron Microscopy (STEM)

High-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM) was employed to investigate the detailed microstructure of the films. In STEM, a
finely focused electron probe is formed by a condenser lens system and scanned across
the specimen in a raster pattern. As the incident electrons interact with the sample, they
are scattered both elastically and inelastically, leading to changes in their propagation
direction and energy. The transmitted and scattered electrons are collected by various
detectors positioned at different angular ranges, which enables multiple imaging and

analytical modes to be realized within the same instrument.

In annular dark-field (ADF) STEM, electrons scattered to intermediate and high angles
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are collected by an annular detector. Because the scattering cross-section in this angular
range is dominated by incoherent, Rutherford-type elastic scattering and thermal diffuse
scattering (TDS), the intensity is approximately proportional to a power of the atomic
number (~Z!~Z?) of the atomic columns. As a result, heavier elements appear brighter,
whereas lighter elements provide weaker contrast.>* When the inner collection angle of
the detector is sufficiently large, this mode is referred to as high-angle annular dark-field
(HAADF) STEM, and the resulting images are often called “Z-contrast” micrographs due
to their strong dependence on the atomic number. This Z-contrast imaging is particularly
suitable for visualizing the position of heavy-element columns, interfaces, and

compositional inhomogeneities at the atomic scale.

To improve the visibility of light elements, such as oxygen or alkali/alkaline-earth cations,
complementary imaging modes can be employed. Annular bright-field (ABF) STEM
utilizes an annular detector placed at relatively low scattering angles, where both the
unscattered beam and electrons scattered to small angles are detected.’ In ABF images,
light-element columns can be visualized simultaneously with heavy-element columns,
enabling direct observation of the complete crystal sublattice. Low-angle annular dark-
field (LAADF) STEM collects electrons at lower scattering angles than HAADF,
providing contrast that is more sensitive to strain, bonding, and light-element
distributions.® By combining HAADF, ABF, and LAADF images acquired from the same

region, both the heavy-atom framework and the accompanying light-element sublattice
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can be reconstructed with high spatial resolution.

In addition to imaging, STEM offers powerful spectroscopic capabilities. Electron
energy-loss spectroscopy (EELS) analyzes the energy distribution of inelastically
scattered electrons and provides information on the local electronic structure, such as
valence state, coordination environment, and unoccupied density of states.” Energy-
dispersive X-ray spectroscopy (EDS) detects characteristic X-rays emitted from the
specimen and is used to quantify the elemental composition and to map the spatial
distribution of constituent elements at the nanoscale. The combination of HAADF
imaging with EELS and EDS enables direct correlation between structure, composition,

and electronic states in complex oxide systems.

In this thesis, a Cs-corrected STEM (JEM-ARMZ200CF, JEOL) operated at an accelerating
voltage of 200 keV was used to visualize the atomic arrangements in the active layers of
the thermal transistors. HAADF-STEM imaging was primarily employed to resolve the
heavy-element sublattice and to identify structural defects and interfaces. Where
necessary, ABF/LAADF STEM imaging and STEM-EELS/EDS analyses were
additionally conducted to obtain complementary information on the light-element
sublattice, local chemical composition, and electronic structure of the thermoelectric

oxide thin films.
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2.2.3. Electron Energy Loss Spectroscopy (EELS)

Electron energy-loss spectroscopy (EELS) was employed to investigate the local
electronic structure, bonding environment, and chemical composition of the
thermoelectric oxide thin films at the nanoscale. In EELS, inelastically scattered electrons
transmitted through a thin specimen lose a characteristic amount of energy due to
interactions with atomic electrons, such as inner-shell ionization, interband transitions,
and plasmon excitations. By analyzing the energy-loss distribution of these transmitted
electrons, detailed information on elemental identity, oxidation states, coordination
geometry, and unoccupied electronic density of states can be obtained with high spatial

resolution.’

The low-loss region of the EELS spectrum (typically below ~50 eV) contains information
on plasmon excitations and valence electron behavior, which is related to the dielectric
response and electron density of the material. The core-loss region, appearing at higher
energy losses, corresponds to inner-shell ionization edges that are characteristic of
specific elements. For example, the O-K edge provides information on oxygen
coordination and hybridization with transition-metal states, while the Co L2,3 edges
reflect the electronic structure and oxidation state of cobalt through fine-structure analysis

of the white-line intensity and energy positions.
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By acquiring EELS spectra in the STEM mode, spatially resolved spectral information
can be obtained simultaneously with atomic-resolution imaging. Spectrum imaging
allows the collection of a full EELS spectrum at each probe position, enabling two-
dimensional elemental and chemical-state mapping across interfaces, grain boundaries,
and phase boundaries. This capability is particularly powerful for investigating nanoscale

compositional variations and redox behavior in complex oxide thin films.

In this study, EELS measurements were performed using a Cs-corrected STEM (JEM-
ARM200CF, JEOL) operated at an accelerating voltage of 200 keV. The EELS
spectrometer was used to analyze the Co L2,3, Ba M and O-K edges in order to evaluate
the cobalt valence state and oxygen coordination environment in the thermoelectric oxide
thin films. Line-scan and mapping analyses were conducted across selected regions to
correlate local structural variations observed in HAADF-STEM images with changes in

electronic structure and chemical composition.

Through the combined use of EELS and atomic-resolution STEM imaging, nanoscale
variations in oxidation state, oxygen stoichiometry, and phase evolution in the active

layers of the thermal transistors were systematically investigated.
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2.3. Electrical transport properties

Electrical transport properties are intrinsic characteristics of materials and provide
fundamental information for identifying whether a thin film exhibits metallic,
semiconducting, or insulating behavior. These properties reflect the underlying electron
transport mechanisms and are essential for understanding carrier conduction in functional
materials.

In the context of thermoelectric research, the evaluation of electrical transport properties
plays a particularly important role, as thermoelectric performance is directly governed by
the electrical conductivity, thermopower, and thermal conductivity of a material.
Accurate assessment of electrical transport behavior is therefore indispensable for
analyzing charge-carrier transport, optimizing material performance, and clarifying the
structure—property relationships relevant to thermoelectric applications.

Accordingly, systematic measurements of the electrical transport properties were carried
out in this study to evaluate the thermoelectric characteristics of the thin-film active layers

and to provide a reliable basis for subsequent analysis of their thermoelectric performance.

2.3.1. Electrical conductivity

Electrical conductivity of the thin-film active layers was evaluated using a four-electrode
configuration. Electrical transport measurements in thin films commonly employ either a
two-electrode or a four-electrode method, each offering distinct advantages depending on

the resistance range and measurement environment. The conventional two-electrode
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method is simple to operate and generally exhibits low signal-loss probability because the
electrical leads and measurement electrodes are directly connected. However, when
measuring low-resistance samples, the intrinsic resistance of the leads and contact

interfaces becomes non-negligible, which may introduce systematic errors.

To minimize these contributions, the four-electrode method was adopted in this study. In
this configuration, the current is supplied through the outer electrodes while the voltage
drop is detected through the inner electrodes, effectively eliminating the influence of lead
and contact resistances. The sheet resistance (R) was determined from four sequential

measurement configurations, expressed as

Vaaz) = Viaa)

Ri: Rip43= [
Ry: R23,14:%
Rs: R34,21:%
R,: R41'32:M .

14-1 - 114-

These four series measurements enable the calculation of the thin-film resistivity (p). For
each configuration, the resistivity was derived according to
T R1+R2 R]
p=rs =2 (24)
where d denotes the film thickness and f is the geometrical correction factor, which
approaches unity for an ideally symmetric electrode arrangement. Four possible

resistivity sets—pl(R1, R2), p2(R2, R3), p3(R3, R4), and p4(R4, R1)—were obtained,
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and the averaged value was used to represent the intrinsic resistivity of the film.
In this thesis, all electrical conductivity measurements for the active layer of the all-solid-
state thermal transistor were performed using this four-electrode method to ensure high

measurement accuracy and reproducibility.

2.3.2. Thermopower

Thermopower (S) is a fundamental electrical transport parameter that provides insight
into the electronic density of states (DOS) in the vicinity of the Fermi level (EF). In
thermoelectric materials, thermopower is particularly important because it sensitively
reflects changes in the electronic structure and carrier transport mechanisms.

For a single-band semiconductor, thermopower can be described by the Mott equation:®

TR {d[ln(a(E))]} _ kT {l.d”(E) +1.M} 2.5)
3 e dE EeE 3 e |n dE uodE E=E,

F

where kg is the Boltzmann constant, e is the elementary charge, n is the carrier
concentration, and u is the carrier mobility. This expression indicates that thermopower
is governed by the energy dependence of both the carrier density and mobility near the

Fermi level, and therefore effectively represents the slope of the DOS around EF.

In this study, thermopower measurements were employed to monitor variations in the
electronic structure of the thin-film materials. The thermopower of the films was
measured using a conventional steady-state method. The sample was positioned between

two Peltier devices separated by approximately 3 mm. A temperature gradient was
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generated by applying forward and reverse currents to the Peltier elements.

The temperature difference (A7) across the sample and the corresponding
thermoelectromotive force (AV) were recorded simultaneously. Thermopower was
determined from the slope obtained by linear fitting of the AV—AT relationship, ensuring

reliable evaluation of the intrinsic thermoelectric response of the films.

2.4. Thermal conductivity

2.4.1. AC calorimetric measurement

For thin films with a thickness on the order of several hundred nanometers, the surface-
to-volume ratio is extremely large. As a result, heat loss due to thermal radiation becomes
significant, even when measurements are performed under vacuum conditions. In such
cases, conventional steady-state thermal conductivity measurements based on applying a
constant heat flux and evaluating the temperature difference between two ends of the
sample cannot provide reliable results, because the measured temperature gradient is

strongly affected by uncontrolled heat dissipation.

To overcome this limitation, the in-plane thermal conductivity of freestanding
Bai3Co02(BCO) sheets was measured using an AC calorimetric method, which is known
to be insensitive to radiative and parasitic heat losses. This technique allows accurate
evaluation of thermal diffusivity by analyzing the phase and amplitude of temperature

oscillations induced by periodic heating.”1°
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In this method, the sample was fixed between a Peltier device and a Cu plate using Ag
paste. A sinusoidal heating and cooling signal was applied to the Peltier device, generating
a thermal wave that propagates along the in-plane direction of the sample. Consequently,
a corresponding local temperature wave, 7(x, ), is observed at position x from the edge
of the device at time ¢. The 7{(x, ?) is determined based on the conventional heat conduction
theory.

oT 26 0°T _ Qoe'™"

T e LB S 2.6
c t+ (T —Tp) "axz 7 (2.6)

Where c is the specific heat per sample volume. The second term from the left represents
the thermal conduction to the heat bath. where ¢ is the thermal conductance per unit area
between the Peltier device and the bottom of the sample, d is the sample thickness, and
To is the temperature of the Peltier element surface. The right side represents the external
heat flux, where Qye‘“® is the AC heat flux per unit area from the Peltier device to the
sample.

A wave-form solution for Eq. (2.6) is given by,

T(x,t) = AT (x) sin(2nft — p(x)) + Ty (2.7)

The amplitude (A7) and phase (¢) are given by,

Q

AT = 2 e
2wcdq/1 + (wT)?

~kax (2.8)

¢ =kpx + ¢ (2.9)
k, and k,, can be calculated from the amplitude and phase of the observed temperature
oscillation as

d(InAT(x))  InAT(xz) — InAT (x)
@ dx B X, — X

(2.10)
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_d@(®) _ ¢Cx2) — d(x1) (2.11)

k
p dx Xy — X

Using the experimental data, k., and £, are obtained, and the frequency dependent thermal

diffusivities D, and D, are given by,

w

D, = —
b2k?

(i =aandb) (2.12)

The thermal diffusivity (D) is obtained as

D = ./D,D, (2.13)

Finally, the thermal conductivity (k) is obtained as k = D - p - C,,, where p denotes the

density, « stands for thermal conductivity, and C, represents the specific heat capacity.

2.4.2. Time-domain thermoreflectance (TDTR)

The time-domain thermoreflectance (TDTR) method is an optical pump—probe technique
widely used to characterize thermal transport properties of thin films and nanostructured
materials. The fundamental principle of TDTR is based on the linear relationship between
the surface reflectivity of a material and its temperature, which is quantified by the
photothermal reflectance coefficient (dR/dT). By monitoring changes in surface
reflectivity induced by transient heating, TDTR enables indirect determination of
temperature evolution and heat conduction processes on ultrafast timescales ranging from

femtoseconds to nanoseconds.

In a typical TDTR measurement, a femtosecond pulsed laser is divided into two beams:
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a pump beam and a probe beam. The pump beam is focused onto the sample surface to
induce a transient temperature rise, while the probe beam is directed onto the same
position with a controlled time delay relative to the pump beam. This time delay is
precisely adjusted using a long-travel mechanical delay stage. As the delay stage scans,
the probe beam detects the time-dependent change in surface reflectivity, which reflects

the transient temperature response of the sample surface.

Sqguare modulation
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PBS| 12, ° g
Specimen WP 5 5
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Pump laser
1550 nm, 0.5 ps
A
N Lock-in amp.

Differential
photo detector

Figure 2-3. Geometric relationship of Bragg’s law

By recording the reflectivity change as a function of time delay, the surface temperature
evolution can be reconstructed indirectly. The experimentally obtained temperature decay
curve is subsequently fitted using an appropriate thermal transport model to extract the
thermal properties of the sample. A schematic illustration of the TDTR measurement

setup used in this study is shown in Figure 2-3.
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For TDTR measurements of nanostructured materials, a thin metallic transducer layer is
commonly deposited on the sample surface. In this thesis, a Pt layer with a thickness of
several tens of nanometers was employed. This metallic layer serves two essential
functions: it efficiently absorbs the incident laser energy and converts it into heat, and it
acts as a sensitive temperature sensor due to its linear reflectivity—temperature
relationship. At very short timescales, the thermal transport within the metallic layer
deviates from classical Fourier heat conduction, reflecting non-equilibrium energy
absorption and redistribution processes intrinsic to ultrafast laser heating.

The detected TDTR signal consists of an in-phase component (Vin) and an out-of-phase

component (Vout), which together form a complex signal expressed as
V= Vin + iVour (2.6)

where i is the imaginary unit. From these components, the amplitude (4) and phase (¢) of
the thermal reflection signal are defined as
A= VitV oud”

¢ =tan"' (Voud Vin) @7
Here, A represents the signal amplitude, while ¢ corresponds to the phase signal.
Compared to the amplitude signal, the phase signal is less sensitive to experimental noise,
mechanical vibrations, and background fluctuations. Therefore, in this thesis, the phase
signal was primarily used to fit the thermal conductivity of the samples.

The TDTR data analysis and thermal simulations were performed using the packaged

software provided by the instrument manufacturer, PicoTherm Corporation (currently

NETZSCH), ensuring consistent and reliable extraction of thermal transport parameters.



Chapter 3. Freestanding Ba;3CoO: Single-Crystalline Films:
Fabrication and Thermoelectric Properties

References

[1] Chrisey, D. B. et al., Pulsed laser deposition of thin films. (1994).

[2] Norton, D. P., Synthesis and properties of epitaxial electronic oxide thin-film materials.
Mater. Sci. Eng. R Rep. 43, 139-247 (2004).

[3] Nellist, P. et al., The principles and interpretation of annular dark-field Z-contrast
imaging. In Advances in imaging and electron physics, Elsevier: 2000; Vol. 113, pp 147-
203.

[4] Hillyard, S. et al., Annular dark-field imaging: resolution and thickness effects.
Ultramicroscopy 49, 14-25 (1993).

[5] Findlay, S. ef al., Dynamics of annular bright field imaging in scanning transmission
electron microscopy. Ultramicroscopy 110, 903-923 (2010).

[6] Phillips, P. J. et al., Atomic-resolution defect contrast in low angle annular dark-field
STEM. Ultramicroscopy 116, 47-55 (2012).

[7] Egerton, R. F., Electron energy-loss spectroscopy in the TEM. Rep. Prog. Phys. 72,
016502 (2009).

[8] Cutler, M. et al., Observation of Anderson localization in an electron gas. Phys. Rev.
181, 1336 (1969).

[9] Hatta, 1. et al., Thermal diffusivity measurement of thin films by means of an ac
calorimetric method. Rev. Sci. Instrum. 56, 1643-1647 (1985).

[10] Kawasaki, S. ef al., Thermal Diffusivity of the Mott Insulator Ca;RuQO4 in a Non-

equilibrium Steady State. J. Phys. Soc. Jpn. 90, (2021).



Chapter 3. Freestanding Ba;3CoO: Single-Crystalline Films:
Fabrication and Thermoelectric Properties

Chapter 3. Freestanding Ba13Co00O: Single-Crystalline Films:

Fabrication and Thermoelectric Properties

3.1. Objective of this chapter

In Chapter 1, I already mentioned that we realized the highest Z7 value of
Bai3C002(BCO) among reliable oxide thermoelectric materials. BCO shows metallic p-
type conductivity up to 600 °C in air. Recently, we found that BCO epitaxial films exhibit
a rather large ZT of 0.11 at room temperature' and 0.55 at 600 °C.> These values are the
highest among reliable oxide thermoelectric materials and are comparable to those of
commercially available p-type PbTe and SiGe.> However, there is a serious drawback in
BCO epitaxial films. Since the substrate (a-Al2O3 or YSZ) is an electrical insulator, the
overall ZT including the substrate is extremely low. Thus, the fabrication of bulk ceramics
or single crystalline BCO is crucially demanded. In 2014, Liu et al. fabricated BCO
ceramics and measured the ZT at several temperatures.*> But the ZT of the ceramics was
only 0.005 at room temperature, more than one order lower than that of epitaxial films,

probably due to the suppression of electron transport at the grain boundaries.

Recently, peeling off of the epitaxial films of perovskite oxides has been energetically
studied.®® As the sacrificial layer, water-soluble Sr3Al,O¢ films are epitaxially grown on
the substrate before the perovskite oxide film growth, then, the perovskite oxide film is
peeled off by dissolving the sacrificial layers in water.® In 2006, Ohta et al. reported that
Naz4Co0O» epitaxial film grown on (0001) a-Al>Os is peeled off by immersing it in water

because there is a water-soluble amorphous Na-Al-O layer spontaneously formed at the
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interface between Na34CoO; epitaxial film and a-Al,Os substrate.’ Thus, the amorphous
Na-Al-O layer plays as the sacrificial layer. In the case of BCO epitaxial films, there is
an amorphous Ba-Al-O layer spontaneously formed at the interface between BCO
epitaxial film and a-Al>Oj3 substrate.! Therefore, we expected that the amorphous Ba-Al-
O layer plays as the sacrificial layer and freestanding BCO epitaxial film would be

obtained.

Here, we show that freestanding BCO single crystalline films were fabricated by peeling
off the BCO epitaxial films from the substrate. We fabricated BCO epitaxial films and
immersed them in 40 °C hot water for several ten minutes. After that, the BCO epitaxial
film was spontaneously peeled off and floated on the surface of the water like seaweed.
We measured and analyzed the crystal structure, chemical composition, and
thermoelectric properties before and after peeling off, and realized that there was no
significant difference. The present results provide a useful way to fabricate freestanding

oxide single crystalline films for thermoelectrics.

3.2. Experimental

First, CoO films (thickness: 300 nm, the target thickness of BCO: 600 nm) were
heteroepitaxially grown on the substrate at 700 °C in an oxygen atmosphere (10~ Pa) by
a pulsed laser deposition technique (KrF excimer laser, ~2 J cm ™2 pulse!, 10 Hz). BCO
epitaxial films were fabricated on (0001) a-Al,Os substrates by reactive solid-phase
epitaxy (R-SPE) of Na34CoO: films followed by ion exchange treatment. First, CoO films
were heteroepitaxially grown on the substrate at 700 °C in an oxygen atmosphere (107>

Pa) by a pulsed laser deposition technique (KrF excimer laser, ~2 J cm 2 pulse”!, 10 Hz).
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Then, the CoO film was heated with NaHCO; powder at 750 °C in air. This results in the
formation of a Na34CoO> epitaxial film. Then, the Na* ions in the resultant films were
exchanged with Ba?" ions by heating the Na34CoO; epitaxial films with molten Ba(NOs),
and KNOs at 500 °C in an alumina crucible for 1 h. During the R-SPE and the ion
exchange treatment, a ~10-nm-thick amorphous Ba-Al-O layer formed spontaneously at
the interface between the BCO film and the a-ALbO3 substrate.! Then, we peeled off the
BCO epitaxial film from the a-Al,O3 substrate as schematically shown in Figure 3-1a.
First, we immersed the BCO epitaxial film in hot water (40 °C). Before immersing in the
water, the BCO epitaxial film was stuck hard to the substrate (Figure 3-1b). Several tens
of minutes later, the dissolution of the amorphous Ba-Al-O layer and peeling off of the
BCO epitaxial film occurred. After that, the peeled-off BCO epitaxial film floated on the
surface of the water (Figure 3-1¢) like seaweed. In order to measure the properties of the
peeled-off BCO epitaxial film, we pasted the film onto a glass substrate and dried in air
at room temperature (Figure 3-1d). Note that the film was flexible when we used thin
plastic substrates instead of glass substrates (Data not shown). Crystallographic
characteristics including the thickness, orientation, and lattice parameters of the resultant
films were analyzed using high-resolution X-ray diffraction (HR-XRD, Cu Ka, radiation,
ATX-G, Rigaku Co.). Out-of-plane Bragg diffraction patterns, rocking curves, and X-ray
reflection patterns were acquired. The atomic arrangement of the resultant films was
visualized using a high-angle annular dark-field scanning transmission -electron
microscope (HAADF-STEM, ARM-200F, JEOL). The electrical conductivity of the
resultant films was measured by the dc four-probe method in the van der Pauw electrode
configuration. The thermopower of the resultant films was measured by the conventional

steady-state method. The film sample was placed on the gap (~5 mm) between two Peltier
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devices. By applying the forward/reverse current to each Peltier device, temperature
differences were generated in the sample. We then measured the temperature difference
(AT) and the thermo-electromotive force (AV) simultaneously, and the thermopower was

calculated as the linear slope of the AT — AV plot.
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a Peeling off of Bay;3C00, film (in 40 °C hot water)
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Figure 3-1. Fabrication process of freestanding Bai3Co00: single-crystalline
films. (a) Schematic illustration of the peeling-off process of a Bai;3CoO> epitaxial
film by dissolving the amorphous Ba-Al-O sacrificial layer in 40 °C hot water. (b)
Photograph of the as-grown Ba3CoOz epitaxial film on the (0001) a-Al>O; substrate.
(c) Photograph of the Ba;3Co0: film floating on the water surface after separation in
hot water. (d) Photograph of the peeled-off Ba;3CoO> film transferred onto a glass

substrate.
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3.3. Result and discussion

We performed high-resolution X-ray diffraction measurements of the peeled-off BCO
epitaxial film. Figure 3-2 summarizes the out-of-plane XRD pattern of the as-grown and
the peeled-off BCO epitaxial films. The peeled-off BCO epitaxial film only shows intense
Bragg diffraction peaks of 000/ BCO (Figure 3-2¢). The position and the intensity of the
Bragg diffraction peaks did not change compared to that of as-grown BCO epitaxial film
(Figure 3-2a), except the substrate peak disappeared. c-axis lattice parameter of the
peeled-off BCO epitaxial film was 1.221 nm. The full width at half maximum (FWHM)
of the out-of-plane X-ray rocking curve (OXRC) of the 0002 BCO was ~2.0° (Figure 3-
2d), slightly wider than that of the as-grown film (~1.7°). Compared with a previous
report,! the FWHM of the OXRC was significantly wider (this work: ~ 2.0°, previous
report: ~0.8°), probably because the thickness was 3times greater (this work: 600 nm,
previous report: 200 nm). We further measured the chemical composition of the peeled-
off BCO epitaxial film by inductively coupled plasma mass spectrometry (ICP-MS) and
obtained a Ba/Co ratio of 0.323. These results reveal that the peel-off treatment does not

affect the chemical composition and the crystal structure of BCO epitaxial films.
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Figure 3-2. X-ray diffraction analysis of Ba1;3C00O: films before and after peeling-
off. (a) Out-of-plane XRD pattern of the as-grown Ba;3CoO- epitaxial film on a
sapphire substrate. (b) Rocking curve of the 0002 diffraction peak for the as-grown
film.(c) Out-of-plane XRD pattern of the peeled-off Bai3CoO> film transferred onto

a glass substrate. (d) Rocking curve of the 0002 diffraction peak after peeling-off.

We then performed a microstructure observation of the peeled-off BCO epitaxial film
using high-angle annular dark-field (HAADF) scanning transmission electron

microscopy (STEM). Figure 3-3a shows a cross-sectional HAADF-STEM image of the
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peeled-off BCO epitaxial film. The overall thickness of the BCO film was ~600 nm,
which is consistent with the designed thickness. Figure 3-3b shows a magnified HAADF-
STEM image. The incident direction of the e-beam corresponded to [1120] of the peeled-
off BCO epitaxial film. The crystal structure was composed of alternating CoO: (blue-

filled circle) and Ba (yellow-filled circle) layers.
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Figure 3-3. Microstructure of the peeled-off Bai13C00:2 epitaxial film. (a) Cross-
sectional HAADF-STEM image. Microstructure of the peeled-off Ba;3Co0O; epitaxial
film. (a) Cross-sectional HAADF-STEM image. Overall thickness is ~600 nm. (b)
Magnified HAADF-STEM image. A layered crystal structure composed of alternating
CoO: (blue-filled circle) and Ba (yellow-filled circle) layers along the c-axis is clearly
seen.

Next, we measured the thermoelectric properties of the freestanding BCO single

crystalline films in the in-plane direction. The room-temperature electrical conductivity

(0) of the as-grown BCO film was ~1100 S cm™!, while that of freestanding BCO single

crystalline film was ~1000 S cm™!. Both films exhibited metallic conductivity, in which
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the o increased as the temperature decreased (Figure 3-4a). Note that increased the o of
the freestanding single-crystalline film is significantly lower than that of the previous
report (o: 2300 S cm™!).! This may be due to that the crystalline tilting of the freestanding
BCO single crystalline film is larger than that of the previous report, and therefore grain
boundary scattering contributes significantly. The room-temperature S of the as-grown
BCO film was +76 uV K!, while that of the freestanding BCO single crystalline film was
+73 uV K. The S values of both films gradually decreased as the temperature decreased
(Figure 3-4b), demonstrating that the peeling off treatment does not affect the

thermoelectric properties.
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Figure 3-4. Thermoelectric properties. Temperature dependence of (a) electrical

conductivity and (b) thermopower for the Bai13Co00Q: films before and after

peeled-off. The room-temperature ¢ of the as-grown Bai;3Co0O; film was ~1100 S

cm!, while that of after peeled-off was ~1000 S cm™!. Both films exhibited metallic

conductivity. The room-temperature S of the as-grown film was +76 pV K!, while

that of after peeled-off was +73 pV K'!. The S values of both films gradually

decreased as the temperature decreased, demonstrating that the peeling-off treatment

does not affect the thermoelectric properties.
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Finally, we measured the thermal conductivity (x) of the freestanding BCO single
crystalline films. « is expressed by x = Cp-p-D, where C,, is the specific heat capacity, p is
the bulk density, and D is the thermal diffusivity. Since C, (0.44J g ' K ') and p (5.36 g
cm %) at room temperature are known, we measured the D of the freestanding BCO single
crystalline films at room temperature using the AC calorimetric method.!%!! First, we

fixed the sample between a Peltier device and a Cu plate using Ag paste (Figure 3-5).

d

IR camera

Ag paste
\ Sample
—— B H
Peltier device Cu plate

Figure 3-5. Measurement setup for the In-plane thermal diffusivity of the
freestanding Bai3C00:2 single crystalline films. (a) Schematic illustration. (b)

Photograph of the equipment.
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Then, we applied AC heat flux to the sample using the Peltier device and measured the
temperature at the position x using the IR camera. Figures 3-6a and 3-6b illustrate 7 (x,

t) for a range of x values from 0.1 mm to 0.5 mm, corresponding to frequencies of 0.10

Hz and 0.30 Hz.
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Figure 3-6. Time-dependent temperature at four points for ac thermal

frequencies of (a) 0.10 Hz and (b) 0.30 Hz.

To determine the amplitude (A7) and phase difference (A¢) at various positions and
frequencies, we employ Eq. 2.7 and perform fitting procedures. The resulting values of

AT and A¢ are then presented as functions of x in Figs 3-7a and 3-7b, respectively.
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Figure 3-7. The amplitude of the temperature oscillation is represented in (a),

and the phase is shown in (b) as a function of position x.

By applying Eqgs. (2.10) and (2.11) to the experimental data shown in Fig. 3-7, the
parameters k, and k, were obtained. Using these parameters, the room-temperature
thermal diffusivity of the BCO single-crystalline film was determined to be 1.45 mm?/s,
as shown in Figure 3-8. Consequently, the obtained « for the freestanding BCO single
crystalline films was determined using a straightforward equation (k = D - p - C},), where
p denotes the density, x stands for thermal conductivity, and C, represents the specific
heat capacity. By using a bulk density (p) value of 5.36 g cm ™ and a C, value of 0.44 J
g ' K'!, we calculated the in-plane x to be 3.45 W m ™' K™!. This value agreed well with
the as-grown film (~3.2 W m™! K™)!°. For comparison, we measured the x of a

freestanding Sr1,3C00: single crystalline film, which was prepared in a similar manner as
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BCO. Consistent with the as-grown film (~4.4 W m™! K'!),! the obtained x was ~4.1 W

m 'K™!. From these results, we judged that we successfully fabricated freestanding BCO

single crystalline films that exhibit good thermoelectric Z7 of 0.047 at room temperature.
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Figure 3-8. In-plane thermal diffusivity (D) of the freestanding Ba13Co00O: single

crystalline films. The D values were obtained as (Da-Dp)'2.
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Here, we would like to summarize the thermoelectric properties of the freestanding BCO
single crystalline films (Table 3-1). From these results, we judged that we successfully
fabricated freestanding BCO single crystalline films that exhibit thermoelectric ZT" of
0.047 at room temperature. Compared to the previous report (BCO single crystalline films
on (0001) a-Al203 substrate), the ZT of present freestanding BCO single crystalline films
is significantly lower due to lower o. Except for o, the thermoelectric properties of the
freestanding BCO single crystalline films are similar to the previous report. Since grain
boundary scattering dominantly occurs at lower temperatures, the larger grain boundary
angle of the freestanding BCO single crystalline film suppresses the o. Due to the similar
origin, the ¢ of the BCO films grown on YSZ substrates showed lower ¢ (1,100 S cm™)
than that of BCO films on (0001) a-ALOj3 substrate (2,300 S cm™!) at room temperature.
Although the ZT of the BCO films grown on YSZ substrates was lower (0.058) than that
of BCO films on (0001) a-Al>O3 substrate (0.11) at room temperature, it increased with
temperature and reached 0.55 at 600 °C because the grain boundary scattering becomes
less dominant. Therefore, we expect that the freestanding BCO single crystalline film

exhibits high ZT at higher temperatures.

This work Takashima et al.! Zhang et al .2
o(Scm™) 1000 2300 1100
S (VK™ 73 7 75
K (Wm™ K™ 3.4 33 32
ZT 0.047 0.11 0.058

Table 3-1. Thermoelectric Properties of the Freestanding Bal1/3C00O2 Single-
Crystalline Films at Room Temperature. The data of the previous reports are also

shown for comparison.
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Finally, we discuss x. In the previous report, we measured the x of the BCO epitaxial
films using the time-domain thermoreflectance (TDTR) method.!? Because BCO
epitaxial films exhibit good electron transport properties in the in-plane direction, k must
be measured in the in-plane direction to extract Z7. Previously, we used the TDTR method
to measure the out-of-plane x of the BCO epitaxial films with two different
crystallographic orientations: a c-axis orientation and a 55°-inclined c-axis.!” Using these
two out-of-plane k data, we extracted the in-plane « theoretically. It is very important that
the x value of the freestanding BCO single-crystalline film measured using the AC
calorimetric method agrees well with the x value of the BCO epitaxial film measured

using the TDTR method.

3.4. Conclusion

In summary, we successfully fabricated freestanding BCO single-crystalline films by
peeling off BCO epitaxial films from the substrate. We immersed BCO epitaxial films in
40 °C hot water for several tens of minutes to peel off the films. The crystal structures
and thermoelectric properties of the peeled films were maintained. The present results
provide a useful method for fabricating freestanding single-crystalline oxide films for
thermoelectrics. We showed that freestanding BCO single crystalline films were
fabricated by peeling off the BCO epitaxial films from the substrate. We fabricated BCO
epitaxial films and immersed them in 40 °C hot water for several ten minutes. After that,
the BCO epitaxial film was spontaneously peeled off and floated on the surface of the
water like seaweed. We measured and analyzed the crystal structure, chemical
composition, and thermoelectric properties before and after peeling off, and realized that

there was no significant difference. The present results provide a useful way to fabricate
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freestanding oxide single crystalline films for thermoelectrics. Although the intrinsic
thermoelectric performance of BCO was verified in freestanding single-crystalline form,
a significant discrepancy remains between epitaxial films and bulk ceramics. In particular,
previously reported bulk samples exhibit substantially degraded ZT values. Therefore,
understanding the origin of this performance gap is essential for practical scale-up, which

is addressed in the following chapter.
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Chapter 4. High-Temperature Decomposition Behavior and Its

Impact on Electron Transport in Ba13C00?

4.1. Objective of this chapter

In the last Chapter, I realized that the crystal structure and thermoelectric properties of
freestanding Ba;3Co0; (BCO) were maintained, resulting in excellent reproducibility
and no performance degradation. Furthermore, cross-validation between heteroepitaxial
and free-standing films confirmed the intrinsic properties and reliability of BCO,
highlighting its potential for integration into practical thermoelectric devices. These
characteristics make BCO a strong candidate for high-temperature thermoelectric
modules, and its free-standing form factor may allow future exploration toward flexible

architectures.

Despite these outstanding properties of BCO, its scale-up remains a key challenge for
practical applications. Liu ef al. reported that attempts to fabricate bulk BCO ceramics
have resulted in significantly degraded performance, with Z7 0.014 at room temperature
and 0.15 at 520 °C, much lower than epitaxial BCO thin film.! In particular, the electrical

conductivity of bulk ceramics is 300 S cm™!

at room temperature, which corresponds to
about 20% of that of the thin films (~1500 S cm™). This degradation is primarily due to

thermal decomposition occurring during the high-temperature sintering process required
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for densification. While oxide ceramics typically require sintering above 1000 °C, BCO
become structurally unstable above 650—700 °C.%* Although the structural instability of
BCO at high temperatures has been qualitatively discussed in previous reports, the
mechanism by which phase decomposition leads to thermoelectric degradation has not

been fully clarified.

In this study, we elucidated the mechanism of thermoelectric properties degradation due
to structural decomposition of BCO at high temperatures in air. As shown in Figure 4-1,
BCO is structurally very stable up to 700 °C, exhibiting metallic conduction and
maintaining consistent thermoelectric properties, with 6 = 1500 Scm™ S~ 95 uV K ™! «
~ 33 W m! K!and ZT value of 0.12 at room temperature. Above 700 °C, BCO
undergoes thermal decomposition into three distinct phases: BaCoO, (x = 3 and 2.6), and
Co30s. Among these, BaCoOz acts as a conductor,® while Co3O4 is an electrical
insulator.’ BaCoOj3 exhibits one-dimensional conduction along the c-axis,%” but it does
not contribute significantly to in-plane electron transport. When the volume fraction of
BaCoOa6 exceeds the percolation threshold, the decomposed film shows percolation
electron transport, characterized by o of 100 S cm™' and S of 115 pV K™!. Due to enhanced
phonon scattering at the grain boundaries formed during phase decomposition, the
thermal conductivity decreases to 2.3 W m™! K'!, resulting in a substantial reduction in
ZT to about 0.017 at room temperature. With increasing temperature, BaCoO2¢ is

oxidized to BaCoOs,® reducing its volume fraction below the percolation threshold.
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Consequently, the ¢ rapidly decreases while the S increases. Such transport behavior is
typical percolation and is well reproduced by the generalized effective medium theory
(GEMT). Above 980 °C, BaCoOx (x = 3 and 2.6) and Co30O4 undergo reduction, leading
to the formation of insulating BaCoO.» and CoO.>? As a result, the mixture no longer

exhibits electrical conductivity.

We clearly identify the key degradation mechanism in BCO: phase decomposition, which
drives a transition in conduction from metallic to percolation and eventually to insulating
behavior at elevated temperatures. These results reveal that low-temperature sintering
strategies are essential to preserve the functional properties of BCO for thermoelectric
applications. Moreover, the redox behavior of decomposed BCO may offer potential for

future energy-related applications, such as solid oxide fuel cells.
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Figure 4-1. Schematic change in the electron conduction of Ba13C00O:2 upon
3, 2.6, and 2.2) and Co0304 at elevated

temperatures. (Left) Below 700 °C, single phase Bai;3CoO: exhibits metallic

conduction. The electrical conductivity () is 1500 S cm ™! and thermopower (S) is 95

uV K. (center) Above 700 °C, Bai3CoO, decomposes into three phases including

BaCo0.6, BaCo0Os3, and Co0304. BaCoO26 is a conductor, whereas Co304 is an

insulator. the mixture shows electron conduction with ¢ of ~100 S cm™ ! and S of 115

nV K1, (right) Above 980 °C, reduction of BaCoOy and Co3O4 occur and insulation

BaCo02 and CoO form. The mixture does not show electrical conductivity.
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4.2. Experimental

Epitaxial (0001) BCO films (~150 nm) were fabricated on (111) YSZ substrates via
reactive solid-phase epitaxy (R-SPE) of Naz4CoO> films, followed by a barium ion
exchange process. The detailed fabrication method for BCO has been explained in the
previous Chapter. The BCO films were annealed in air at temperatures ranging from
100 °C to 1000 °C for 30 min to confirm their thermal stability. After each annealing step,

I measured the crystallographic structure and thermoelectric properties.

Crystallographic Analyses: The crystallographic structure, orientation, and thickness of
the films were analyzed using X-ray diffraction (XRD, Cu Ko radiation, ATX-G, Rigaku
Co.). Out-of-plane and in-plane Bragg diffraction patterns, rocking curves, and grazing
incident XRD (GIXRD) patterns were obtained to characterize the structures of the films.
The lattice images and atomic arrangements were further visualized using plane-view
high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM, JEM-ARM200F, JEOL Co.) operating at 200 kV and measured electron energy-

loss spectroscopy (EELS).

Electrical Conductivity and Thermopower Measurements: The electrical resistivity
(p) or conductivity (o = 1/p) of the films was measured at room temperature and low

temperatures (25 K ~ 300 K) by the d.c. four probe method with van der Pauw electrode
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configuration. Thermopower (S) measurements were performed using a steady-state

technique. Custom-built equipment was employed for thermopower measurements.

Thermal conductivity measurements: The cross-plane thermal conductivity (x) of the
BCO films was measured by time-domain thermoreflectance (TDTR, PicoTR,
NETZSCH Japan Co.) method at room temperature. A 104-nm-thick Pt was deposited on
the resultant film surface by DC sputtering to serve as a transducer. The decay curves of
TDTR signals were simulated to obtain x. The in-plane thermal conductivity (xj) of the

films was extracted using the following equation as previously reported.® -1

Kobsd = \/Kﬁcoszq) + Kisinzgo
Here, the cross-plane thermal conductivity (x1) was measured for the film grown on the
(111) YSZ substrate, while the inclined thermal conductivity (xobsd) Was obtained from
the film grown on the (1120) 0-Al,Os substrate, where the CoO> layers are tilted by ¢ =
55° from the surface normal, as confirmed by STEM observations in our previous

report.'?

4.3. Result and discussion

First, (0001)-oriented epitaxial BCO thin films, ~150 nm thick, were fabricated on (111)
YSZ substrates by reactive solid phase epitaxy (R-SPE) and Ba ion exchange, and the

impact of high-temperature on their structure using X-ray diffraction (XRD) and
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thermoelectric properties were systematically investigated. As-grown BCO exhibited
only the 000/ diffraction peak with the 111 YSZ substrate diffraction peak in the out-of-
plane XRD pattern. In-plane XRD pattern shows both the arrangement of Ba ions and the
lattice structure. The as-grown BCO films exhibited three distinct superlattice peaks:
(1120) x 1/3 and 2/3 (hexagonal ordering), and (1120) x 1/2 (orthorhombic ordering),
indicating a mixed ordering of Ba ions. The 1120 diffraction peak is observed together
with the 110 YSZ diffraction peak in the in-plane XRD. The calculated lattice constants
(@ = 0.282 nm, ¢ = 1.225 nm) and the Ba/Co atomic ratio of 0.28 determined by
inductively coupled plasma-mass spectrometry (ICP-MS) are in good agreement with the
previous report.'”

In order to clarify the crystal structure evolution of a BCO epitaxial film at high
temperatures, we performed XRD measurements after each annealing at elevated
temperature in air (Figure 4-2). Out-of-plane XRD patterns (Figure 4-2a) show that the
0002, 0004, and 0006 diffraction peaks of BCO maintained up to 675 °C (blue), indicating
the structural stability of the layered structure. In the in-plane XRD patterns (Figure 4-
2b), the diffraction peaks remained identical to those of the as-grown BCO up to 650 °C.
At 675 °C, however, the 1/3 and 2/3 superlattice peaks disappeared, while the 1/2 peak
became more pronounced, indicating a change in the ordering of Ba ions. Similar ion-
ordering transitions have also been reported in other A,CoO:-type layered cobaltites (Ax
= Cays, Sris, Bais). For instance, Ca;3Co0; and Sr13Co0; preserve their layered

structure but undergo orthorhombic rearrangement of 4-site cations at 350 °C and 450 °C,
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respectively.!® 1213 The higher transition temperature observed for BCO is consistent with
the greater thermal energy required to migrate the heavier Ba ions compared to Ca and Sr.
At 700 °C, irreversible decomposition of BCO into BaCoO; (x = 3 and 2.6) and C0304
was observed, accompanied by the disappearance of the BCO diffraction peaks and the
emergence of new diffraction peaks (red). In the out-of-plane XRD patterns, the 0001 and
0002 diffraction peaks of BaCoOs and the 1017 diffraction peak of BaCoO2¢ appeared.
In the in-plane XRD patterns, the 1/2 superlattice peak was replaced by two new
diffraction peaks, which were identified as the 1120 of BaCoOs3 and BaCoOa.6. Moreover,
although BCO is decomposed, the Ba/Co ratio remains unchanged as confirmed by ICP-

MS.
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Figure 4-2. Crystal structure evolution of a Bai3C00: epitaxial film upon
decomposition into BaCoO. (x = 3, 2.6, and 2.2) and Co30s4 at elevated
temperatures. Change in (a) the out-of-plane and (b) the in-plane XRD patterns after
each annealing at elevated temperatures. (a, b) When the annealing temperature is less
than or equal to 675 °C, the diffraction peaks of Ba;3CoO> are maintained (blue). (a,
b) When the annealing temperature is greater than or equal to 700 °C, diffraction
peaks of BaCo0O.¢ and BaCoOs3 appear whereas those of Bai,3Co0; disappear (red).
(b) The peak intensity ratio of BaCoO3/BaCo00.¢ becomes large with increasing the
annealing temperature. (a, b) When the annealing temperature is greater than or equal
to 980 °C, diffraction peaks of BaCoO:, appear whereas those of BaCoO3 and

BaCo0, 6 disappear (gray).
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To further characterize the BaCoO, (x = 3 and 2.6) formed after annealing at 700 °C, in-
plane X-ray rocking curves of the 1120 of BaCoOs; and BaCoQ2 exhibited six-fold
symmetry every 60°, verifying their hexagonal crystal structure (Figure 4-3a). In addition,
grazing incident XRD analysis with an incident angle of 0.5° revealed powder-like
diffraction peaks of Co30s, indicating the presence of randomly oriented polycrystalline

Co304 with an average crystallite size of ~20 nm (Figure 4-3b).

a |1120 BaCoO, b Annealing at 700 °C
i Grazing incident angle = 0.5°
:'é | 60° "é 00304
5 5 311
o] £ N
= 1 T | T A T S Crystaliite size
~ : . g =22.1nm
> =, e
=" 11120 BaCoO, , =
cr 8 400 440
€ [=
- 60° -
w AT T ——

-186 -120 -60 OI I 60I 120 180 1 2 3 4 5 6 7 8 9

¢ (deg.) Scattering vector, g/2rx (nm™)
Figure 4-3. Detailed XRD analysis of a Ba13Co00O2 epitaxial film after annealed at
700 °C. (a) In-plane X-ray rocking curves of 1120 for BaCoO3 and BaCoOxs. Six-
fold symmetry is clearly seen in both cases. (b) Typical GIXRD pattern with an
incident angle of X-ray of 0.5°. Powder like diffraction pattern of Co3O4 is seen,
indicating that the existence of randomly oriented polycrystalline CozO4 with average

crystallite size of ~20 nm.
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When the annealing temperature is greater than 700 °C, the 1120 peak intensity ratio of
BaCo03/BaCo00,.¢ becomes large with increasing the annealing temperature, indicating
progressive oxidation of BaCoOz¢ to BaCoOs in air. Between 920 °C and 960 °C, the
peak ratio remained nearly constant, suggesting that the oxidation of BaCoO2.¢ to BaCoO3

had reached its limit in air.?

When the annealing temperature is greater than or equal to 980 °C, diffraction peaks of
BaCo0;2 and CoO appear whereas those of BaCoO3 and BaCoO- 6 disappear, indicating
reduction process. This high-temperature reduction is consistent with previously reported
trends in polycrystalline BaCoO3-x (0 <x < 1) and with the well-established reduction of

C0304 to CoO above 900 °C.>®

Based on the observed structure evolution of BCO, we next confirmed its impact on
electron transport properties, the in-plane ¢ and S of BCO thin films were measured at
room temperature after annealing each step in air. (Figure 4-4). When the annealing
temperature is less than or equal to 650°C (blue), o is a constant of 1500 S cm ™! and S is
a constant of 95 uV K!, indicating that the electron transport mechanisms were preserved.
These observations are consistent with the stability of the layered structure. At 675 °C, ¢
dropped to 750 S cm ™!, while S remained unchanged (~95 pV K™). This is consistent
with migration and rearrangement of Ba observed in in-plane XRD. A comparable trend

has been reported in Cai3C0o02, where Ca-ion rearrangement introduces structural
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disorder and reduces conductivity, while thermopower remains stable due to a preserved
Co valence state under constant composition.'* After the BCO structure was decomposed
at 700 °C, ¢ drastically decreased to 120 S cm™! and S slightly increased to 115 pV K™'.
As the annealing temperature increased, the ¢ continued to decrease, reaching ~30 S cm ™!
at 920 °C, and the S increased to 143 pV K™!. Between 920 °C and 960 °C, both ¢ and S

saturated due to oxidation limitations identified by XRD. Above 980 °C, ¢ fell below the
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Figure 4-4. Changes in the electron transport properties of a Ba13Co00: epitaxial
film upon decomposition into BaCoO. (x =3, 2.6, and 2.2) and Co0304 at elevated
temperatures. (a) Room temperature electrical conductivity (¢) and (b) thermopower
(S) with the annealing temperature. The ¢ is 1500 S cm™! constant and S is 95 pV K
constant when the annealing temperature is less than or equal to 650 °C (blue). After
annealing at greater than or equal to 700 °C, ¢ drastically decreases while S linearly

increases.
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detection limit, precluding reliable transport properties measurements. This degradation
is attributed to the reduction of BaCoOy (x = 3 and 2.6) to BaCoO».,, which increases the
fraction of Co®" ions and severely disrupts electron transport properties. These changes
in electron transport properties were highly reproducible, with sample-to-sample

variations below 5%.

The change in electron transport properties at high temperatures is attributed to the
structural decomposition of BCO into several distinct phases, BaCoO3, BaCoO26, and
Co0304, all of which exhibit relatively low conductivity. This change can be interpreted in
terms of percolation conduction, which will be examined in the following section by

analyzing the transport properties and volume fractions of each constituent phase.

To this end, epitaxial thin films of BaCoOj3; and BaCoO; ¢ were formed, and their electron
transport properties were investigated. These measurements clarify which phases play as
conductive or insulating components within the percolation. As shown in Figure 4-5,
BaCoOs epitaxial films were grown along both the 0001 and 1120 orientations to
experimentally confirm this anisotropy. The in-plane ¢ was below the detection limit,
indicating highly insulating behavior, whereas the cross-plane ¢ was 3 S cm™! with a

thermopower of 60 uV K™!, consistent with semiconducting behavior.® '*
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Figure 4-5. Crystallographic orientation of BaCoO3 on YSZ substrates. (a—)
XRD patterns of BaCoO3 on (111) YSZ. (a) Out-of-plane XRD pattern showing 000/
diffraction peaks of BaCoO3 with 111 YSZ. (b) Out-of-plane X-ray rocking curve of
0002 BaCoO:s. (c) In-plane XRD pattern revealing 1120 diffraction peak with the 110
YSZ. The epitaxial relationship is (0001)[1120] BaCoO; || (111)[110] YSZ. (d-f)
XRD patterns of BaCoOj3 on (110) YSZ. (a) Out-of-plane XRD pattern showing 1120
and 2240 diffraction peaks of BaCoO3 with 110 YSZ. (b) Out-of-plane X-ray rocking
curve of 1120 BaCoO:s. (c) In-plane XRD pattern revealing 0002 diffraction peak with

the 111 YSZ. The epitaxial relationship is (1120)[0001] BaCoOs || (110)[111] YSZ.

Then, BaCoO3 thin films were annealed at 700 °C for 30 minutes under a vacuum pressure
of 107* Pa to induce reduction, as shown in Figure 4-6, successfully formed the BaCoO2.6
phase. The lattice parameters of the epitaxial BaCoO3z and BaCoO ¢ films closely match

those obtained from BCO decomposition (see Table 4-1). The resultant BaCoO» 6 films
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exhibited an in-plane ¢ of ~ 100 S cm™! and a thermopower of 80 uV K™ at room
temperature. Co3Oa, by contrast, is well established as an insulating phase.’ These results
indicate that BaCoQO: 6 functions as a conductor, whereas BaCoO3 and Co0304 act as non-

conductive phases.
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Figure 4-6. Reduction of BaCoOs into BaC00O2.6 by thermal annealing in vacuum
(700 °C for 30 min under 10 Pa). (a) Out-of-plane and (b) in-plane XRD patterns
of BaCoOs epitaxial films before (gray) and after (red) the reduction treatment.

BaCoO:s is reduced to BaCoOz 6 after annealing in vacuum.

Table 4-1. Change in the lattice parameters of the BaCoOs epitaxial film after

thermal annealing in vacuum (700 °C for 30 min under 10 Pa).

Phase a (A) c(A)
BaCoO, 578 (5.84) 4.8 (4.75)
BaCoO, 5.67(570)  28.52 (28.26)
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Additionally, we prepared a binary phase (BaCoO2.6 + C0304) to provide an additional
data point for percolation analysis. This phase was obtained by subsequent vacuum
annealing of a BCO epitaxial film that had been decomposed at 700 °C in air (Figure 4-
7). The o of this phase increased to 200 S cm™!, compared to 114 S cm™! before vacuum
annealing, while the S unchanged at 115 uV K'!. These results clearly indicate that

BaCoOy (x =3 and 2.6) is reduced under low-oxygen-pressure conditions.

a ' ' ‘ b ' ‘ éaCoO;B ' ‘ Cc ‘ ‘ Gr‘azing‘ incidént aﬁgle = 0.5°
] 1 % Sub. 1
. ] [ BaCoO, [~ 1120 . Co,0,
L Ed BaCoO, BaCoO, | 1130 — 2240 311 Sample stage 1
s 3 1017 - =3 ]
S 1 oot 0tz g 5 |1 3 40 | w0
g \ y s s
‘2\ ‘Z\ M|NI| 'IIII i 1 ‘I 1h ) 1 1 L a 1
G T T T ‘7) T T T T T T T ‘T) T T T T T T T
§ L d ﬁ e | Sub. § f Co 0,
1= { £EF ; ] = 311 SablETEh
] BaCoO,, I ' BaCoO,, B lipieisiage
] 1077 -, ] A 1130 2240 00 | 440
] q IHhII ] IillllllI | 1§ A L
1 2 3 4 5 1 2 3 4 5 6 7 1. 2 3 4 5 6 7 8 9
Scattering vector, q,/2x (nm™) Scattering vector, g,/2n (nm’") Scattering vector, g/2r (nm™)

Figure 4-7. Formation of BaCoO26 phase after vacuum annealing of 700 °C
annealed Bai3C00: epitaxial film. (a—c) XRD patterns of a Ba;3CoO- epitaxial film
decomposed at 700 °C in air. (a) Out-of-plane XRD pattern, (b) in-plane XRD pattern,
and (c) GIXRD pattern indicate that the film is composed of oriented BaCoOz¢ and
BaCoOs; phases as well as randomly oriented polycrystalline Co3Os4 phase. (d—f) XRD
patterns after subsequent vacuum annealing (10~ Pa, 700 °C, 30 min) of a Ba1;3C00O:
epitaxial film decomposed at 700 °C in air. (d) Out-of-plane XRD pattern, (e) in-plane
XRD pattern, and (f) GIXRD pattern indicate that the film is composed of oriented

BaCo0: ¢ phase and randomly oriented polycrystalline Co3O4 phase.
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Next, the volume fractions of each phase in decomposed BCO were estimated using in-
plane XRD (Figure 4-8a). ICP-MS analysis confirmed that the Ba/Co ratio remained
constant at ~ 0.28 after decomposition. In the volume fraction calculations, we assumed
that (1) all Ba atoms form the BaCoOy (x = 3 and 2.6) phase, and (2) the remaining Co
atoms form Co304. Therefore, the volume fraction of Co3O4 was fixed throughout the
analysis, and the overall phase ratio was defined as follows:
0.28(y BaCoOs3 + z BaC0026) + 0.24 C0304, where y +z =1

The mole ratios (y and z) of BaCoO, (x = 3 and 2.6) were calculated from the integral
intensity ratio of in-plane XRD peaks and subsequently converted to volume fractions
using the following equation.

n;:

IR

Volume fraction of phase i =

X

BIES

Here, n is the relative mole ratio, M is the molar mass, and p is the theoretical density of
each phase. As shown in Figure 4-8b, the volume fraction of BaCoO»¢ decreases with
increasing annealing temperature and eventually saturates between 920 °C and 960 °C in
air. In this temperature range, the volume ratio of BaCoO- ¢ to BaCoOjs stabilizes at 26:74,
corresponding to an average composition of BaCoO2 9. The observed oxidation behavior

is consistent with previously reported studies.®
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Figure 4-8. Change in the volume fraction of BaCoQO3/BaCo00:.6 after annealing
at elevated temperatures. (a) In-plane XRD patterns of a Ba;;3C00; epitaxial film
annealed at elevated temperatures (700960 °C) in ambient air. The two different
diffraction peaks are fitted using Gaussian function (dashed lines). The volume
fraction of BaCoO,6 was calculated by assuming the integrated diffraction peak

intensity ratio directly reflects it.

To analyze the evolution in electron transport mechanism of decomposed BCO, ¢ and S
are plotted as a function of volume fraction (Figure 4-9). A distinct transition in electron
transport properties was observed near the percolation threshold (¢.) at a volume fraction
of 28%, which is typical of percolation behavior.!>"!® Below ¢, the conductive network
formed by the semiconducting phase is disconnected, resulting in suppressed ¢ and
elevated S, which saturates around 143 uV K™'. Above ¢., the percolation network

becomes connected, leading to an increase in g, while S decreases and saturates at 113 pV
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K™!. Above the ¢, saturation of S indicates that once percolation conduction paths are
established, the total overall S of the system is predominantly determined by the
conduction phase. '8

To quantitatively interpret the percolation behavior, we applied the Generalized Effective

Medium Theory (GEMT),"*!” which successfully reproduced the experimental trends.

The GEMT equation is expressed as:

i o
T — 1

i C;—i—A-C?

Here, {i represents the intrinsic transport property ({= o and ¢/S) of each constituent phase,
and v; is its corresponding volume fraction. The critical exponent ¢, which reflects the
connectivity and dimensionality of the percolating network, was determined to be 1.2, a
value consistent with typical disordered systems (1.2—1.6). The 4 is defined as 4 = (1 —
@¢) / ¢c. The fitted percolation threshold ¢ = 0.28 (28%) closely aligns with the expected
value for composite materials, where long-range conductivity typically emerges at
approximately 1/3 volume fraction of the highly conductive phase. The GEMT model
reproduced the sharp transition near ¢. and overall experimental trends, confirming the

model’s validity in describing percolation conduction in the decomposed BCO.
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Figure 4-9. Percolation-like electron transport properties. Room temperature o
and S as a function of the volume fraction of BaC00:2.¢ phase in the annealed film.
A sharp transition in transport behavior is observed near the percolation threshold
(~28%). Measured values are shown as circles (o) and triangles (S), while solid curves

represent calculated results based on the Generalized Effective Medium Theory

(GEMT).

For comparison, a conventional parallel circuit model was also applied (Figure 4-10).2
22 However, this model substantially overestimated o near the percolation threshold and
failed to reproduce the sharp decrease in S. This comparison confirms that the transport
in decomposed BCO is governed by a percolation mechanism, which is accurately

captured by the GEMT model.
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Figure 4-10. Comparison of GEMT and parallel circuit models. (a) Room
temperature (a) ¢ and (b) S as a function of the volume fraction of BaCoO» 6 phase in
the annealed film. Solid lines represent the GEMT model, while dashed lines indicate
the conventional parallel circuit model. The parallel circuit model significantly
overestimates ¢ near the percolation threshold (~ 28%) and fails to capture the sharp
decrease in S, whereas the GEMT model successfully reproduces the experimental

percolation behavior.



Chapter 4. High-Temperature Decomposition Behavior and
Its Impact on Electron Transport in Bai;3CoO>

Figure 4-11 shows the low-temperature resistivity of BCO. The as-grown film and the
BCO annealed at 650 °C both exhibit Fermi-liquid-like metallic conduction, indicating
that the structure and transport properties are preserved up to this temperature. In contrast,
after decomposition at 700 °C, the conduction changes from metallic to semiconducting

behavior governed by percolation.
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Figure 4-11. Temperature dependence of electrical resistivity for the film after
thermal annealing. (a) p — T curves. As-grown and 650 °C annealed films show
metallic behavior whereas the 700 °C and 750 °C annealed films show insulating

behavior. (b) p vs. T? plot of the metallic films. Fermi-liquid-like conduction is seen.

Then, we directly observed the percolation-like morphology of decomposed BCO at
700 °C using Cs-corrected scanning transmission electron microscopy (STEM). As

shown in HAADF images in Figure 4-12a and 4-12b, hexagonal grains with overlapping
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characteristics are observed, showing distinct three-dimensional percolation-like contrast
variations illustrated in Figure 4-1. While the sample contains regions with different
compositions forming the three-dimensional percolation network, high-angle annular
dark-field scanning transmission electron microscopy (STEM-HAADF) contrast cannot
be taken as a criterion to distinguish different phases, especially for BaCoO, (x = 3 and
2.6) that only contain different O contents. Therefore, electron energy-loss spectroscopy
(EELS) analysis was combined with STEM-HAADF contrast to distinguish the dominant
compositions of these regions and validate the multiphase percolation network. In
particular, an increase in the L3/L; ratio corresponds to a decrease in the average Co
valence state.”>>* Meanwhile, the Ba M edge represents the relative Ba content.”> EELS
analysis was employed to three areas with different HAADF contrasts, marked as gray,
dark, and black in Figure 5b. The EELS results are shown in Figure 4-12e and 4-12f and
Table 4-2. The black region exhibits the lowest Ms/L; ratio, indicating the lowest relative
Ba content. The Co L3 and L» peaks shift to lower energy, and the L3/L> ratio reaches 2.1,
indicating the lowest Co valence state. These results mean that Co3zOg4 is the dominant
phase in the black region, which could contribute to the Z-related HAADF contrast (Z is
the atom number). The gray and dark regions show nearly identical Ms/L3 ratios,
indicating similar Ba contents. On the other hand, the L3/L> ratio is 1.5 in the gray region
and 1.9 in the dark region, indicating that the Co valence state is higher in the gray region.
Thus, the gray region is dominated by BaCoOs (Co*"), whereas the dark region is

dominated by BaCoO2. (Co>?"). In the O-K edge spectrum, peaks a, b, and ¢ originate
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from the Co—O hybridization. The pre-edge peak (feature a = 530 eV) corresponds to the
transition from electron to hole states in the Co 3d—O 2p octahedral coordination.?®>® The
O K-edge spectral shape of the black region is in good agreement with the typical
spectrum of Co304.2* %’ Whereas in the BaCoOj3 and BaCoO,.¢ dominated gray and dark
regions, peaks b and ¢ remain almost unchanged, while the intensity of peak a in the dark
region decreases, indicating a relatively oxygen-reduced state, which means that
BaCoO2 is dominant in the dark region.

Atomic-resolution HAADF-STEM imaging also provide clear evidence of the
coexistence of different BaCoOy (x = 3 and 2.6) phases. As shown in Figures 4-12¢ and
4-12d, two grains with hexagonal lattices are observed, with a grain boundary between
them (indicated by arrows). The (1120) spacing of the two grains are 2.69 and 2.82 A, in
good accordance to that of BaCoO2,6 and BaCoOs. This interpretation provides direct

microscopic evidence that the decomposed BCO forms a multiphase percolation network.

Table 4-2. Summary of characteristic EELS spectrum ratios for different contrast
regions a Bai;3Co0O:2 epitaxial film upon decomposition into BaCoO, (x = 3 and

2.6) and Co0304 at 700 °C.

Contrast Co L3/l Ba Ms/Co L3 Dominant phase
Gray 1.5 0.54 BaCoOs3
Dark 1.9 0.58 BaCo00:2.

Black 2.1 0.38 Co304
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Figure 4-12. Microstructure observations of a Bai3C00: epitaxial film upon
decomposition into BaCoOx (x = 3 and 2.6) and Co0304 at 700 °C. (a) HAADF-
STEM image showing the EELS mapping area. (b) Magnified HAADF-STEM image
corresponding to the EELS mapping area in (a), with contrast variations labeled as
gray, dark gray, and black regions. (c, d) Atomic-resolution HAADF-STEM images
indicating hexagonal lattice pattern and grain boundaries (arrows), with the unit cell
of BaCoOx (x = 3 and 2.6) highlighted in (d). (e) Co L-edge EELS spectra obtained
from the gray, dark gray, and black regions. (f) O K-edge EELS spectra obtained from

the same regions.
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The impact of structural decomposition on thermal conductivity was also evaluated. To
obtain the in-plane thermal conductivity (x), BCO films were grown on the (1100) a-
AlOs3 substrate, and they decomposed into BaCoO, (x = 3 and 2.6) and polycrystalline
Co304 after annealing at 700 °C (see Figure 4-13). The as-grown film shows a well-
defined epitaxial relationship of [1120] BCO || [0001] 0-Al>Os, and several diffraction
peaks corresponding to Ba sublattices (1/3 and 1/2) are clearly observed. Diffraction
peaks of 0006 and 00012 Al>O3 due to Cu La and Cu K radiations are also seen near the

0006s and 00012s diffraction peaks due to Cu Ka radiation. After annealing at 700 °C,
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Figure 4-13. Structural analysis of Ba13Co0O: films grown on the (1120) a-Al2O3
substrate before and after phase decomposition at 700 °C. (a) In-plane XRD
patterns of the as-grown (blue) and annealed (red) films. (b) After annealing at 700 °C,
GIXRD pattern measured at an incident angle of 0.5°, showing powder-like diffraction

features from randomly oriented polycrystalline Co3Oa.
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the sublattice peaks disappear, and diffraction peaks corresponding to BaCoO, (x =3 and
2.6) appear, indicating phase decomposition accompanied by the formation of

polycrystalline Co3Os4.

The room-temperature xj of the as-grown BCO film was 3.3 W m™' K!, while it
decreased to 2.3 W m ! K™! after annealing at 700 °C. This reduction would be attributed
to enhanced phonon scattering at the grain boundaries formed during phase
decomposition. The comparison of TDTR decay curves is shown in Figure 4-14. Despite
the decrease in «j, the room-temperature Z7 significantly dropped from 0.12 (as-grown)
to 0.017 (after annealed at 700 °C), primarily due to the drastic reduction in electrical
conductivity. A similar low ZT was reported in bulk ceramic BCO (0.014 at 300 K),
supporting that phase decomposition critically limits thermoelectric performance in bulk
materials.! In addition, this result clearly indicates that the degradation in thermoelectric

performance is dominated by the loss of a.
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Figure 4-14. Comparison of room temperature TDTR decay curves before and
after phase decomposition at 700 °C. (a) Thermal conductivity of c-axis-oriented (¢
= 0°) films grown on the (111) YSZ substrate. (b) Thermal conductivity of 55° inclined

(¢ = 55°) films grown on the (1120) a-Al,Os substrate.

This study elucidated the mechanism of thermoelectric performance degradation of BCO
at high temperatures. Since decomposition of BCO above 700 °C significantly degrades
its thermoelectric performance, low temperature fabrication below 700 °C is the key to
realize practical thermoelectric devices using BCO. Therefore, low temperature
processing methods such as hot pressing, spark plasma sintering, and microwave sintering

might be useful to fabricate high-performance thermoelectric BCO bulk in future.
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4.4. Conclusion

In this study, we systematically examined the structure evolution of BCO epitaxial films
and identified a clear degradation mechanism under high-temperature in air. Above
700 °C, the films decomposed into BaCoO, (x = 3 and 2.6), and Co304, with a transition
in transport mechanism from metallic to percolation conduction. This behavior was
quantitatively reproduced by the GEMT model, while further reduction above 980 °C
produced BaCoO> > and CoO, resulting in complete loss of electron transport. After phase
decomposition at 700 °C, the in-plane thermal conductivity decreased from 3.3 to 2.3 W
m™! K™', whereas the room-temperature Z7 dropped sharply from 0.12 to 0.017. Such a
drastic decline in ZT suggests that the thermoelectric functionality is almost completely
degraded after phase decomposition. These results demonstrate that conventional high-
temperature sintering cannot preserve the properties of BCO, making bulk fabrication and
scale-up challenging. To overcome this limitation, the development of low-temperature
sintering or alternative processing methods is required. In addition, this suggests that
polymers or freestanding BCO, which do not require high-temperature sintering, could

be utilized as flexible or wearable thermoelectric devices.
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Chapter 5. Summary

In this doctoral dissertation, the intrinsic thermoelectric transport properties and practical
limitations of the layered cobalt oxide Ba;3CoO> (BCO) were systematically investigated,
with the goal of clarifying the origin of its high thermoelectric performance and
identifying key factors that hinder its application in bulk form. By integrating studies on
substrate-free single-crystalline films and high-temperature structural evolution, this
work establishes a coherent understanding of the relationship between crystal structure,

electron transport mechanisms, and thermoelectric performance in BCO.

Freestanding single-crystalline BCO sheets were successfully fabricated by exfoliating
epitaxial thin films from sacrificial substrates, enabling direct evaluation of intrinsic
thermoelectric properties without substrate-induced suppression. The freestanding BCO
sheets retained high electrical conductivity and large thermopower, demonstrating that
the excellent thermoelectric performance reported for epitaxial BCO films originates
from the intrinsic electronic structure of BCO itself. Reliable determination of in-plane
thermal conductivity further allowed quantitative assessment of the intrinsic

thermoelectric figure of merit.

To address the long-standing discrepancy between thin-film and bulk thermoelectric

performance, the high-temperature structural stability of BCO was systematically
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examined. Controlled annealing experiments revealed that BCO undergoes phase
decomposition above approximately 700 °C, leading to the formation of BaCoOs,
BaCo026, and Co304. This structural evolution induces a transition in the dominant
electron transport mechanism from metallic conduction to percolation conduction,
resulting in a pronounced degradation of electrical conductivity and thermoelectric
performance. These findings provide a direct physical explanation for the poor
thermoelectric properties observed in bulk BCO ceramics fabricated via high-temperature

sintering.

Through these investigations, this dissertation clarifies that the practical limitations of
BCO thermoelectrics do not stem from a lack of intrinsic transport capability, but rather
from structural instability during thermal processing required for bulk fabrication. The
insights obtained in this study highlight the critical importance of controlling phase
stability and microstructural evolution in layered cobalt oxides, and they offer
fundamental guidelines for bridging the gap between high-performance thin films and
scalable thermoelectric materials. More broadly, this work contributes to the
understanding of oxide thermoelectrics and provides a conceptual framework for
designing thermally robust, high-performance thermoelectric materials suitable for

practical applications.
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