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Chapter 1. General Introduction 

 

1.1 Background of thermal management technology 

Today, utilizing waste heat has attracted attention as a way of achieving renewable 

cycle of energy, and research on energy recycling using waste heat is steadily increasing as 

shown in Figure 1-1. In modern devices and energies, less than 1/3 of primary energy is 

used, and the rest of energy is dissipated as waste heat. [1] For instance, in electronic 

circuits, the heat sink and Peltier device are used since the heat generated in densely packed 

integrated circuits in electronic devices causes malfunction and even failure. Thus, the heat 

is thrown away without any use. If such heat can be effectively reused as source energy, it 

is possible to reduce energy loss and create more sustainable uses of energy. For example, 

storing the waste heat and transporting the stored heat using a thermal circuit to convert 

heat into electric energy using a thermoelectric conversion technique or provide heating at 

later times. Such thermal management technology can be used to illuminate light or warm 

water at night. It can be of great use in places with a large temperature gap between day and 

night. 

 

By definition, thermal management technology refers to all disciplines of technologies 

associated with controlling heat and converting heat into other forms of energy. However, 

unlike electrical energy, thermal energy is externally difficult to control, which is the main 

challenge in thermal management technologies. There are three typical thermal circuit 
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components in thermal management technologies; thermal diode, regulator, and switch 

(Figure 1-2). [2] When a temperature difference (∆T) is introduced to across a material, 

heat flows from the hot side to the cold side. Thermal diode allows that heat to flow one-

way, which consists of two different materials with different temperature dependent 

thermal conductivity (κ) as shown in Figure 1-2(a). [3] When the material on left is hotter 

than the material on right, heat will flow easily from left to right, but when the material on 

right is hotter than the material on left, heat will not significantly flow from the right to left. 

Thermal regulators regulate the flow of heat. A material that has a high heat conduction 

state and low heat conduction state between a critical temperature (Tc) is used. [4] For 

example, metal (high heat conduction state) – insulator (low heat conduction state) phase 

transition can be used, which can regulate the heat flow (Figure 1-2(b)). [5,6] In the case of 

thermal switch, it generates an “On (high κ)” state and a “Closed (low κ)” state by 

externally applied stimuli such as electric and magnetic fields [7-10]. (Figure 1-2(c)) This 

switching behavior can be applied to transistors structure, and κ of the active layer can be 

modulated by applying the stimuli controlling the heat flow. [11] By using such thermal 

elements, heat can be stored at a desired time, and the stored heat can be transported at will. 

[12] 

 

Furthermore, in order to convert this stored heat into electricity, thermoelectric energy 

conversion technology is necessary. [13,14] Thermoelectric devices utilize electromotive 

power generated by temperature gradients in a material, which has the advantage of not 

generating harmful by-products in the energy conversion process. In addition, the structure 
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is simple, and the size can be easily adjusted. The performance of thermoelectric 

conversion can be expressed by a dimensionless Figure of merit  ZT = S2σT/κ, where S and 

σ are Seebeck coefficient (= Thermopower) and electrical conductivity, respectively. [15] If 

you have large ZT thermoelectric materials, you can generate a lot of electricity using waste 

heat. In order to find good thermoelectric materials, it is necessary to find material that has 

a low κ, high S and σ. For these reasons, materials exhibiting coupled electrical, chemical, 

magnetic, and thermal properties are essential for thermal circuit components and 

thermoelectric energy conversion.  

 

1.2 Transition metal oxides (TMOs) 

TMO is one of the most interesting materials that exhibit a wide-range of structural-

chemical-physical properties, such as, high temperature superconductivity [16], giant 

Seebeck coefficient [17], quasi 1D σ [18], multiferroicity [19], and metal-insulator 

transition [20]. TMOs are also used as the active material for electrochemical 

oxidation/reduction or protonation/de-protonation. [21] These exotic properties are strongly 

related to the correlation between the number of degrees of freedom in spin, charge, orbital, 

and lattice. [22] Therefore, in order to understand the origin of versatile physical properties 

of TMOs, it is important to understand interplay of spin, charge, and orbital, which strongly 

depends on the atomic arrangement in the lattice.  
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1.2.1 Electrical properties of TMOs 

Drude model is the simple model for explaining the electron transport in materials such 

as metal, conductor oxide, and heavily doped semiconductors. [23] This model assumes 

that materials consist of motionless cations and a non-interacting free electron gas, and the 

free electrons are elastically scattered by immobile cations and other electrons. The 

collective kinetic motion can be described by current density J and electric field E.  

𝐽𝐽 = 𝜎𝜎E;  𝜎𝜎 =
𝑛𝑛𝑒𝑒2𝜏𝜏
𝑚𝑚∗ = 𝑛𝑛𝑒𝑒𝑛𝑛 

where, n, e, τ, m* and μ are carrier concentration, electron charge, relaxation time, 

electron effective mass and mobility, respectively. In the case of TMOs, n is determined by 

the outer d orbitals of transition metals, while μ is affected by electron-phonon scattering, 

electron-electron scattering, grain boundaries, impurities, defects, and so on. 

  

In electrical properties of TMOs, it is essential to understand of the outer d electrons. 

According to the number of d electrons and Fermi level (EF), TMOs categorize from class 1 

to 4 as shown in Figure 1-3. [24,25] TMOs with completely empty d-bands (d0) are 

categorized as class 1, which are insulators. But when they have oxygen vacancies, oxygen 

defect level appears, and the TMOs usually shows n-type semiconductor property. When 

the d-bands are partially filled with low number of electrons (d1, d2 and d3), it categorizes as 

class 2, which tends to originated from chemically reduced d0 oxides and mostly exhibit 

metallic properties. When d-band is partially filled with the high number of electrons (d7, d8 

and d9), it categorizes as class 3. These oxides are called as Mott-Hubbard or charge-
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transfer insulator. (Figure 1-4(a)) Because of strong electron-electron correlation, its 

electronic property is not correctly predicted by using the simple independent-electron 

model. According to class 1and 2, these oxides should be a metallic but are electrical 

insulators. This Mott-Hubbard insulating property is mostly observed in 3d TMOs that have 

narrow d orbitals, which is explained by electron-electron repulsion and electron exchange 

interactions. Furthermore, strong electron-electron correlation can also turn TMOs into 

Charge-Transfer insulators. (Figure 1-4(b)) Unlike the Mott-Hubbard insulator, where the 

lowest energy-excitation arises from electrons hopping between d-bands, the lowest 

energy-excitation of Charge-Transfer insulator arises from electron hopping from O 2p to 

d-band. Therefore, the Hubbard term (U) of Charge-Transfer insulator is greater than Mott-

Hubbard insulator. When d-bands are fully occupied (d10), it categorizes as class 4. In this 

case, the TMO shows semiconductor property because of the bandgap between the d-band 

and the next-highest energy level (metal s-band). Since the EF is located near the valence 

band, it is mostly p-type semiconductor.  

 

In TMOs, due to the crystal field splitting, metal and oxide ions are considered as 

simple point charges. For example, in perovskite TMOs, oxide ions are located at the 

vertices of the octahedron and surround the transition metal cation. When there is no charge 

nearby the transition metal ion, five d-orbitals have degenerated states (same energy level). 

However, when d-orbitals approach oxide ions, the Coulomb repulsion becomes stronger. 

Based on the distance between metal ions and oxide ions, 5 degenerate d-orbitals are 

broken into 3 t2g orbitals (dxy, dyz, dxz) and 2 eg orbitals (dz2, dx2-y2). The d electrons are 
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filled from the low to high orbital level, following the Hund’s rule. Since the crystal field 

splitting occurs differently in the different crystal structures, the atomic arrangement in 

TMOs plays important role in their physic properties. 

 

1.2.2 Thermal properties of TMOs 

Thermal conductivity (κ) is the ratio between heat flux (j) and temperature gradient (∇

𝑇𝑇�⃗ ). According to Fourier’s Law, heat flux can be described as follow equation. 

𝑗𝑗 = -κ (∇ 𝑇𝑇�⃗ ) 

Except for special occasions [26], thermal energy is transported by quantized lattice 

vibration (phonon) and free electrons. As such, κ consists of contribution from electrons 

and phonons. Generally, κphonon is determined by experimentally obtained κtotal and 

calculated κelectron. 

κtotal = κelectron + κphonon 

 The electronic contribution can be estimated from the σ through the Wiedmann-Franz law. 

κelectron = LσT = neμLT 

where L and T are Lorenz factor (2.4 × 10-8 J2 K-2 C-2) and temperature, respectively. Heat 

in metals is predominately carried by free electrons, and this is why metals are considered 

as good heat conductors. On the other hand, in insulators or semiconductors, as they rarely 

have free electrons, heat is predominantly carried by phonons. Unlike metal, in the case of 

TMOs, phonons mostly transfer heat. Therefore, understanding nature of phonon 

transportation is very important. 
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Phonons refer to collective displacements of atoms in a lattice. Based on the direction 

of wavevector (𝑘𝑘�⃗ ), one mode of longitudinal displacements and two modes of transverse 

displacements are generated for polarization mode, the dispersion relation (ω versus k) 

develops two types of branches, known as the acoustical and optical branches (Figure  

1-5(a)). In the case of a two-atom system with atomic masses M1 and M2, phonon 

dispersion is described as follow. [23] 

𝜔𝜔2 =  𝛾𝛾 �
1
𝑀𝑀1

+
1
𝑀𝑀2
� ± 𝛾𝛾 ��

1
𝑀𝑀1

+
1
𝑀𝑀2
�
2

−
4

𝑀𝑀1𝑀𝑀2
− 𝑠𝑠𝑠𝑠𝑛𝑛2

𝑘𝑘𝑘𝑘
2 �

1/2

  

 where γ and a are repeat distance force constant, spacing between planes. For ka is very 

small (ka << 0), 

𝜔𝜔2 ≅  2𝛾𝛾 �
1
𝑀𝑀1

+
1
𝑀𝑀2
�
2

: 𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑜𝑜𝑘𝑘𝑜𝑜 𝑏𝑏𝑏𝑏𝑘𝑘𝑛𝑛𝑜𝑜ℎ 

 𝜔𝜔2 ≅  𝛾𝛾
1
2

𝑀𝑀1𝑀𝑀2
𝑘𝑘2𝑘𝑘2 ∶ 𝑘𝑘𝑜𝑜𝑜𝑜𝑎𝑎𝑠𝑠𝑜𝑜𝑠𝑠𝑜𝑜 𝑏𝑏𝑏𝑏𝑘𝑘𝑛𝑛𝑜𝑜ℎ 

For ka = ± π (Brillouin zone boundary) 

𝜔𝜔2 ≅  
2𝛾𝛾
𝑀𝑀1

 𝑜𝑜𝑏𝑏 
2𝛾𝛾
𝑀𝑀2

 

If the two atomic displacement is out of phase (Figure 1-5 (c)), this motion can be excited 

by the electric field from a light wave and therefore, branch is called the optical branch. If 

the two atomic displacements are in-phase (Figure 1-5 (d)), they behave like long-

wavelength acoustical vibrations, therefore, the branch is called the acoustic branch. The 

total number of degree of freedom is 3p where p is atoms/primitive unit cell. 3 of modes are 

associated with the acoustic modes, and 3(p-1) are associated with the optical modes. 
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(Figure 1-5(b)) For example, if there are two atoms in a one primitive cell, total six modes 

are generated: one longitudinal acoustical (LA) and one longitudinal optical (LO) mode, 

and two transverse acoustic (TA) and two transverse optical (TO) modes. Phonons in the 

acoustic branch largely dominate the phonon heat transport, it due to their fast phonon 

group velocity. On the other hand, their optical phonons have small contributions in phonon 

heat transport because of their low phonon group velocity. TMOs always have optical 

branches, and optical phonons in TMOs strongly scatters charge carriers since anion and 

cation motions are out of phase, which creates strong electric fields. Electron contribution 

in the κ of TMOs is usually low, unless the n is comparable to metals, and the κ of TMOs is 

mostly attributed to phonons. 

 

Since engineering κ in materials is usually achieved by controlling phonon scatterings, 

phonons can be scattered by external factors such as defects, dislocations, grain boundary, 

which also have a significant impact on κ. In a simple form, the role of phonon transport 

properties in κ can be described by the following equation. [23] 

𝜅𝜅𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =
1
3
�𝐶𝐶𝑝𝑝(𝜔𝜔) ∙ 𝜈𝜈(𝜔𝜔) ∙ 𝑜𝑜(𝜔𝜔)𝑑𝑑𝜔𝜔 

where, Cp, υ, l and ω are heat capacity, phonon group velocity, phonon mean free path, and 

phonon frequency, respectively. There are generally three types of phonon scattering: grain 

boundary (lGB), impurity (li) and phonon-phonon interactions (lph). The effective mean free 

path leff is described based on Matthiessen’s rule by the following equation. [27] 

1
leff

=
1

lGB
+

1
li

+
1

lph
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At low temperature, grain boundary scattering is dominant, and κ usually follows the 

Deby’s T3 law. As the temperature increases, phonons will be scattered by defects, 

dislocations. Impurity scattering is usually the dominant near the peak of thermal 

conductivity. At high temperature, Umklapp and phonon-phonon scatterings are dominants, 

and κ is usually inversely proportional to temperature (~1/T). While these scattering 

mechanisms exhibit different temperature dependences, they are all strongly affected by the 

crystal structures. Consequently, in order to understand the electron and phonons transport 

in TMOs, it is very important to understand the effect of atomic arrangements.  

 

 1.2.3 Tungsten oxides 

As mentioned above, phonon and electron transport properties in TMOs are greatly 

affected by the atomic arrangement. In order to investigate the electron and phonon 

transport with various atomic arrangement, a material system that can change the atomic 

structure without changing its stoichiometry is required. Tungsten oxide is selected as an 

excellent material system from this point of view. Tungsten oxide (WOx) is one of TMOs 

with wide bandgap, and this material has been receiving a lot of attention as the active 

material for many functional applications such electrochromic device [28], electrode of Li-

ion batteries [29], and gas sensors [30]. In particular, amorphous WOx is the most famous 

active material among commonly used electrochromic devices. However, most of research 

are concentrated on the electrochromic property of amorphous WOx, and research on 
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phonon and electron transport properties of WOx with various atomic arrangement is still 

rare. 

 

Figure 1-6(a) shows different forms of tungsten oxide crystals. [31] Stoichiometric 

tungsten trioxide (WO3) has a ReO3 type monoclinic structure (P21/c, a/2 = 0.385 nm, b/2 = 

0.377 nm, c/2 = 0.365 nm, α = γ = 90° and β = 90.88°) from room temperature (RT) to 

300°C. However, it is often regarded as pseudo-cubic (acubic = 0.373 nm). (Figure 1-6(b)) 

In addition, tungsten oxide easily forms the oxygen vacancies. Reduction of monoclinic 

WO3 leads to formation of a unique structure called the Magnéli phase (x = 2.9, 2.82, and 

2.72) [32]. The sub-stoichiometric WO2.9 is monoclinic (P2/m, a = 12.05 Å, b = 7.76 Å, c = 

23.59 Å, α = γ = 90° and β = 82.28°), which is composed of both corner and/or edge-

sharing WO6 octahedra. Because of the oxygen vacancies, WO2.9 exhibits enhanced σ. 

(Figure 1-6(c)) The crystal structure is also monoclinic (P2/m, a = 18.31 Å, b = 3.79 Å, c = 

14.04 Å, α = γ = 90° and β = 115.03°), which is composed of both WO6 octahedra and WO7 

bipyramids with pentagonal column and hexagonal 1D tunnel arrays. (Figure 1-6(d)) 

WO2.72 is known as electrical conductor. Also, there is metastable hexagonal WO3 (P63cm, 

a = b = 7.45 Å, c = 7.764 Å, α = β = 90° and γ = 120°), which has a quite unique crystal 

structure with empty hexagonal and trigonal tunnels. [33] 

 

In general, the atomic arrangement of material is changed by changing the atoms, but 

tungsten oxide can easily change the structure by introducing oxygen vacancies. 

Furthermore, WO3 has two possible phases: monoclinic WO3 and hexagonal WO3. 
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Therefore, WOx is selected as an ideal material to clarify the relationship between atomic 

arrangement and heat/electron transport properties. 

 

1.3 Objective of research 

The aim of this doctoral research is to understand the heat and electron transport 

properties of WOx films with various atomic arrangements. Three different structures were 

examined: amorphous WOx films, 1D defect tunnel stabilized WOx epitaxial films, and 

hexagonal WOx epitaxial films. To achieve the research goal, amorphous WOx and WOx 

epitaxial films were fabricated by using pulsed laser deposition technique, and the x of both 

amorphous and epitaxial WOx films was systematically changed. Then, the resulting atomic 

arrangements were observed, and their electron and heat transport properties were clarified. 

The results of this research will provide the heat and electron transport properties of 

tungsten oxide films with various atomic arrangements for developments of WOx based 

future applications. 

 

This thesis is organized in the following way. In chapter 1, the background and 

objective of this research are introduced. In chapter 2, the experimental procedure for this 

research is described. In chapter 3 is about the low thermal conductivity properties of 

amorphous WOx films, where the electrical, optical, and thermal properties of amorphous 

WOx films are systematically clarified. [34] In chapter 4, the realization of low thermal 

conductivity and high σ in WOx epitaxial films is examined, and the fundamental transport 

mechanism of 1D defect tunnels is addressed. [35] In chapter 5, anisotropy of σ in WOx 



General Introduction 
 

12 
 

films with 1D atomic defect tunnel structure is examined and the origin of this anisotropy 

electron transport is clarified. [36] In chapter 6, the reversible redox reaction of hexagonal 

WOx was modulated. [37] Finally, in chapter 7, the present study is summarized.  
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Figure 1-1. The number of research articles from 1990-2020, obtained with the keyword 

“Waste heat” and “Energy” based on a Web of Science search. 
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Figure 1-2. Thermal components and transfer function of (a) thermal diode (b) thermal 

regulator and (c) thermal switch.  
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Figure 1-3. Schematic band diagrams of transition metal oxides. Class 1: Empty d-bands 

Class1a: Empty d-bands with oxygen deficient, Class 2: Partial filled d-bands with low 

occupancy. Class 3: Partial filled d-bands with high occupancy, Class 4: Fully filled d-

bands. [24] 
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Figure 1-4. (a) Schematic band diagram of independent electron model (left) and Mott-

Hubbard insulator (right). (b) Schematic band diagram of independent electron model (left) 

and Charge-Transfer insulator (right). [20] 
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Figure 1-5. (a) Optical and acoustical phonon branches (b)Transverse acoustic (TA), 

longitudinal acoustic (LA) branches, Transverse optical (TO) and longitudinal optical (LO) 

phonon branches. (c) and (d) Optical and acoustic phonon waves in a diatomic linear 

lattice. [23]  
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Figure 1-6. (a) Various crystal structure form of tungsten oxide. [31] Crystal structure of 

(b) WO3 (c) WO2.9 and (d) WO2.72.   
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Chapter 2. Experimental procedure  

 

2.1 Pulsed laser deposition 

Physical vapor deposition (PVD) method evaporates a solid target using a high energy 

source and deposit the material in forms of films on a substrate in vacuum. Among PVD 

techniques, pulsed laser deposition (PLD) is perhaps the most versatile method for growing 

high quality thin films. (Figure 2-1(a)) Usually, KrF excimer laser (λ= 248 nm) or third 

harmonics of Nd: YAG laser (λ= 355 nm) is used for the energy source. The detailed 

deposition mechanisms of PLD are very complex, but overall processes can be divided into 

four simple processes. [1] 

1) High energy laser pulse is irradiated on the target surface. (Time (t) = 0) 

2) Laser pulse vaporizes the target and creates a plasma plume. (t ~ 0.1 μs)  

3) The plasma plume heads to substrate. (t ~ 2 μs)  

4) Ablated plume reaches the substrate, where nucleation and film growth occur. (t ~ 4 μs) 

 

The nucleation and growth of the film are strongly influenced by several parameters 

such as substrate temperature, oxygen pressure, laser fluence, laser wavelength, and lens 

position. Depending on these parameters and the respective thermodynamics, three growth 

mode are possible, as explained in the followings. The free energies of film surface, 

substrate surface, and interface are denoted by εf, εs, and εi, respectively. (Figure 2-1(b)) 
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1) Frank-van der Merwe mode (εs > εf + εi): layer-by-layer growth occurs when the lattice 

mismatch between substrate and film is small.  

2) Volmer-Weber mode (εs < εf + εi): island growth occurs when the bonding between 

substrate and film is weak. In the case, the lattice mismatch between substrate and film is 

large. 

3) Stranski-Krastanov mode (εs < εf + εi): layer-by-layer growth + island growth. Film is 

grown in the layer-by-layer mode due to strain and then grown in the island mode when the 

thickness of film exceeds a certain critical thickness.  

 

In order to obtain a high-quality thin film, selection of the substrate and optimization of 

deposition conditions are very important since they can change the chemical and physical 

properties of film. Depending on the research objective, various types of films in single 

crystal (epitaxial), amorphous, and poly-crystal phases can be obtained. Therefore, PLD 

can be applied to various fields, including complex oxide film growth, epitaxial interface 

and superlattice fabrication, superconducting electronic devices, wide bandgap electronics, 

polymer and organic films, and biological film.  

 

2.2 Reflection high-energy electron diffraction 

Reflection high-energy electron diffraction (RHEED) is a technique for observing the 

smoothness and crystallinity of surfaces. The main advantage is the fact that in-situ 

monitoring is possible without air exposure. Hence, RHEED is generally used with PLD. 

This technique requires an electron gun and a photoluminescent detector screen.  Generally, 
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10-50 keV of energy is applied to electron gun. Therefore, it can only be used in a high-

vacuum to prevent the burning of the filament. A high-energy electron beam is incident on 

the film surface at a small angle of 1~5o, and the electrons are scattered from the film 

surface, resulting in a characteristic diffraction pattern on the screen as shown in Figure 2-

2. [2] This pattern contains a lot of information such as growth ratio, surface smoothness, 

surface reconstruction, rotational symmetry, crystallographic orientations, and in-plane 

lattice constants. For example, in the case of rotational symmetry, the RHEED pattern 

should be the same every 90 degrees when the film has a four-fold symmetry. When the 

film has a six-fold symmetry, the RHEED pattern is the same every 30 degrees (twin 

structure) or 60 degrees (no twin structure). Also, in-situ surface reconstruction can be 

observed. Therefore, the optimized growth condition of the film is relatively easy to find 

using RHEED.  

 

2.3 X-ray diffraction  

X-ray diffraction (XRD) is typically used to analyze the crystal structure, film 

thickness, density, and crystallographic orientation. XRD measurement is based on the 

Bragg’s law [3]. There are parallel lattice planes that have a regular atomic arrangement 

with the interplanar distance d. When X-ray is incident on this plane with an angle θ, it is 

scatted by atomic planes with the reflection angle θ. (Figure 2-3(a)) The path difference in 

the X-rays reflected from adjacent planes is 2d sin θ. Constructive interference of the 

radiation from successive planes occurs when the path difference is an integral (n) multiple 
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of wavelength λ (Cu Kα1 ≈ 1.54059 Å). The Bragg’s law can be expressed as the following 

(Figure 2-3(b)):    

2d sin θ = n λ 

When the specimen has a regular atomic arrangement (crystal), such constructive 

interference of the radiation appears at predictable angles, and a sharp/ intense diffraction 

pattern can be obtained. On the other hand, when the specimen has an irregular atomic 

arrangement (amorphous), constructive interference of the radiation is very weak, and a 

very broad diffraction pattern is obtained. 

 

In this research, X-ray reflectivity (XRR), out-of-plane ω −2θ scan, and rocking curve 

(ω −scan, ω = θ ± δ, δ is an offset angle) have been used. Thicknesses of WOx films were 

measured by XRR measurement, which is based on reflections and interferences at all 

interfaces between volumes of different electron densities. Thickness is inversely 

proportional to the periodicity of fringes; the overall slope is related to the roughness of 

interface and surface; the critical angle is related to the density. (Figure 2-3(c)) In the case 

of an amorphous film, the glancing angle incidence X-ray diffraction (GIXRD, 2θ scan) is 

performed with fixed incident angle θ (0.5 − 1o) to amplify the peak intensity. In the case 

of an epitaxial film, one-directionally oriented Bragg peaks are seen in out-of-plane ω −2θ 

scan, and the out-of-plane lattice constant can be obtained from the peak position. (Figure 

2-3(d)) By measuring the rocking curve, crystal tilting can be obtained. For example, 

smaller full width half maximum (FWHM) means smaller crystal tilting. (Figure 2-3(f)) 
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2.4 X-ray spectroscopy 

X-ray spectroscopy is a typical technique for analyzing the chemical property of a 

material such as the elemental compositions, relative composition fractions, and electronic 

structure of the material constituents. X-ray photoelectron spectroscopy (XPS) and X-ray 

absorption spectroscopy (XAS) are widely used. XPS[4] is a surface-sensitive quantitative 

technique based on the photoelectric effect, usually trigger by Al Kα (Ephoton = 1486.6 eV) 

radiation. (Figure 2-4(a)) When X-ray is incident on the surface of the specimen, the core-

level electrons or outer electrons of the atoms are excited, and photoelectrons are emitted 

from the surface if the X-ray photon energy (Ephoton) exceeds the binding energy of 

electrons (Ebinding) and work function (ϕ). By measuring the Ekinetic of the emitted 

photoelectron, the Ebinding of the specimen is obtained through the following equation.  

Ebinding = Ephoton − (Ekinetic + ϕ) 

Since the Ebinding is the intrinsic property of the element, the elemental composition, 

chemical bonding state, and valence state of material constituents can be determined. The 

XPS spectrum is named according to the energy level of excited core-electron (Table 2-1). 

In order to analyze the valence state in the specimen, XPS peaks usually need to be 

deconvoluted. Each deconvoluted peak in XPS corresponds to the electron configuration 

within the atoms (i.e., 1s, 2s, 2p etc). The p, d and f peaks consist of two peaks because of 

the spin-orbit splitting, and the splitting distance and peak area ratio are nearly the same 

even in different materials. In the case of p orbitals, the area ratio of p1/2 and p3/2 peaks is 1: 

2, corresponding to 2 electrons in the p1/2 level and 4 electrons in the p3/2 level. Similarly, 

the d peaks consist of d3/2 and d5/2 peaks with an area ratio of 2: 3 while the f peaks consist 
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of f5/2 and f7/2 peaks with an area ratio of 3: 4.  

 

XAS is used for determining the electronic structure of the specimen, which is usually 

performed at synchrotron radiation facilities since it requires a highly intense coherent X-

ray. When circularly polarized X-ray incident upon the specimen, the core electrons are 

excited due to X-ray absorption. The energy absorbed correspond to the energy required to 

promote the core electron into an unoccupied energy level as shown in Figure 2-4(b). [5] 

The frontal region of XAS, which is called X-ray absorption near edge structure (XANES) 

spectrum, provides information about the oxidation states of the absorbing atoms and 

density of state (DOS) of unoccupied/partially filled electronic structure. In the case of 

TMOs, oxygen K-edge spectrum is commonly observed.[6] The shape of spectra is related 

to the hybridization of TM and oxygen. Furthermore, there is an X-ray linear dichroism 

(XLD) spectrum, which can evaluate each orbital occupancy of in-plane and out-of-plane 

using linearly polarized X-ray. The XLD is calculated as the intensity difference between 

the spectrum measured by parallelly polarized and perpendicularly polarized beams.  

 

In this research, XPS was used to analyze the valence state of W in the WOx films at 

RT. Al Kα radiation was used to generate the photoelectrons, and an Ar flood gun was used 

to prevent surface charging. The W 4f (30 − 42 eV) and O 1s (528 − 535 eV) core level 

spectra were corrected with the C 1s calibration peak at 284.8 eV. [17] The W 4f spectra 

were de-convoluted using the relationship of three spin-orbit doublets of W6+ (5d0, 35.8 ± 

0.1 eV), W5+ (5d1, 34.8 ± 0.1 eV) and W4+ (5d2, 33.4 ± 0.1 eV)[7,8] as well as Lorentzian 
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(30 %) - Gaussian peak with Shirley background subtraction. (i.e., Figure 2-5) The x in 

WOx was calculated by the following equation. 

𝑥𝑥 𝑖𝑖𝑖𝑖 𝑊𝑊𝑊𝑊𝑥𝑥 =
 [W6+] × 3 + [W5+] × 2.5 + [W4+]× 2

[W6+] + [W5+] + [W4+]
 

where, [Wn+] (n = 3.0, 2.5, or 2.0) denotes the percentage of the W ion states and the 

multiplied value means integers refer to the oxygen contents associate with each W valence 

state. XAS was measured using two orthogonal linearly-polarized beams at the 2A 

beamline Pohang accelerator laboratory (PAL). Total electron yield (TEY) was monitored, 

and the energy resolution is ~0.1 eV. 

 

Table 2-1. Nomenclature as used in XPS and XAS 

 

Core state (XPS) Spectroscopic name (XAS) 

1s K 

2s, 2p L1, L2,3 

3s, 3p (p1/2 and p3/2), 3d (d3/2 and d5/2) M1, M2,3, M4,5 

4s, 4p (p1/2 and p3/2), 4d (d3/2 and d5/2), 4f (f5/2 and f7/2) N1, N2,3, N4,5, N6,7 
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2.5 Thermopower  

Thermopower is a powerful physical property associated with the electron transport and 

electronic structure of the material. When a temperature difference (∆T) is introduced 

across a material, the chemical potential becomes inclined due to the chemical potential 

difference between hot side and cold side. Consequently, the charge carriers will diffuse 

from the hot side to the cold side, resulting in a thermo-electromotive force (∆V). ∆V is 

proportional to ∆T, and the respective proportionality constant is called thermopower (= or 

Seebeck coefficient). 

S = ∆V / ∆T 

In the case of semiconductors, including TMOs, the S value is given by the Mott 

equation.[9] 

𝑆𝑆 = −
𝜋𝜋2

3
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Here, the symbols kB, e, n, EF and μ refer to the Boltzmann constant, electron/hole charge, 

carrier concentration, Fermi energy, and carrier mobility, respectively. Several 

characteristics can be clarified from thermopower measurement. Depending on the carrier 

type or location of EF, the thermopower has a negative or positive value since S can be 

simplified as the partial derivate of DOS with respect to energy at EF,  |∂DOS(E)/∂E|E=EF. 

For example, in general, if the EF is located on the side with a positive slope or has carrier 

electrons, S value is negative as shown in Figure 2-6(a). When the EF is located on the side 

with a negative slope or has carrier holes, S value is positive as shown in Figure 2-6(b). 

From the relationship between |S| and σ, which is known as the Jonker plot, the shape of 
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conduction band can be estimated as shown in Figure 2-6(c). As S mostly come from the 

DOS near the EF with bi strong dependence on the quality of the specimen, thermopower 

characterization is a great tool for addressing material properties associated with the DOS. 

 

In this research, S was measured at RT by creating a ΔT of ~10 K across the WOx film 

using two Peltier devices. The thermo-electromotive force (ΔV) and ΔT were measured 

simultaneously, and the S-values were obtained from the slope of the ΔV–ΔT plots. [10] 

 

2.6 Electrical conductivity 

For the electrical transport characterization of thin films, Van der Pauw and four-point 

probe methods are commonly utilized. In the case of isotropic materials, Van der Pauw 

method is used, where each probe is placed at the corners of the film, and current (I12 or I13) 

flows along one edge of the specimen while voltage (V34 or V24) is measured along the 

opposite edge of the specimen. (Figure 2-7(a)) The respect resistance (R12,34 or R13,24) can 

be calculated as follows:  

R12,34=V34/I12   or   R13,24=V13/I24 

 Base on R12,34 and R13,24, ρ (1/σ) and sheet resistance (Rs= ρ/d) can be expressed with the 

following equation: 

𝜌𝜌 =
𝜋𝜋d
𝑙𝑙𝑖𝑖2 �

𝑅𝑅12,34 + 𝑅𝑅13,24

2 � 𝑓𝑓 �
𝑅𝑅13,24

𝑅𝑅12,34
� = 4.532d �

𝑅𝑅12,34 + 𝑅𝑅13,24

2 � 

where, d is the thickness of the film and f (R13,24/R12,34) is a geometric factor, which is 1 for 

a symmetric configuration. If the specimen exhibits anisotropic electron transport, four-
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point probe method is commonly used. Four probes are parallelly placed on one edge with 

the same separation distance as shown in Figure 2-7(b). Two inner probes (2 and 3) are 

used for voltage measurement while the outer two probes (1 and 4) are used for flowing 

current. Unlike S, σ depends on the amount of defects, impurities, and quality of the 

specimen. Therefore, it is important to fabricate highly crystalized film to understand the 

intrinsic nature of electron transport properties. 

  

In this research, ρ was measured by d.c. four probe methods with van der Pauw 

electrode configuration and four-point probe configuration from RT to 30 K. In-Ga alloy 

was used as the contact electrodes. 

 

2.7 Time-domain thermoreflectance  

Time-domain thermoreflectance (TDTR) is a technique that utilizes a sub-picosecond 

laser to measure the κ [11,12] which is based on changes in the thermoreflectance as a 

function of delay time. (Figure 2-8) The specimen surface is generally coated with a ~100 

nm-thick metal transducer such as Mo, Al, Cr. When the pump laser thermally excites a 

localized area of the specimen surface, the temperature of that area will increase. The 

respective change in the reflectivity in the time domain is detected by a probe laser. In most 

TDTR experiments, the signals are obtained as the amplitude and phase of 

thermoreflectance decay. The simulated phase signals are changed by the κ of specimens. 

Higher κ exhibits a faster decay, and lower κ exhibits a slower decay.[13] In order to 
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simulate the obtained signal, many input parameters are required (laser spot size, κ of 

transducer and substrate, density, heat capacity). Since all these parameters affect the 

TDTR signal, all parameters other than the κ are separately determined from other 

measurements or sources. Then the κ is adjusted until the simulated decay curve matches 

the measured decay curve. 

 

In this research, ~100-nm-thick Mo was deposited on the WOx films as a transducer by 

dc sputtering. The results were simulated using the packaged software developed by the 

manufacturer, PicoTherm corporation.  
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Figure 2-1. (a) PLD system and ablation of target. (b) Various film growth modes.  
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Figure 2-2. RHEED patterns according to different growth modes. 
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Figure 2-3. (a) XRD system (b) Bragg’s law (c) XRR (d) Out-of-plane XRD pattern (e) 

rocking curve. 
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Figure 2-4. Mechanism of core-level spectroscope techniques. (a) XPS. (b) XAS. 
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Figure 2-5. XPS spectra of the W 4f peaks of the a-WOx thin films.[14] 
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Figure 2-6. Schematic energy band diagram around the Fermi energy for (a) n-type and (b) 

p-type semiconductors. (c) S-σ (Jonker) plot. 
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Figure 2-7. Schematic diagrams for the measurement of σ. (a) Van der Pauw method. (b) 

four-point probe method. 
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Figure 2-8. Schematic of typical TDTR apparatus.    
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Chapter 3. Low thermal conductivity of amorphous tungsten oxide films 

 

3.1 Objective 

WOx is utilized as the active material for several functional applications, including 

electrochromic displays (ECDs) [1,2], smart windows [3], anode of Li-ion batteries [4], 

photocatalyst [5], gas sensors [6], and organic solar cells [7]. Such versatility is attributed 

to the valence states of W, which can be modulated from 4+ to 6+. For example, by 

electrochemically introducing protons or alkali ions (Li+, Na+, and K+) [2] to WO3, free 

carriers are introduced to the conduction band to reduce the W6+ ions, forming W5+ (5d1) or 

W4+ (5d2). This newly created electronic structure absorbs red light, and the color of WO3 

changes from transparent to dark blue. Therefore, understanding the relationship between 

the valence state of W and the functional properties of WOx is significantly important. 

 

WOx can exhibits many crystalline phases (x = 2, 2.72, 2.82, 2.9, 3), and x can be 

changed in a step-by-step manner. [8,9] However, isolating the role of W ion valence state 

from the effect of structural phase transition is difficult. In this regard, investigating oxygen 

deficient amorphous (a-) WOx, which does not have well-defined phase boundaries like 

crystalline WOx, can be of great value. Unfortunately, although several previous studies 

have shown the feasibility of the valence state modulation in a-WOx [10,11], the detailed 

influence of x on the electrical, optical, and thermal properties still remain unclear due to 

the lack of systematic studies.  
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This chapter addresses the systematic relationship between x, and several functional 

properties of a-WOx films. The x in a-WOx was varied from 2.511 to 2.982, and the charges 

in the functional properties in accordance to the valence state of W are analyzed in detail. 

The results from this chapter will be of great use for improving and optimizing WOx based 

devices [12-14] and provide a solid guideline for the range of x that needs to be considered 

even for the utilization of crystalline WOx in device applications. 

 

3.2 Film synthesis and characterizations 

The a-WOx films were deposited by PLD on alkaline-free glass substrates (10 × 10 × 

0.7 mm, EAGLE XG®, Corning®) at RT. The laser fluence, pulse frequency, and the 

deposition time were ~1 J cm−2 pulse−1, 10 Hz, and 10 mins, respectively. The partial 

oxygen pressure (PO2) during the film growth was varied from 10−2 to 2.8 Pa, resulting in 

the deposition rates of 8 − 17 pm pulse−1. The resultant film thicknesses were 49 − 105 nm. 

Optical transmission and reflection spectra of the resultant films were measured using an 

ultraviolet-visible-NIR spectrometer (UV-Vis-NIR, SolidSpec-3700, Shimadzu Co.) at RT. 

The σ of the resultant WOx films was measured by Van der Pauw method temperature 

range from 30 to 300 K. The S was measured by a steady- state method at RT. The 

structural properties (GIXRD), optical spectra (UV-Vis-NIR), electrical transport 

properties, and thermal conductivity (TDTR) of the films were also characterized as a 

function x. The TDTR simulation parameters are summarized in Table 3-1. For accuracy, 

Mo transducer on the glass substrate was measured separately.  
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Table 3-1. TDTR simulation parameters for analyzing a-WOx films on EAGLE 

 

Material Parameter Value 

Mo 
Density 10200 Kg m-3 

Cp 250 J Kg-1 K-1 [15] 
κ 31 W m-1 K-1 

a-WOx 
Density 5880 – 9350 Kg m-3 

Cp 304 – 319 J Kg-1 K-1 [16] 
 Density 2350 Kg m-3 

EAGLE Cp 768 J Kg-1 K-1 [17] 
 κ 1 W m-1 K-1 

 

3.3 Results and discussion 

From GIXRD measurements, only halo pattern from the film (q/2π ~2.8−4 nm–1) with 

that from the substrate (q/2π ~2.6 nm–1) was detected (Figure 3-1(a)), confirming the 

amorphous phases for all films. The bulk density of the a-WOx films gradually increased 

from ~5.8 g cm−3 to ~9.3 g cm−3 with reducing PO2 (Figure 3-1(b)). Since the density of 

crystalline WOx increases from 7.1 g cm−3 to 10.8 g cm−3 if x changes from 3 to 2, the 

observed increase in the density suggests a reduction in x from the decrease in PO2. The a-

WOx films deposited under high PO2 (> 2 Pa) showed a lower density than c-WO3 (7.1 g 

cm−3). In addition, the surface roughness of these films was greater than that of the a-WO3 

films deposited under lower PO2 (< 2 Pa) (Figure 3-1(c)), most likely due to a formation of 

the porous structures at higher PO2. [18]  
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The XPS spectra of the a-WOx films are shown in Figure 3-2. The W 4f doublet peaks 

(W 4f7/2: ~36 eV, W 4f5/2: ~38 eV) were clearly observed for films grown under PO2 = 2.8 

Pa, which became broader with decreasing PO2. An additional peak appeared around 33 eV 

at PO2 = 0.01 Pa (Figure 3-2(a)). On the other hand, tuning PO2 results in an insignificant 

change in the O 1s spectra, which are composed of O2− peak ~530.8 eV and OH− related 

peak at 532.1 eV (Figure 3-2(b)). The OH- peak is likely from ambient contaminations, 

which cannot be controlled and therefore, can explain the lack of meaningful tendency in O 

1s spectra. 

 

The ratio of W6+ (5d0) in the total W ion has an inverse proportionality to PO2, changing 

from 100 % to ~60 % upon reducing the PO2 from 2.8 Pa to 1.5 Pa while that of W5+ (5d1) 

in the total W ion increased almost linearly from 0 % to ~35 % (Figure 3-2(c)). Further 

reducing of PO2 (PO2 < 1.5 Pa) leads to the increment in W4+ (5d2), thus gradually declining 

the W5+. It should be noted that the concentration of W5+ was maximized for PO2 ~1.2−1.5 

Pa. From this analysis, the O/W ratio in a-WOx films was varied from 2.982 (PO2 = 2.8 Pa) 

to 2.511 (PO2 = 0.01 Pa), and the linear relationship between PO2 and x was confirmed 

(Figure 3-2(d)). These results show that a-WOx films were successfully fabricated with 

various x.  

 

With the decline of x, the color of the a-WOx films changed from colorless transparent 

to metallic black. Meanwhile, the optical transmission decreased drastically, due to the 

formation of oxygen deficiency. [11,19,20] The absorption coefficient (α) was extracted 
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using the observed transmission (Trans.) and reflection (R) from the relationship of α = 

d−1·ln [(1−R)·Trans.−1]. [21] Figure 3-3(a) displays the absorption coefficient versus x. At 

the high O/W ratio (x > 2.935), the absorption coefficient, α, steeply increased above 3 eV 

due to the direct transition from O 2p to W 5d (Tauc gap). The Tauc gap of a-WOx films (x 

> 2.888) was ~3.25 eV, agreeing well with that of the reported values (3.2 – 3.5 eV). [22-

24] The Drude-like absorption due to the free carrier electrons (~1.4 eV) increased from ~0 

to 105 cm−1 when x decreased from 2.928 to 2.779. The shoulder absorption peak around 

3.0 eV is most likely due to the oxygen vacancies. [20] The Drude-like absorption displays 

an inverse proportionality to x from 1522 cm−1 (x = 2.982) to 93278 cm−1 (x = 2.779) and 

was not observable below x = 2.642 (Figure 3-3(b)). The disappearance of Drude-like 

absorption for x = 2.642 is probably due to the formation of W4+ (5d2) valence state. [20] 

The spectra continuously changed with decreasing x, and finally, the Tauc gap was closed 

at x = 2.511. It should be noted that the Burstein-Moss shift was not observed, which 

suggests a small dispersion in the conduction band. These results suggest that the free 

carriers are predominantly due to the formation of W5+ (5d1). 

 

Next, the electron transport properties of a-WOx films were investigated. Figure 3-4(a) 

shows the ρ of various a-WOx films at RT. With decreasing x from 2.982 to 2.642, ρ 

drastically reduced from 2 × 104 Ω cm to 3 × 10−3 Ω cm. The white [9] and grey square 

[25] are polycrystalline WOx, and the black square is epitaxial WOx [26]. Crystalline WOxs 

(c-WOx) also show similar behaviors with the amorphous ones, but there exists a two-

orders-of-magnitude difference, likely due to the μ difference. Figure 3-4(b) shows the ρ−T 
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curves for the a-WOx films from 300 K to 30 K. The ρ for the entire a-WOx films increased 

with decreasing temperature, indicating that conduction electrons are thermally activated. 

The slope of the ρ‒T curve decreased continuously and was minimized at x = 2.642, below 

which the slope increased again. Similarly, −S decreased with decreasing x until it reached 

x = 2.642 (Figure 3-4(c)). Since the −S of an n-type semiconductor can be expressed as −S 

= −(kB /e) [ln (DOS/n) + A], where A is transport constant (typically 0 ≤ A ≤ 2), respectively 

[27], the decreasing tendency of –S indicates that the EF increased with decreasing x. Thus, 

the carrier concentration increased with decreasing x until it reached x = 2.642. However, 

when the x was further reduced (x < 2.642), the ρ and −S slightly increased with decreasing 

the x. The −S – σ relation of the a-WOx films at x ≤ 2.642 is located at slightly higher −S 

side than that at x ≥ 2.779. Similar behavior of –S was reported in the WOx-ECT upon 

protonation [14], and the –S did not return to the original value after oxidation. The 

activation energy of σ (Ea) of the a-WOx films around RT was extracted by assuming 

Arrhenius-type thermal activation of the σ (Figure 3-4(d)). The Ea decreased from 94 meV 

to 6.9 meV with decreasing x until it reached 2.642, suggesting that the EF gradually 

approached the mobility edge with increasing W5+ concentration. When x was less than 

2.642, the Ea increased to 29 meV with decreasing the x.  

 

Finally, the relationship between x and the κ of the a-WOx films at RT was investigated, 

which is summarized in Figure 3-5. The reported κ of c-WOx (white square) was also 

plotted for comparison. Although the observed κ (κobsd) of c-WOx is linearly proportional 

with decreasing x (i.e., 1.3 W m−1 K−1 (x = 2.98) to 12 W m−1 K−1 (x = 2.72) [9]), a-WOx 
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films did not show such tendency. The κobsd of a-WOx ranges from ~0.9 W m−1 K−1 (x = 

2.982) to ~1.6 W m−1 K−1 (x = 2.642), which is far lower than that of the c-WOx (Figure  

3-5 (a)). Note that the porous structures of the a-WOx films (x >2.93) deposited at higher 

PO2 (>2.5 Pa) show slightly lower κobsd. The κobsd is the sum of the κphonon and κelectron, but 

since there is no lattice in a-WOx films, the κphonon was defined as κint (intrinsic κ), which 

was calculated from Wiedemann-Franz law. (Figures 3-5(c) and 3-5(d)). The contribution 

of κelectron in a-WOx is low compared to that in c-WOx due to the low μ. Both κobsd and 

κelectron (grey dashed line) of c-WOx have linear dependency on σ, indicating the 

enhancement in κelectron upon reducing x (Figure 3-5(c)). On the other hand, despite some 

scattering at low values of σ, the κobsd of a-WOx shows an increasing behavior with 

increasing σ (Figure 3-5(d)). The κelectron (red dashed line) showed a maximum at around x 

= 2.642 (~ 0.25 W m−1 K−1), demonstrating that free carrier electrons of W5+ solely 

contribute κelectron. From the extracted κelectron (Figure 3-5(b)), it can be seen that κint of a-

WOx films is ranging from ~0.85 W m−1 K−1 to ~1.2 W m−1 K−1, which is 1/4 – 1/3 

compared to that of c-WOx (κint = 3 – 4.5 W m−1 K−1 except x > 2.98). The κobsd of x = 2.982 

is close to the minimum κmin of WOx ~0.4 W m−1 K−1, which was calculated using the 

Cahill model. [28] These results show that both μ and κobsd of a-WOx are far smaller than 

those of c-WOx due to the lack of a periodic lattice structure in a-WOx. 

 

The enhancement of –S, ρ, and Ea was observed when x was less than 2.642. Around x 

= 2.642, W5+ is dominant and maximized in the film. The detailed chemical reaction in  

a-WOx is as follows. For a-WOx films with high values of x, W5+ valence state increases 
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with decreasing oxygen contents; simultaneously, EF gradually increases, and the W5+ 

valence state generates free electrons for heat and electron transport. As x decreases further 

down to x ~2.6, the W4+ valence state forms to reduce the concentration of W5+ valence 

state. Likely, the localization of the d2 electrons in W4+ valence state cannot enhance the 

electrical properties. Therefore, –S and ρ start to increases although x decreases further. 

This can be supported from the disappearance of Drude-like behavior in the absorption 

spectra. Consequently, it demonstrates that free electrons from W5+ solely contribute to heat 

transport and the versatile functional properties of a-WOx are attributed to the transition 

between W5+ and W6+. 

 

3.4 Conclusion 

In this chapter, systematic investigations of the electrical, optical, and thermal 

properties of a-WOx were shown with the respective valence states of W ions (+6 (d0), +5 

(d1), and +4 (d2)). Although the +6 dominant films were electrically insulating with 

transparency in the visible region, both optical transmissivity and ρ decreased drastically 

with increasing the concentration of +5 states. Heat can be carried by additional free 

conduction electrons, which increase the κ. However, the +4 dominant films showed 

slightly higher ρ while maintaining the optical opacity. These results suggest that the redox 

of tungsten between +6 and +5 creates switchable properties of WOx, and device 

application needs to be performed based on the transition between +6 and +5, which 

corresponds to the range of 2.64 < x < 3.  
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Figure 3-1. Structural features of the resultant WOx thin films under various oxygen 

pressures. (a) GIXRD of a-WOx films at RT. The incident angle of the X-ray was fixed at 

0.5°. (b) Bulk densities of the resultant a-WOx films, which were measured by the XRR 

patterns (c) The surface roughness (≡root mean square roughness) of the resultant a-WOx 

films, which was also evaluated by the XRR measurements. The surface roughness 

remarkably increases from ~0.4 nm to ~1.7 nm when the oxygen pressure exceeds 1 Pa. 
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Figure 3-2. XPS spectra of the a-WOx thin film surfaces. (a) W 4f and (b) O 1s spectra 

for various films grown with different oxygen pressures. (c) De-convoluted valence state 

from +6 to +4 plotted as a function of oxygen pressure. (d) The relationship between O/W 

ratio, x, and oxygen pressure.  



3. Low thermal conductivity of amorphous tungsten oxide films 

52 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. Optical characteristics of the resultant a-WOx thin films with various O/W 

ratios. (a) The α versus photon energy for various values of x. (b) The α of various values 

of x at 1.4 eV.  
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Figure 3-4. Electron transport properties of the a-WOx films. (a) The ρ of crystalline 

WOx ceramics and amorphous WOx films as function of x. (b) Temperature dependent ρ of 

the a-WOx films. (c) The relationship between the -S and O/W ratio. (d) Ea, which was 

calculated using Arrhenius plot. 
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Figure 3-5. Heat transport features of the a-WOx thin films in the cross-plane 

direction at RT. (a) The κobsd of amorphous (red circle) films compared with that of 

crystalline (white square [9]) WOx films for various x. (b) κint with various x. (c) The κobsd 

plotted as a function of σ for c-WOx. (d) κobsd plotted as a function of σ for a-WOx.  
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Chapter 4. Coexistence of low thermal conductivity and high electrical 

conductivity in tungsten oxide films with 1D atomic defect tunnels 

 

4.1 Objective 

Electron conduction and heat conduction in media are associated with σ and κ, 

respectively. As both σ and κ are increased/suppressed simultaneously by 

reducing/introducing impurities, atomic vacancies, and boundaries, it is considerably 

difficult to solely engineer the σ and κ in different directions. In the case of amorphous 

materials as seem from chapter 3, it is easy to control the σ but difficult to control the κ due 

to low value of vibrational density of states. Therefore, crystallized materials with well-

defined lattice are appropriate for controlling both σ and κ, seperately. Nevertheless, 

materials showing unusual transport characteristics such as the coexistence of high electron 

conduction and low heat conduction, which are required to realize efficient thermal 

management systems, are rare. 

 

Nanostructuring approaches such as introducing point defects [1-4] and layers [5-7] are 

known as effective ways to reduce κ. In general, the phonon mean free path is much longer 

than the carrier electron mean free path. Therefore, when the average distance between two 

adjacent defects is shorter than the phonon mean free path and longer than the carrier 

electron mean free path, phonon propagation would be suppressed, but electron propagation 

would mostly be maintained. [8] However, it is still challenging to reduce heat conduction 
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while keeping high electron conduction (mobility), using nano-structuring, which can be 

understood using the schematic diagram in Figure 4-1. When a 0D defect or dot is 

introduced (Figure 4-1(a)), both electron and phonon can be transported without 

suppression when the 0D defect density is low because of the low phonon scattering cross 

section. On the other hand, both electrons and phonons are scattered when the 0D defect 

density is sufficiently high [9]. If a 2D layered structure is fabricated (Figure 4-1(c)), 

electrons and phonons are both scattered at the heterointerfaces. Therefore, they cannot 

quickly be transported through the interface. 

 

In order to overcome these difficulties, an excellent solution is proposed in Figure 4-

1(b): introducing 1D atomic defect tunnel [10,11] or wire to reduce the phonon propagation 

without reducing the electron propagation. In this structure, the probability of phonon 

scattering (short-to-mid wavelength [8]) by the 1D atomic defect tunnel or wire is much 

higher than that in structures with 0D defect or dot even if the 1D defect density is low. 

Further, if the average distance between two neighboring 1D defects can be controlled to be 

much longer than the carrier electron mean free path, the electron propagation can be 

expected to be preserved when the 1D defect density is low.  

 

To verify this hypothesis experimentally, oxygen-deficient tungsten oxide (WOx, 2.7 ≤ 

x ≤ 3) epitaxial films are selected as the candidate. The bulk crystal structure of oxygen-

deficient WOx contains 1D tunnel structure [12,13] and can be epitaxially grown on 

perovskite oxide single crystals coherently. [14-18] Therefore, WOx with 1D tunnel 
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structure can be stabilized on a substrate. In fact, Ning et al. reported that the κ of WOx 

films grown on (001) LaAlO3 substrate under different oxygen atmospheres decreased 

dramatically with decreasing the x whereas the σ increased in an opposing way. [18] Based 

on the results from the WOx films grown on various substrates, they concluded that the κ 

decreased with increasing the volumetric strain without discussing the atomic arrangement 

of the WOx films although the κ of a crystal is extremely sensitive to the disordering of the 

atomic arrangement, which also need to be thoroughly examined.  

 

This chapter addresses that 1D atomic defect tunnels in crystallized WOx films 

exhibiting low κ and high σ. The WOx epitaxial films were fabricated on LaAlO3 substrates 

under a precisely controlled oxygen atmosphere. Crystallographic analyses revealed that 

1D atomic defect tunnels are formed randomly along the rectangular-shaped grains in the 

in-plane direction. Coexistence of high electron conduction and low heat conduction was 

realized in these structures at x < 2.9.  

 

4.2 Film synthesis and characterizations 

The WOx films were heteroepitaxially grown on (001) LaAlO3 single crystal substrate 

by PLD at 700 °C in oxygen atmospheres. The laser fluence, pulse frequency, and the 

deposition time were ~1 J cm−2 pulse−1, 10 Hz, and 5 minutes. The oxygen pressure was 

varied from 2 to 13 Pa during the deposition to modulate the x in WOx. The thickness of the 

films was ~40 nm in all cases. The growth condition of all the WOx films was determined 

by optimizing the growth condition of the WOx film (13 Pa) from the viewpoints of 
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RHEED pattern, surface morphology, and average crystal tilting. Out-of-plane Bragg 

diffraction patterns and RSMs were recorded to measure the lattice parameters of the WOx 

films. Atomic force microscopy (AFM, Nanocute, Hitachi Hi-Tech Sci. Co.) was used to 

observe the surface morphology of the films. The σ and S of the resultant WOx films were 

measured by Van der Pauw method and steady- state method at RT. The atomic 

arrangement of the films was visualized using high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM). The TDTR simulation parameters are 

summarized in Table 4-1. For accuracy, 116-nm-thick Mo transducer on a glass substrate 

was measured separately. Since Cp does not vary significantly with x and was constrained 

within a small fluctuation around the reported single crystalline bulk values. [20] 

 

Table 4-1. TDTR simulation parameters for analyzing WOx films on LaAlO3 

 

Material Parameter Value 

Mo 

Density 10000 Kg m-3 

Cp 250 J Kg-1 K-1 [19] 

κ 45.4 W m-1 K-1 

WOx 
Density 5880 – 9350 Kg m-3 

Cp 312 – 319 J Kg-1 K-1 [20] 

LaAlO3 

Density 6520 Kg m-3 

Cp 427 J Kg-1 K-1 [21] 

κ 10.3 W m-1 K-1 
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4.3 Results and discussion 

The x in the WOx films were successfully modulated from 2.787 to 2.977 as shown in 

Figures 4-2(a) and 4- 2(b), which were extracted from the XPS spectra. The volume 

fractions of W6+ and W5+ dynamically changed with decreasing x (Figure 4-2(a)). [22]. 

Coherent epitaxial growth was confirmed from the RSM (Figure 4-3); the in-plane lattice 

parameter is fixed with that of LaAlO3 substrate. Intense diffraction peak of WOx with 

Pendellösung fringes is observed around 001 LaAlO3 in the out-of-plane XRD patterns 

(Figure 4-2(c)), indicating a strong orientation in WOx. From the XRD results, lattice 

expansion from ~0.366 nm to ~0.385 nm was observed with decreasing x (Figure 4-2(d)). 

Streak-like RHEED pattern [inset of Figure 4-2(d)] was observed in the WO2.787 film, 

confirming that the film was heteroepitaxially grown. Rectangular-shaped grains have a 

length of ~200 nm (long side) and ~20 nm (short side), forming a checkerboard-like pattern 

alternately in the plane which was observed in the topographic AFM image of the WO2.787 

film (Figure 4-2(e)). 

 

The atomic arrangement of the films is visualized in Figure 4-4, which shows HAADF- 

-STEM performed in the in-plane direction along the [100] LaAlO3 substrate. Almost 

perfect square lattice is seen in the cross-sectional HAADF-STEM micrograph of WO2.977 

film (Figure 4-4(a)), indicating that the film is epitaxially grown on (001) LaAlO3 

substrate, which is epitaxially stabilized in a pseudo-tetragonal structure. Misfit dislocation 

was not observed at the heterointerface between the film and the substrate, confirming the 

coherent epitaxial growth. On the other hand, it was found that the atomic defects were 
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formed when x is smaller than 2.955 in WOx as shown in Figures 4-4(b) and 4-4(f). Since 

the STEM micrographs are the projection of atomic arrangements, these atomic defects are 

tunnel oriented along [100]. Furthermore, the density of the atomic defect tunnels increased 

with decreasing x in WOx. In addition, the shape of the atomic defect tunnels became 

complex (Figure 4-4(g)) when the density of the atomic defect tunnels increased, probably 

due to the interactions and relaxations between these defects during the film growth. It 

should be noted that the atomic arrangement of oxygen-deficient WOx with many atomic 

defect tunnels looks random, like an amorphous material. The oxygen-deficient WOx films 

receive strong compressive strain from the substrate to forcefully stabilize the WO3 

structure. Therefore, these atomic defect tunnels are formed to release the stress during the 

film growth. Surprisingly, the epitaxial growth continues even above the atomic defect 

tunnels (Figures 4-4(f) and 4-4(g)). 

 

The electron and heat conduction properties of 1D atomic defect stabilized WOx 

epitaxial films are shown in Figure 4-5. As schematically shown in Figure 4-5(a), the κobsd 

was measured in the cross-plane direction, whereas the σave was measured in the in-plane 

direction as shown in Figure 4-5(c). The measured σ is defined as σave, which is average of 

σ1, σ2, σ3 and σ4. With decreasing x from 2.98 to 2.92, κ in the cross-plane direction 

drastically decreases (Figure 4-5(b)), whereas the σave drastically increases simultaneously 

(Figure 4-5(d)). Very similar decreasing tendency was also seen in the κobsd of WOx 

epitaxial films grown on LaAlO3 reported by Ning et al. [18] The κobsd of WO2.97 was ~7 W 

m−1 K−1 and the value abruptly decreased to ~2 W m−1 K−1 with decreasing x to 2.92, then 
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gently decreased with decreasing x (TDTR decay curves, Figure 4-6). The κobsd values of 

the WOx films at x ≤ 2.92 are close to those of amorphous WOx film in chapter 3 [22], 

which shows the minimum κ [23] at the same chemical composition. On the other hand, the 

measured σave in the in-plane direction of WO2.97 was 0.07 S cm−1, which reached to ~500 S 

cm−1 at WO2.92. When x at 2.787, σave and κobsd were 1500 S cm−1 and 1.65 W m−1 K−1, 

respectively. This is due to the increase in both μ and n, which was confirmed from 

thermopower analyses (Figure 4-7).  

 

Then, the low κobsd of the WOx epitaxial films was analyzed with the Wiedemann-

Frantz law to extract phonon and electron contributions in the heat conduction. Although 

the Wiedemann-Frantz law does not give a reliable κelecton for some TMOs (VO2 [24]), the 

κelecton can be calculated in the case of the WOx epitaxial films. The κelecton and κlattice of the 

WO2.92 film can be calculated as ~0.07 W m−1 K−1 and ~1.83 W m−1 K−1, and the κobsd is 

close to that of amorphous WO2.93 (1.4 W m−1 K−1), which is quite low among the oxides 

[25]. Although amorphous WO2.93 shows ~10−1 S cm−1, the σave of the epitaxial WO2.92 is 

three orders of magnitude higher. Thus, by introducing the 1D atomic defect tunnels, 

phonon propagation is suppressed, but electron propagation is enhanced. Since the 1D 

atomic defect tunnel is spontaneously introduced upon oxygen removal while maintaining 

the epitaxial growth, high electron conduction and low heat conduction are realized 

together in the oxygen-deficient WOx crystals. 

  



4. Coexistence of low thermal conductivity and high electrical conductivity 
 in tungsten oxide films with 1D defect tunnels 

64 
 

4.4 Conclusion 

This chapter demonstrated that high electron conduction and low heat conduction can 

coexist simultaneously in an oxide crystal: oxygen-deficient WOx epitaxial film. 

Crystallographic analyses revealed that the resultant WOx films contain 1D atomic defect 

tunnels in the in-plane direction, of which the density increased with decreasing x. The 1D 

atomic defect tunnels were randomly distributed along the long axis of rectangular-shaped 

WOx grains. The cross-plane κ drastically decreased with increasing the 1D atomic defect 

tunnels due to suppressed phonon propagation, whereas the σ significantly increased. High 

electron conduction and low heat conduction coexist when x < 2.92. The present findings 

would be of great use for designing thermal management materials. 
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Figure 4-1. Nanostructuring concept to reduce heat conduction while keeping high 

electron conduction. Schematic illustrations of electron/phonon propagation in materials 

with (a) 0D defect (dot), (b) 1D tunnel (wire), and (c) 2D layer. (a) Electron and phonon 

can be transported without suppression because of the low probability of phonon hitting the 

vacancies. Electron transport is less sensitive to the defect. (b) the probability of that 

phonon hits the 1D tunnel is much higher than that of phonon being scattered by 0D 

defects. Therefore, low κ can be expected. (c) 2D layer insertion is effective in reducing κ. 

However, electrons are also scattered at the interface, which results in low σ and low κ. 
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Figure 4-2. Change in the crystalline lattice of the WOx epitaxial films. (a) Volume 

fraction of W6+, W5+, and W4+ and (b) x in the WOx films as a function of the oxygen 

pressure during the film growth. The x in WOx was modulated from ~2.78 to ~2.98. (c) 

Out-of-plane XRD patterns of the WOx films around 001 LaAlO3. The arrows indicate the 

diffraction peak position of WOx, and the short lines indicate Pendellösung fringes. (d) 

Change in the out-of-plane lattice spacing of WOx. The inset shows the RHEED pattern of 

the WO2.787 film, confirming the successful heteroepitaxial growth. (e) Topographic AFM 

image of the WO2.787 film.  
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Figure 4-3. RSMs of the WOx films. The diffraction spots of WOx are located at the same 

qx/2π position with those of 103 LaAlO3 substrates, indicating coherent epitaxial growth in 

all cases.   
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Figure 4-4. Evolution of 1D atomic defect tunnel in the oxygen-deficient (001) WOx 

epitaxial films. Cross-sectional HAADF-STEM micrographs of (a) WO2.977, (b) WO2.955, 

(c) WO2.924, (d) WO2.835, and (e) WO2.787 films. (f) Atomic structure of the 1D atomic 

defects in (b). (g) Atomic structure of high-density 1D atomic defect in (e). The scale bar is 

5 nm for (a)−(e), 1 nm for (f), and 2 nm for (g). 
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Figure 4-5. Coexistence of high electron conduction and low heat conduction in the 

WOx epitaxial films with 1D atomic defect tunnels. (a) Schematic illustration of the 

TDTR. (b) Cross-plane κobsd extracted from the TDTR measurement. (c) σ measurement. 

(d) In-plane σave. Dashed line: amorphous WOx films [22] and Gray circles: epitaxial WOx 

films [18].  
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Figure 4-6. Normalized decay curve of the TDTR phase signal. (a) The thermal decay 

curves of WO2.977, WO2.955 and WO2.787 display clear differences in κobsd for various WOx 

films. (b) The simulated κ are 6.7 W m−1 K−1 (WO2.977), 2.8 W m−1 K−1 (WO2.955) and 1.7 

W m−1 K−1 (WO2.787), respectively.   
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Figure 4-7. In-plane electron transport properties of the WOx films. Dashed line: 

amorphous WOx films[22] and Gray circles: epitaxial WOx films[18]. (a) In-plane σ. (b) 

The absolute values of S. (c) The n. (d) The μ. All transport properties show drastic change 

with x ranging from 2.98 to 2.92. Note both n and μ increase with increasing 1D atomic 

defect tunnel. 
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Chapter 5. Anisotropy of electrical conductivity in tungsten oxide films 

with 1D atomic defect tunnel 

 

5.1 Objective 

Materials having an anisotropic crystal structure often exhibit anisotropy in σ. [1-9] Since 

there are wide varieties of crystal structures in complex TMOs, many complex TMOs exhibit 

anisotropy in σ as summarized in Table 5-1. [10-15] For example, the σ of hollandite 

BaRu6O12 along the double chain of edge-sharing RuO6 is ~6 times larger compare to the 

perpendicular direction at 300K. [16] In the case of perovskite layered structure, YBa2Cu3Oy 

(6.6 ≤ y ≤ 7), the in-plane σ along the CuO chain has 1.2~2.7 times larger than that across 

CuO chain direction. [15] However, simple TMO that exhibits anisotropy in the σ is rare due 

to their simple crystal structure. One exception is NbO2. [17] Since the overlap integral of 4d 

orbitals in NbO2 which is the major component of the conduction band is relatively small, 

the σ decreases when the bond angle of Nb−O−Nb is distorted from 180°. On the other hand, 

the overlap integral of widely spread 5d orbitals in TMOs is large, and therefore, the σ is less 

sensitive to the bond angle of TM−O−TM. Hence, it is difficult to find simple 5d TMOs that 

exhibit anisotropy in the σ. 

 

Among many simple 5d TMOs, oxygen-deficient tungsten oxide (WOx) is likely to 

have anisotropic σ. There is 1D defect tunnel structure in the WO2.72, which has an 

anisotropic crystal structure (Figure 5-1(a), unit cell). [18] There are also one-dimensional 
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vacancy channels in the WOx crystal (Figure 5-1(b), yellow ring). Due to this unique 

anisotropic crystal structure, which was partially addressed in chapter 4, large anisotropic σ 

between along and across the tunnels can be expected. If 1D defect tunnel studied in 

chapter 4 can be aligned one directionally, the resulting WOx structure will likely show 

different σ along and across direction of the 1D defect tunnel direction. In order to realize 

such a structure, investigating the similarity of crystal structure between WOx and the 

substrate is very important. The [11�0] of (110)-oriented LaAlO3 has small lattice mismatch 

with the c-axis of WO2.72. Although there is almost no similarity in the atomic arrangement 

between WOx along the b-axis and LaAlO3 along [001], the distance between the two 

neighboring oxygens in WOx along the c-axis and that in LaAlO3 along [11�0] are the same 

(0.379 nm). In addition, chapter 4 revealed that the oxygen content x in WOx can be 

controlled by modulating the oxygen pressure during the WOx film deposition by PLD. [19] 

Therefore, WOx film with aligned 1D tunnels can be grown on LaAlO3 single crystal 

substrate. 

 

This chapter demonstrates that oxygen-deficient WOx epitaxial films with 1D atomic 

defect tunnels exhibit a large anisotropy in σ. Several WOx films were fabricated with highly 

dense atomic defect tunnels, which were aligned one dimensionally along [001] LaAlO3 by 

PLD technique. The resultant 1D atomic defect tunnels indeed showed a large anisotropy in 

their σ, which will be useful for designing simple TMOs with an anisotropic σ. 
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Table 5-1. Anisotropy in σ of transition metal oxide at 300K. 

 

Material Anisotropy (σx/σy) Structure 
TMO outer 

orbital 
Ref. 

SrNbO3.41 ~3000 Layered perovskite 4d [10] 

Ba1.2Rh8O16 ~3.3 Pseudo-hollandite 4d [11] 

BaRu6O12 ~ 6 Hollandite 4d [16] 

Li0.9Mo6O17 ~ 260 Bronze (Superlattice) 4d [14] 

NaV2O4 ~ 2.1 
Calcium-ferrite type 

structure 
3d [13] 

YBa2Cu3Oy  

(6.5 ≤ y ≤ 7) 
1.2~2.7 Layered perovskite 3d [15] 

NbO2 ~2.7 Rutile 4d [17] 

 

 

5.2 Film synthesis and characterizations 

Oxygen-deficient WOx epitaxial films were heteroepitaxially grown on lattice-matched 

(110) LaAlO3 substrate by PLD technique at 600 °C under controlled oxygen atmospheres 

(4.0 – 8.3 Pa). The fluence and repetition rate were set to ~1 J cm−2 pulse−1 and 10 Hz, 

respectively. The typical growth rate was ~15 pm pulse−1, and the film thickness was ~45 nm 

in all cases. The diffraction patterns from HRXRD and RSMs were used to analyze the lattice 

characteristics of the WOx films. The film surface was observed by AFM. The atomic 

arrangement was visualized using HAADF-STEM. The σ of the WOx films was measured 

along [100] and [11�0] LaAlO3 substrate by d.c. four-point probe method with four equally-

spaced, co-linear probes at a temperature ranging 30 – 300 K. The S was also measured at 
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RT. The XAS O K-edge spectrum was measured from 525 to 560 eV at RT to examine the 

electronic structure of WOx films.  

 

5.3 Results and discussion 

Oxygen-deficient WOx films were successfully fabricated on (110)-oriented LaAlO3 

single crystal substrates, and the x in the WOx films was modulated from 2.778 to 3. Figure 

5-2(a) shows the out-of-plane XRD pattern of the WOx films around the 110 diffraction peak 

of the LaAlO3 substrate. At x = 3, an intense diffraction peak of 110 WO3 (assuming ReO3 

structure) is observed at qz/2π = 3.8 nm−1 together with Pendellösung fringes ( | ), indicating 

a strong (110) orientation of the film. With decreasing x, the peak intensity decreases, and 

the peak position shifts to the lower qz/2π side, indicating that the orientation of WOx crystal 

becomes weak. It also indicates that the lattice expansion with decreasing x as shown in 

Figure 5-2(b). Since the ionic radius of W5+ (0.62 Å) is larger than that of W6+ (0.60 Å), the 

lattice expansion is attributed to the removal of oxygen from ReO3-type WO3 lattice. The 

surface morphologies of the WO3 and WO2.778 films are shown in Figure 5-2(c) and 5-2(d). 

The WO3 film surface is smooth and composed of tiny grains without special features, 

whereas the WO2.778 surface shows an anisotropic structure composed of long rectangular 

shaped grains (L ~600 nm, W ~20 nm) aligned along [001]. The RHEED patterns of the WO3 

(Figure 5-2(e)) and WO2.778 (Figure 5-2(f)) films clearly indicate the structural difference: 

intense streak RHEED patterns were manifested in Figure 5-2(e), indicating the strong 

preferred orientation and the smooth surface of the WO3 film. On the other hand, intense 

streak RHEED pattern was seen in the azimuth of [11�0] (Figure 5-2(f)), and halo-like 
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RHEED pattern was manifested in the azimuth of [001]. This clearly indicates that there is a 

1D lattice along [001] while the atomic arrangement along [11�0] is almost random.  

 

To further clarify the anisotropic structure, RSMs around the Bragg diffraction spots of 

222� LaAlO3 and 310 LaAlO3 were measured. An intense diffraction spot of 444� WO3 was 

seen together with 222� LaAlO3 when the azimuth is [001] (Figure 5-3(a)), and two intense 

diffraction spots of 620 and 230 WO3 were observed together with 310 LaAlO3 when the 

azimuth was [11�0] (Figure 5-3(b)). An intense spot of WO2.778 was seen together with 222� 

LaAlO3 spot when the azimuth was [001] (Figure 5-3(c)). Weak tail in the qz direction was 

also observed. On the other hand, a very broad streak of WO2.778 was observed together with 

310 LaAlO3 when the azimuth was [1 1� 0] (Figure 5-3(d)), indicating that the lateral 

coherence length along [11�0] is extremely short. It should be noted that the in-plane peak 

position (q[001]/2π) of the WO3 and WO2.778 peaks was the same with that of LaAlO3, 

indicating that coherent epitaxial growth occurred in all cases. These results show almost 

uniaxially oriented oxygen deficient WOx films along [001] were successfully fabricated on 

(110) LaAlO3 substrate. 

 

HAADF-STEM observations of the WO2.778 film was performed. Disordered atomic 

columns were observed along [001] (Figures 5-4(a) and 5-4(c)) together with many dot-

like dark contrast, whereas ordered stripes were observed along [11�0] (Figures 5-4(b) and  

5-4(d)). The diameter of the dot-like contrast was ~0.3 nm, which was distributed in the 

surroundings of randomly distributed atomic column. Sharp interface is seen from energy-
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dispersive X-ray spectroscopy (EDS) mappings, indicating that there is no chemical 

reaction between WO2.778 film and LaAlO3 substrate. (Figure 5-5) These observations 

revealed that the 1D atomic defect tunnels are aligned along the long axis of the 

rectangular-shaped grains, and high-density atomic defect tunnels were successfully 

stabilized one dimensionally in the WO2.778 film. 

 

Although the detailed crystal growth mechanism of the WO2.778 film remains unclear, 

the following can be suspected. Since the oxygen sublattices of the WO2.778 and (110) 

LaAlO3 are matched well along [001] but not well along [11�0], uniaxially orientated crystal 

growth occurs. During the film growth, atomic arrangement moves, and the 1D atomic 

defect tunnels are formed to minimize the energy.  

 

The σ of the resultant WOx films measured along the [001] and [11�0] is shown in Figure 

5-6. The σ increased from ~0.4 to ~5 S cm−1 with decreasing x from 2.987 to 2.960 in both 

directions. (Figure 5-6(a)) The electron configuration of W5+ is 5d1, and the d-electron plays 

as the carrier electron. Therefore, the σ increased with decreasing x. If x < 2.96, the σ along 

[001] was always higher than that along [11�0], indicating the anisotropy in the σ. The 

anisotropy increased with decreasing x. When x = 2.778, the σ along [001] was 1700 S cm−1 

while that along [11�0] was 360 S cm−1, resulting in an anisotropic ratio of σ ~5. In order to 

clarify the origin of this anisotropy, S was measured. (Figure 5-6(b)) The absolute values of 

S decreased from ~360 to ~20 μV K−1 with decreasing x regardless of the directions. This 

indicates that the n increased with decreasing x, and there is no anisotropy in the n. Inset of 
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Figure 5-6(b) shows Jonker plot of x = 2.778, 2.82 and 2.853, which reveals that the μ along 

[001] is higher than that along [11�0].  

 

Figure 5-7(a) shows the σ−T curves of the films. The σ along [001] is always higher than 

that along [11�0]. The σ increased with increasing temperature in all cases, and the respective 

Ea near RT was plotted in Figure 5-7(b) as a function of x in WOx. The Ea decreased with 

decreasing x. If x < 2.96, the Ea along [001] is clearly smaller than that along [11�0]. Since 

there is no anisotropy in the n, the difference in the Ea reflects the anisotropy in μ. There are 

two possible origins: difference in the τ and difference in the m*. 

 

In order to clarify the origin of the anisotropy in the σ, XAS was performed. The O K-

edge spectra of WO2.853 with linearly-polarized beams are shown in Figure 5-8 (a). The beam 

along the tunnel is donated as E// while that across the tunnel is donated as 𝐸𝐸⊥. In Figure 5-

8(b), the peak A and B refer to O 2p−W 5d t2g hybridization, C and D refer to O 2p−W 5d eg 

hybridization, and E and F refer to O 2p−W 6sp hybridization, respectively. [20-22] There is 

no significant difference between the XAS spectra across and along the tunnel, indicating 

that the anisotropy in the electronic structure is small, most likely due to widely spread W 5d 

orbitals. Since there is no significant difference in peak A and B, the anisotropy in the carrier 

effective mass is negligible. This result reveals that the anisotropic σ values are originated by 

the discrepancy in the τ. In other words, the 1D atomic defect tunnels scatter carrier electrons. 
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5.4 Conclusion 

In this chapter, the anisotropy in the σ of oxygen-deficient WOx with the anisotropic 

crystal structure was explored. The WOx films were grown on lattice matched LaAlO3 

substrate by PLD technique under controlled oxygen atmosphere. The crystallographic 

analyses of the WOx films revealed that highly dense atomic defect tunnels were aligned one 

dimensionally along [100] LaAlO3. The σ along the 1D atomic defect tunnels was ~5 times 

larger than that across the tunnels; at x = 2.778, the σ along [001] was 1700 S cm−1 whereas 

that along [11�0] was 360 S cm−1. The origin of this anisotropy of σ is the difference between 

the crystal structure along [001] and along [11�0], which are attributed to the formation of the 

1D atomic defect tunnels. The present approach, introduction of 1D atomic defect tunnels, is 

useful to design simple TMOs exhibiting anisotropic σ.  
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Figure 5-1. Schematic crystal structure of WO2.72. (a) Unit cell of WO2.72 (b) Side (or 

cross-sectional) views based on predicted film growth of oxygen deficient WOx on (110) 

oriented LaAlO3 substrate. There is no similarity in the atomic arrangement between WOx 

along b-axis and LaAlO3 along [001]. On the other hand, the distance between two 

neighboring oxygens in WOx along c-axis and LaAlO3 along [11�0] is the same (0.379 nm).  
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Figure 5-2. Change in the crystalline lattice of the WOx epitaxial films. (a) Out-of-plane 

XRD patterns of the WOx films around 110 LaAlO3. The gray dashed line indicates bare 

LaAlO3 substrate. The diffraction peak position of WOx is indicated with arrow (↓). (b) 

Change in the d-value of 110 WOx. The d-value increases with decreasing x. Topographic 

AFM images of (c) WO3 and (d) WO2.778 epitaxial films. Structural anisotropy is clearly 

visualized in (d). RHEED patterns of (e) WO3 and (f) WO2.778 epitaxial films. The labelled 

directions on AFM images and RHEEED patterns are the crystal directions of LaAlO3 

substrate. 
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Figure 5-3. RSMs of the WOx films. RSMs of (a), (b) WO3 and (c), (d) WO2.778. The 

diffraction spots of WO3 and WO2.778 are located at the same q[001]/2π position with 222� 

LaAlO3 substrate. The diffraction spots of WO3 and WO2.778 are located at the same q[1-

10]/2π position with 310 LaAlO3 substrate.  
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Figure 5-4. Evolution of 1D atomic defect tunnel in the oxygen-deficient (110) WOx 

epitaxial films. Cross-sectional HAADF-STEM images of the WO2.778 film along (a) [001] 

and (b) [11�0]. The scale bar is 5 nm. Highly dense atomic defect tunnels are clearly visualized 

along [001], whereas only square lattices are seen along [11�0]. (c) and (d) show magnified 

atomic arrangements with 1 nm scale bar. 
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Figure 5-5. Atomic-resolution EDS mapping of the interface. Sharp interface is seen 

without chemical reaction between WO2.778 film and LaAlO3 substrate. 
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Figure 5-6. Electron transport properties of the WOx films. (a) σ and (b) S of the WOx 

films along [001] and [11�0] at RT. (Inset in (a)) Linear scaled. (Inset in (b)) Jonker plot of x 

= 2.778, 2.82 and 2.853. When x < 2.98, anisotropy of the σ is obviously observed whereas 

such anisotropy of the S is not observed. The Jonker plot clearly indicates that the μ along 

[001] is higher than that along [11�0].   
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Figure 5-7. Temperature dependence of the σ of the WOx epitaxial films with 1D atomic 

defect tunnels. (a) The σ−T curve along the [11�0] (left) and the [001] (right). (b) The Ea as 

function of x in WOx.  
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Figure 5-8. O K-edge spectra measured by XAS with TEY mode. (a) The linearly 

polarized beam incidence along the tunnel (E//) and across the tunnel (𝐸𝐸⊥). (b) The peak A 

and B refer to O 2p–W 5d t2g hybridization, C and D refer to O 2p–W 5d eg hybridization, 

and E and F refer to O 2p–W 6sp hybridization, respectively. There is no significant 

difference in the peak A and B, indicating that the discrepancy in the carrier effective mass 

is negligible. 
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Chapter 6. Reversible redox control of optoelectronic properties of 

hexagonal tungsten oxide epitaxial films 

 

6.1 Objective 

Advanced memory devices that store optoelectronic property changes would be in 

extremely high demand in near future because of the explosive amount of information to be 

processed in the upcoming fourth industrial revolution. [1-4] In this regard, TMOs can be 

considered as the promising candidate materials of advanced memory devices since the 

optoelectronic properties of TMOs can be modulated by controlling the oxygen 

concentration. [5-7] The valence state of TM ions is versatile in a TMO lattice due to their 

strong ionicity, and several TMOs show a crystallographic phase transition upon reduction 

or oxidation due to the difference in the ionic radius of TM ions before and after the redox 

reaction. Thus, controlling the oxygen concentration in metal oxides is one of the most 

effective ways of modulating their optoelectronic properties.  

 

However, such redox control is difficult to apply for metal oxide epitaxial films since it 

induces serious damage to the crystal lattice, particularly near the film/substrate interface 

due to the large volume change during the redox treatment. Generally, TMO thin films are 

grown heteroepitaxially on oxide single crystal substrates with a lattice mismatch. [8] 

Therefore, the crystal lattice of the TMO thin film is highly strained at the heterointerface 

between the film and the substrate if the film is thin and not relaxed. If such strained crystal 
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lattice is exposed to intense stress, the crystal lattice is easily fractured into pieces. For 

example, VO2 epitaxial films grown on lattice-mismatched TiO2 substrate breaks into tiny 

pieces upon insulator-to-metal transition. [9,10] 

 

To overcome this issue and prevent damage to the crystal lattice, metal oxides 

exhibiting a stress-resistant crystal structure are demanded. In chapter 3, optical property 

change in a-WOx with different oxygen contents was confirmed. In chapters 4-5, electron 

and heat transport properties of 1D-defect-tunnel-stabilized WOx were studied. Despite the 

existence of many 1D defect tunnels, the functional properties have changed while 

maintaining the epitaxial crystal structure, indicating stress-resistant crystal structure. If 1D 

defect tunnels can be oriented along the c-axis like hexagonal tungsten oxide (h-WOx), the 

optoelectronic property can be potentially controlled by reversible electrochemical redox 

treatment. This approach is feasible for three reasons. First, h-WOx crystal is composed of 

honeycomb layers with periodic holes stacked along the c-axis [11,12] , and honeycomb 

structure is known as one of the strongest lattices against external stress. [13,14] Secondly, 

c-axis oriented h-WOx crystal can be grown heteroepitaxially on (111) yttria-stabilized 

zirconia (YSZ) single crystal substrate. [15,16] Thus, the one-dimensional tunnels are 

periodically aligned along the growth direction. Lastly, YSZ substrate can be used as an 

oxide-ion conducting solid electrolyte, which has been utilized for the reversible 

electrochemical redox control of oxygen contents in SrCoO2.5 [17-19] and SrFeO2.5 [20]. 
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This chapter demonstrates reversible redox control of optoelectronic properties of c-

axis oriented h-WOx epitaxial films grown on (111) YSZ single crystal substrate. Upon 

electrochemical redox treatment at 300 °C by applying ±3 V to the YSZ solid electrolyte, 

the oxygen content x of h-WOx was reversibly controlled in the range of 2.93 ≤ x ≤ 2.99 

without inducing any damage to the crystal lattice. Simultaneously, the σ and the optical 

properties were reversibly engineered. The present results would be of great value in 

developing metal oxide epitaxial films-based electrochemical optoelectronic devices. 

 

6.2 Film synthesis and characterizations 

Highly c-axis oriented h-WOx epitaxial films were heteroeptiaxially grown on (111) 

YSZ substrate by PLD technique at of 500 °C under oxygen atmospheres (2 − 6 Pa). The 

fluence and repetition rate were set ~0.3 J cm−2 pulse−1 and 10 Hz. The growth rate was 

~8.7 pm pulse−1 [21,22]. The thicknesses of the resultant h-WOx were determined from 

Pendellösung fringes (HRXRD). Figure 6-1(a) shows the schematic illustration of the 

electrochemical redox treatment. Atomic arrangement of the top view of h-WO3 film is 

schematically shown in Figure 6-1(b). First, the film surface was mechanically pressed on 

an Al foil (ground electrode). Then, small amount of Ag paint was pasted on the back side 

of the YSZ substrate, and the sample was heated at 300 °C in air. By applying a gate 

voltage (VG) of −3 V to the Ag electrode for 10 min, the film was fully oxidized. (Figure  

6-1(c) upper) Then, films were reduced by applying VG of +3 V for 5 to 200 s (Figure  

6-1(c) lower). The transferred electron charge (Q) was calculated by 𝑄𝑄 =  ∫ 𝐼𝐼(𝑡𝑡) 𝑑𝑑𝑡𝑡, where 

I is current. Then, the x in WOx was measured by XPS (Figure 6-1(d)). The film surface 
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was observed by AFM. The σ and S of the resultant WOx films were measured by Van der 

Pauw method and steady- state method at RT. The optical transmission of the resultant 

films was measured using an UV-Vis-NIR and Fourier-transform infrared spectrometer 

(FT-IR, IRPrestige-21, Shimadzu Co.) at RT. 

 

6.3 Results and discussion 

Figure 6-2(a) (upper) shows the XPS spectrum of the as-grown epitaxial film. The 

XPS spectrum is composed of W6+ and W5+, and the value of x is 2.938. Figure 6-2(b) 

(upper) shows the out-of-plane XRD pattern of as-grown h-WO2.938 epitaxial film. An 

intense diffraction peak of 0002 h-WOx is observed with 111 YSZ substrate. Pendellösung 

fringes near the 0002 h-WO2.938 indicate the strong c-axis orientation of the film and yield 

the film thickness value of ~42 nm. Figure 6-2(a) (lower) shows the XPS spectrum of 

oxidized h-WOx, which became sharper, and the W5+ peak almost disappeared. The as-

grown film was successfully oxidized and became h-WO2.993 (namely Oxi 1), of which the 

out-of-plan XRD pattern is shown in Figure 6-2(b) (lower). Compare to the as-grown 

WO2.938, the diffraction peak position of h-WO2.993 shifted to smaller scattering vector side 

due to the c-axis lattice constant expansion from 0.758 to 0.769 nm. It should be noted that 

Pendellösung fringes are clearly observed even after the oxidation treatment, confirming 

that the oxidation treatment did not affect the c-axis oriented texture in the film. This 

suggests that the crystal lattice was not damaged despite the large lattice expansion.  

 



6. Reversible redox control of optoelectronic properties of hexagonal tungsten oxide 
epitaxial films 

96 
 

Next, the Oxi 1 films were electrochemically reduced. 8 samples were prepared with 

varying chemical compositions from h-WO2.987 to h-WO2.931. Figure 6-2(c) summarizes the 

out-of-plane XRD patterns of the electrochemically reduced samples (linear scale). The 

peak position of 0002 h-WOx is almost unchanged after the reduction from x = 2.987 to x = 

2.981 while it gradually shifted to higher scattering vector side from x = 2.981 to x = 2.931, 

indicating that the reversible redox reaction of h-WOx succeeded. This behavior of the c-

axis is opposite as compared to other metal oxides, which show lattice expansion upon 

reduction. Presumably, the inter-atomic repulsion along c-axis is suppressed due to the 1D 

atomic defect tunnel structure. The c-axis lattice parameter of the electrochemically treated 

specimens returned to 0.762 nm, which is very close to that of the as-grown WO2.938. 

 

Figures 6-3(a) and 6-3(b) show the σ and S of the electrochemically reduced h-WOx 

epitaxial films measured at RT. For comparison, data for the PLD-grown h-WOx films with 

various oxygen contents of x are also plotted with a grey solid line (Figures 6-3(a) and  

6-3(b)). The σ increases from ~0.2 (A) to ~400 S cm−1 (H) with decreasing x. Since |S| 

decreased with increasing σ, n increased with decreasing x. Thus, the n of h-WOx was 

successfully controlled by the electrochemical redox treatment. Figure 6-3(c) shows the σ 

−T curves of electrochemically reduced h-WOx epitaxial films in the range of 20 − 300 K. 

All films have semiconductor-like behavior of σ; where the σ increased with temperature. 

The slope of σ −T curves gradually decreased with decreasing x. The Ea of the σ around RT 

decreased from ~212 meV (A) to ~33 meV (H) with decreasing x (Table 6-1). The 

decreasing tendency of Ea for the electrochemically reduced h-WOx films is consistent with 
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that of the PLD-grown h-WOx films. These results clearly suggest that n was systematically 

controlled by the electrochemical reduction treatment, and the crystal lattice of h-WOx film 

was not destroyed. 

 

Table 6-1. Transmission (Trans.) at 1.5 μm and the Ea of the electrochemically 

 reduced/oxidized h-WOx films. 

 
Sample x in WOx Trans. at 1.5 μm (%) Ea (meV) 

A 2.987 49.8 212.3 

B 2.986 52.0 203.7 

C 2.981 46.7 108.5 

D 2.960 44.2 74.0 

E 2.954 43.4 68.1 

F 2.935 41.8 71.7 

G 2.933 38.3 35.8 

H 2.931 35.4 33.3 

Oxi 1 2.993 69.3 ND 

Oxi 2 2.988 61.9 ND 

 

Figure 6-4(a) shows the optical transmission spectra of the h-WOx epitaxial films with 

various reduction states (as-oxidized: Oxi 1, A, E, and G) from the electrochemical 

reduction treatments. The spectra of as-grown sample and (111) YSZ substrate are also 

plotted for comparison. Although the bandgap of YSZ is ~4 eV, the optical transmission of 

(111) YSZ substrate is only ~75% in the range of 0.4 – 6 μm in wavelength; reflection of 

YSZ in the range of 0.4 – 6 μm in wavelength is large (~23 %) due to its high refractive 
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index. Compared to the transmission spectrum of YSZ substrate, the Oxi 1 sample shows 

slightly lower transmission due to an absorption peaking around 1.5 μm. The absorption 

peak intensity gradually increased with oxygen reduction, indicating free carrier absorption. 

Finally, the optical transmission spectrum of the reduced sample G became similar to that 

of the as-grown sample. Figure 6-4(b) plots change in the transmission at 1.5 μm as a 

function of x in WOx. For comparison, data for the PLD-grown h-WOx films is also plotted 

with a grey solid line. The transmission increased with oxidation and decreased with 

reduction. The control in the optical transmission control at 1.5 μm is clearly demonstrated 

in the range of 35 − 70%. 

 

Finally, the electrochemical redox treatment was repeated to check the cyclability. 

Figures 6-5(a) and 6-5(b) show the σ and optical transmission at 1.5 μm of the redox-

treated h-WOx epitaxial films. Upon reversible electrochemical redox treatment, the σ was 

controlled from ~300 to ~0.1 S cm−1, and the optical transmission at 1.5 μm is controlled in 

the range of 35 − 70%. Also, surface morphology was not changed during electrochemical 

redox treatment while keeping the root mean square roughness less than 0.5 nm (Figure  

6-6). These results indicate an excellent cyclability and stability. From these results, 

electrochemically redox treatments did not cause serious structural damage to the 

crystalline lattice of h-WOx with stress-resistant honeycomb lattice. The optoelectronic 

properties of h-WOx were repeatedly controlled electrochemically.  
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6.4 Conclusion 

This chapter demonstrated reversible redox control of the optoelectronic properties in 

hexagonal tungsten oxide (h-WOx) epitaxial films with honeycomb structure. Highly c-axis 

oriented h-WOx epitaxial films were fabricated on (111) YSZ single crystal substrate. Upon 

the electrochemical redox treatment, the oxygen content x in h-WOx was reversibly 

controlled in the range of 2.93 ≤ x ≤ 2.99 without inducing damage to the crystal lattice. 

Simultaneously, the σ was controlled from ~400 S cm−1 to an insulator, and the optical 

transmission at 1.5 μm was controlled between 35% and 70%. These results suggest that 

electrochromic or optoelectronic application is also valid in epitaxial h-WOx films.  
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Figure 6-1. Solid-state electrochemical redox treatment of a h-WOx epitaxial film. (a) 

Schematic illustration of the solid-state electrochemical cell composed of h-WO3/YSZ 

substrate. (b) Honeycomb lattice of h-WO3 crystal with periodic holes along the c-axis. (c) 

Change in the current density through the h-WO3/YSZ bilayer at 300 °C in air. (d) Change 

in the oxygen content x in h-WOx as a function of the current density during the 

electrochemical reduction treatment. 
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Figure 6-2. XPS and cross-plane crystal lattice of the h-WOx epitaxial films. (a) XPS 

spectra of (upper) as-grown and (lower) electrochemically oxidized h-WOx films. The x 

values in WOx were determined as 2.938 (as-grown) and 2.993 (oxidized). (b) Out-of-plane 

XRD patterns of (upper) as-grown and (lower) electrochemically oxidized h-WOx films. 

Intense diffraction peak of 0002 h-WOx is seen together with 111 YSZ both as-grown and 

oxidized films. Further, Pendellösung fringes are seen around the diffraction peak of 0002 

h-WOx, indicating strong orientation of the films. (c) Change in the out-of-plane XRD 

patterns of 0002 h-WOx (linear scale) with x in the electrochemically reduced WOx films.  
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Figure 6-3. Electronic transport properties of the h-WOx epitaxial films. (a) σ (RT), (b) 

S (RT), and (c) temperature dependence of the σ for the electrochemically reduced WOx films. 

Gray solid lines in (a) and (b) indicate the σ and the S of the h-WOx epitaxial films by the 

PLD method with modulated oxygen pressure during the film growth, respectively. The 

electrochemical redox results reproduce the PLD data very well, suggesting the crystal lattice 

of h-WOx film was not destroyed during the redox treatment. (c) Temperature dependence of 

σ of the h-WOx films. The σ is systematically controlled.  
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Figure 6-4. Optical properties the h-WOx epitaxial films. (a) Optical transmission spectra 

of the c-axis oriented h-WOx film epitaxially grown on (111) YSZ substrate after the 

electrochemical reduction treatment. Optical transmission spectrum of YSZ substrate and as-

grown h-WOx film are shown for comparison. There is a tiny free electron absorption peaking 

around 1.5 μm in the fully oxidized film (Oxi 1). The absorption band increases with 

increasing the degree of reduction, and it approaches that of the as-grown sample. (b) Optical 

transmission at 1.5 μm as a function of x in WOx.   
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Figure 6-5. Reversible redox modulation of optoelectronic properties of the h-WOx 

epitaxial films. (a) σ and (b) optical transmission at 1.5 μm for the h-WOx epitaxial films. 

Upon reversible electrochemical redox treatment, the σ is controlled from ~100 S cm−1 to 

~0.1 S cm−1, and the optical transmission at 1.5 μm is controlled in the range of 35 − 70%. 
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Figure 6-6. Cyclability in the optical property and surface morphology of the h-WOx 

epitaxial film. Changes in the optical property and surface morphology of the h-WOx 

epitaxial film after repeated electrochemical redox treatments. (From left to right: as-

grown, 1st oxidized, 1st reduced, and 2nd oxidized) 
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Chapter 7. Summary 

 

This doctoral research was concerned with clarifying the electron and heat transport 

properties of WOx with various atomic arrangements for designing better thermal 

management and optoelectronic materials. The approach was introducing oxygen vacancies 

to build a unique WOx structure without changing the atomic constituents, which may be 

more economical and simpler for manipulating its functional properties and manufacturing 

functional devices. 

 

At first, to clearly understand the role of oxygen contents in the functional properties of 

WOx, the electrical, optical, and thermal properties of a-WOx were systematically 

investigated with varying x from 2.982 to 2.511, which eliminate the effect of structural 

changes. Optoelectrical properties changed from transparent insulator to dark black 

semiconductor with increasing W5+ concentration, while the κ was slightly enhanced from 

~0.9 W m-1 K-1 to ~1.6 W m-1 K-1 due to carrier electrons. However, the κ remained very low. 

As the W4+ valence state became dominant, the ρ slightly increased, whereas the low visible 

transmission was maintained. The results showed that implies the electrons in the W5+ 

valence state, especially in the range of 2.64 < x < 3, serves as the major factor for 

optoelectrical properties of WOx.  

 

The assessment of functional properties of a-WOx showed that optoelectronic properties 
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 can be easily controlled while its κ is difficult to control due to the low vibrational density 

of states. In order to engineer both heat and electron transport properties, crystallized WOx 

films with various atomic arrangement are required to enhance the vibrational density of 

states. Therefore, the research approach extended to nanostructuring concept such as 

introducing point defect (0D), defect tunnel (1D), and layer (2D) to simultaneously realize 

high electron conduction and low heat conduction. Crystallographic analyses revealed that 

1D atomic defect tunnels are formed randomly in epitaxial WOx films on (001) LaAlO3 

substrates with introducing oxygen vacancies. The x varied from 2.977 to 2.787, the cross-

plane κ of the WOx films significantly decreased from ~7 W m-1 K-1 to ~2 W m-1 K-1 due to 

phonon scattering from the tunnel while the σ drastically increased from 0.06 S cm-1 to ~1500 

S cm-1 because of an increase in the carrier electrons. High electron conduction and low heat 

conduction coexisted in these WOx structures when x < 2.9.  

 

The potential of the 1D defect tunnels in WOx films was investigated further by aligning 

their long-axis of rectangular grain along the same direction, which would result in different 

σ along and across the tunnels. Highly oriented 1D defect tunnels were stabilized in WOx 

films on (110) LaAlO3 substrates. The crystallographic analyses of the WOx films revealed 

that highly dense atomic defect tunnels were aligned one-dimensionally along [001] LaAlO3 

single crystal substrate. The anisotropic σ was obtained when x was 2.778, where the σ along 

the 1D atomic defect tunnels was ~5 times larger than that across the tunnels since the 

electrons are scattered by 1D defect tunnels.  
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Despite introducing a high concentration of 1D defect tunnels in the WOx, the epitaxial 

structure was maintained. In other words, this structure is highly durable and could perhaps 

sustain high external lattice strain induced during electrochemical redox treatments, which 

can reversibly modulate the optoelectronic properties of h-WOx. h-WOx, which exhibits the 

1D tunnels aligned perpendicular to the surface, was stabilized on (111) YSZ substrates, 

which were utilized as the solid electrolyte. Upon electrochemical redox treatment at 300 °C 

with applying ±3 V to the YSZ solid electrolyte, the oxygen content x of h-WOx was 

reversibly controlled in the range of 2.93 ≤ x ≤ 2.99 without inducing physical damage to the 

crystal lattice. Simultaneously, the σ was controlled from ~400 S cm−1 to an insulator, and 

the optical transmission at 1.5 μm was controlled in the range of 35 − 70%. This shows that 

optoelectronic applications of WOx, which is mainly achieved in a-WOx, can also be realized 

in c-WOx. 

 

The novel contributions from this research will establish a solid foundation for 

understanding the role of atomic structure on the transport properties of TMOs, which will 

be of great value for the design concept of thermal management materials and functional 

optoelectronics devices. 
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