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Chapter 1. General Introduction 

1.1. Background of this thesis 

Since the first development of the transistor in the middle of the 20th century [1], 

human society has rapidly moved towards the age of electronics. Subsequently, the 

exploration and development of electronic materials have also been springing up and the 

profits are now being used in the daily lives of billions of people around the world. 

Among them, silicon and its derivatives are the well-deserved cornerstones of the 

electronics industry; Almost all the integrated circuits (IC) are built from them so far. 

Although status of the silicon-based devices is still dominating, with the emergence of 

some special demands as well as expectations for device with higher performance, the 

development of function specialized materials (known as functional material) has 

become an urgent priority. 

 

Metal oxides are a big family of materials with a variety of different properties. They 

exhibit an ever-growing use in some specific areas such as display [2], sensor [3, 4], 

memory [5], etc., owning to their abundant and tunable properties, high chemical 

stability, low-cost of synthesis, etc. Figure 1-1 shows a series of typical functional 

applications of metal oxides. As the typical case of metal oxides, amorphous indium 

gallium zinc oxide (a-IGZO) has been commercially used in display industry. The 
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applications of metal oxides on sensor and memory are also promising and under 

development. In addition to the electronic applications, metal oxides also show 

potentiality in the fields of energy and catalysis [6, 7]. It is worth noting that the specific 

application of such materials often highly depends on their physical and chemical 

properties. The property regulation and even design of the material are expected to 

improve the performance of devices based on them and even open up new applications. 

According to this point, it is necessary to investigate the method suitable for material 

property regulation and study on the corresponding effects of such method. In this thesis, 

I was committed on the epitaxial strain effects on optoelectronic properties of the rutile-

structured metal oxides. 

 

1.2. Introduction to rutile-structured functional oxides 

Rutile structure, which gets its name from a natural mineral of titanium dioxide 

(TiO2), is one of the simplest and widely distributed crystal structure for metal oxides.  

It is usually represented by the chemical formula of MO2 (M: metal cations), in which 

the M cations and oxygen anions form a MO6 octahedra as the base unit. Such octahedra 

shares vertices in the tetragonal ab plane and the edges along the c-axis, eventually 

forming the rutile structure as shown in Figure 1-2. There are many different rutile-

structured oxides with various M cations referring to transition metals (Ti, V, Nb, Ru, Ir, 

etc), post-transition metal (Sn and Pb), metalloid (Ge), and even nonmetals (Si) [8]. Due 
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to the difference in electron configuration of M cations as well as the orbital overlapping 

with oxygen anions, this series of materials exhibits a variety of physical properties and 

used as the functional materials in various fields, such as photocatalysis, sensor, 

conductivity, etc. Next, I would like to introduce three types of typical rutile-structured 

oxides involved in this thesis. 

 

1.1.1. Titanium dioxide (TiO2) 

TiO2 is a well-known oxide material with a wide range of industrial applications, 

such as pigment, sunscreen coating, colorant, etc. In the 1960s, A. Fujishima and K. 

Honda discovered the photocatalytic effect of TiO2 [7], making it an ideal active material 

for photocatalytic water splitting and receiving continuous research in the following 

decades. There are several different TiO2 polymorphs, which can be represented by 

rutile (Space group: P42/mnm, a = 0.4594 nm, c = 0.2958 nm) and anatase (space group: 

I41/amd, a = 0.3785 nm, c = 0.9505 nm). Rutile is the stable phase and the most 

common natural mineral. Anatase is metastable phase which can be stabled at low 

temperatures, owning to its relatively low surface energy. However, anatase phase 

changes into the rutile phase when heated up above 600 °C [9, 10].  

 

Both rutile and anatase phase exhibit photocatalytic activity. Their conduction band 

minimum (CBM) and valence band maximum (VBM) are both composed by Ti 3d and 
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O 2p orbitals. Rutile TiO2 was determined to show a direct bandgap (Eg) of ~3.06 eV, 

while anatase TiO2 is an indirect semiconductor with Eg of ~3.2 eV. Both these two Eg 

are around the maximum photon energy of visible light (~3.1 eV) [11]. When TiO2 

absorbs light (photon energy >Eg), the valence electron is excited to the conduction 

band, generating a positive hole in the valence band. The conduction electron reduces 

water while the hole oxidizes it, subsequently generating hydrogen and oxygen [7, 12-14]. 

Such photocatalytic activity is strongly related to the crystal structure of TiO2 because 

the electronic structure as well as the physical properties are determined by the crystal 

structure [15-19]. Generally, anatase is more active than rutile [18], although the smaller Eg 

of rutile is favor to the visible light absorption. Previous studies stated that nature of 

bandgap, carrier mobility, lifetime of exciton, etc. may also play some roles. The 

combined effect of multiple factors eventually determines the photocatalytic activity of 

TiO2. To further explore the potential of TiO2 in photocatalysis as well as other 

application, modification of its basic physical properties is essential. 

 

1.1.2. Tin dioxide (SnO2) 

Tin dioxide (SnO2), also known as stannic oxide and cassiterite, is another traditional 

rutile-structured oxide which has won extensive fundamental and application studies for 

over a century. Different from the polymorphic characteristics of TiO2, SnO2 only 

stabilized as the rutile phase (space group: P42/mnm, a = 0.4737 nm, c = 0.3186 nm) 
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under thermal equilibrium state. The band structure of SnO2 is dominated by the Sn 5s-

based CBM and the O 2p-based VBM and the optical bandgap is varied from ~3.5 eV to 

4.0 eV, which depends on the crystalline state (single crystal/polycrystal/amorphous etc.) 

and the growth conditions [20, 21].  

 

The large optical bandgap brings an excellent transparency in both visible and 

infrared regions, while Sn 5s orbitals overlaps with each other, allowing the free 

movement of electrons, consequently leading to the small electron effective mass (m*) 

[22]. Besides, the enhancement of carrier concentration (ns) of SnO2 has been 

experimentally achieved by chemical doping of cations with valance higher than Sn4+ 

(e.g. Ta, Nb, Sb, etc.). Thus, electron-doped SnO2 is considered as a great candidate of 

transparent conducing oxide (TCO) [23, 24]. In addition to the application of TCO, SnO2 

has also been evaluated as gas sensor, catalyst, transistor as well as a series of other 

optoelectronic applications [25-27]. Anyway, similar to that of TiO2, the potential 

applications of SnO2 are determined by its inner physical properties. Understanding the 

effects of some regulation methods such as doping, gating and strain on the physical 

properties of SnO2 is expected to provide a guidance for optimizing the SnO2-based 

devices and even discovering more functional properties. 
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1.1.3. Vanadium dioxide (VO2) 

Different from the TiO2 and SnO2, stable in rutile phase at room temperature (RT), 

the RT phase of bulk vanadium dioxide (VO2) is monoclinic (M1, space group: P21/c, a 

= 0.5759 nm, b = 0.5363 nm, c = 0.4518 nm, 𝛽𝛽 = 122.3°), whereas it transfers to rutile 

phase (R, space group: P42/mnm, a = 0.4528 nm, c = 0.2860 nm) when temperature is 

higher than ~68 °C (~341 K) [28]. The most striking structure difference between these 

two polymorphic forms of VO2 is the arrangement of V4+ ions along c-axis, where they 

form zigzag chains (so-called V−V dimers) in monoclinic phase, resulting in the 

alternate V−V spacing of 0.265 nm and 0.312 nm, respectively. On the contrary, rutile 

VO2 has an evenly divided V4+ ion chain with the distance of 0.296 nm (Figure 1-3). 

Besides the M1 and R phase, VO2 also has various polymorphs such as A, B, and M2 

phase [29]. Among them, the lattice of M2 phase consists of half zigzag chains and half 

equidistant chains. Thus, M2 is regarded as an intermediate phase during the phase 

transition between M1 phase and R phase [30, 31]. 

 

The transition of crystal structure is usually accompanied by dissimilation of 

electronic structure, eventually leading to the difference in physical properties. In case 

of VO2, M1 phase is an infrared (IR) transparent insulator while R phase is a metallic-

like semiconductor with low transmittance in IR region (Figure 1-3(c)). Thus, VO2 has 

been considered as a candidate for thermochromic materials [32, 33]. It has also been 
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reported that the phase transition behavior of VO2 can be manipulated by applying 

electric or optical field, promising the application in information computing and 

memory [34, 35]. However, the phase transition temperature (Tc) of intrinsic bulk VO2 is 

still a little bit high. Reducing the Tc to around RT is critical for practical applications. 

Chemical doping, field effect and strain effect have been demonstrated to be effective in 

regulating Tc. I would like to discuss them in detail in chapter 1.2.  

 

In addition to the potential for applications, the phase transition mechanism of VO2 

also attracts extensive investigations in few past decades, however there is still no 

generally accepted explanation. The bone of contention rages on whether insulator-to-

metal transition (IMT) are strictly bound to the lattice distortion. From different 

viewpoint, two alternate scenarios were proposed: lattice distortion driven IMT (Peierls 

transition) [36] and electron correlation driven IMT (Mott transition) [37]. In recent years, 

an intermediate mechanism integrating the two have also been emerged, so-called 

cooperative Mott-Peierls transition [38, 39]. The difficulty in deconstructing its 

mechanism lies on the observation of intermediate processes of IMT and anomalous 

phases of VO2 (e.g. metallic M phases [40, 41]). Inducing the emergence of such phases 

through property regulation method is expected to provide guidance. 
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1.2. General methods to regulate the physical property of rutile phase 

The property regulation and design are important prerequisites for the application of 

functional materials. There are various methods have been developed to achieve 

effective regulations, such as chemical doping, growth condition controlling, field 

gating, etc., while for materials in film form, epitaxial strain is also a common way, 

because of the intimate relations between lattice, electron charge, orbital energy and 

overlapping. In this chapter, I would like to introduce the effects of these regulation 

methods on properties of TiO2, SnO2 and VO2.  

 

1.2.1. Chemical doping 

Chemical doping is the most typical method to regulate the properties of materials. 

Especially for the control of carrier, carrier concentration (ns) and even the type of 

carrier (electron/hole) can be effectively adjusted by doping electron or hole dopants. 

On the other hand, some specific properties (e.g. electrical conductivity, magnetism, etc.) 

are possible to be introduced when doping the atoms with such properties. Moreover, 

for crystalline materials, doping the material with different ionic radii will change the 

lattice parameter or even induce structural transitions. 

 

The chemical doping of rutile-structured oxides has been extensively investigated. 

Studies revealed that the substitution of Ti in TiO2 by a series of transition metals (e.g. V, 
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Cr, Co, Ni, etc.) can narrow the bandgap and improve the absorption of visible light, 

which points to improving its photocatalytic efficiency [42, 43]. For SnO2, doping of V 

cations (Sb, Ta, etc.) on Sn4+ site or VII anion (F−) on O2− site can greatly optimize its 

conductivity by increasing ns [23, 24, 44, 45]. Thus, electron-doped SnO2 is expected to 

replace the ITO as the indium-free transparent conducting oxides. Lastly, doping in VO2 

aims to lower its Tc. An empirical conclusion has been drawn—dopants with higher 

valance than V4+ (e.g. Nb5+, W6+, etc.) tend to reduce the Tc, whereas dopants with 

lower valance than V4+ (Ga3+, Cr3+, Mg2+, etc) increase the Tc (Figure 1-4) [46, 47]. 

Among them, W doping exhibits the best efficiency [48, 49]. Chemical doping shows high 

universality in material modulation, however, the parasitic effect (defect, inhomogeneity, 

etc.) and fraction limitation of doping bring difficulties on practical use. 

 

1.2.2. Field effect 

Field effect modulation of property is a broad concept, in which the ‘field’ represents 

not only electric field, but also magnetic field, light field and other physical field.  

However, due to the controllability and compatibility with integrated circuits, electric 

field has been considered as the most suitable ‘trigger’ for property modulation of 

functional materials. The following will mainly deal with electric filed effects. 

 

In a narrow sense, field effect refers to the regulation of ns of a material by 
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electrostatic effect, where traditional field effect transistor structures based on solid-

state dielectrics (SiO2, Al2O3, Y2O3, HfO2, etc.) are widely used. However, such oxides 

exhibit limited ability on regulation of ns (<1013 cm−2). In recent years, ionic liquid (IL)-

based electric double-layer transistors (EDLTs), which exhibit stronger regulation ability 

(~1014 cm−2), have been proposed and achieved impressive results in property regulation 

[50-52]. At present, the field effect is no longer limited to the regulation of carriers. A 

series of electrochemical methods are also included in this category, such as electric 

filed induced ion implantation (H+ by IL, proton conductors such as 12CaO·7Al2O3 

(C12A7), pectin, nanogranular SiO2, etc.) and redox (O2− by IL, oxide ion conductors 

such as YSZ, LSGM, NaTaO3, etc.) [53-57]. 

 

Specific to regulated materials, rutile TiO2 was reported to give rise to metallization 

through ionic liquid-induced oxygen vacancies [58]. SnO2 is a candidate for the channel 

material of thin film transistors (TFTs). To achieve this application, D. Liang and her 

co-authors modulated the thermopower of SnO2 film by electric field effect, further 

optimizing the performance of SnO2 TFT [59, 60]. VO2, as a strongly correlated electronic 

oxide with phase transition, has always been an ideal target for field effect gating. Its 

switching between metallic and insulating states has been achieved by ferroelectric field 

effect, protonation and redox of ionic liquids, respectively [61-63]. Moreover, recent 

studies also revealed that light filed excitation can also control the phase transition 

behavior of VO2 [34, 64]. 
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1.2.3. Epitaxial strain engineering 

Crystals are formed by the periodic accumulation of a large number of atoms. The 

overlapping and hybridization of the electron orbitals of these atoms constitutes the 

energy band and finally determines the electronic structure of a crystal. Since the 

physical, chemical and optical properties of a crystal are usually determined by 

electronic structure, transition of crystal structure and change of lattice parameters may 

affect the properties of material through perturbations to the electronic structure [15, 65-67]. 

The subsequent issue is how to regulate the lattice. For epitaxial films, the difference in 

lattice parameters between substrate and film, so-called lattice mismatch, provides an 

excellent facility for introducing strain (Figure 1-5(a) and 4(b)). Furthermore, by 

adjusting the thickness of the film, the degree of strain can also be designed within a 

certain range [68, 69]. It is necessary to note that that whether an epitaxial film can be 

grown on a particular substrate, and the crystallographic orientation of the film also 

depend on the compatibility of the two. Previous studies have revealed that the 

substrates suitable for epitaxial growth of rutile structured oxide films mainly includes 

single-crystalline silicon (Si), sapphire (Al2O3), magnesium fluoride (MgF2) and rutile 

TiO2 itself [70, 71].  

 

Rutile TiO2 is used more as an optimal substrate for growing rutile phase, while the 

reports on its own strain regulation are rare. In the chapter 4 of this thesis, a systematical 
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study of optoelectronic properties of TiO2 as a function of strain conditions will be 

presented [68]. Epitaxial strain effect on SnO2 film focus on its optical bandgap. Both 

theoretical and experimental results suggested that the optical bandgap of epitaxial SnO2 

film decreases with increasing strain [20].  

 

Lastly, I would like to highlight the epitaxial strain effect on the VO2. As I have 

mentioned in chapter 1.1.3, the key to VO2 phase transition is the kink of V−V chain 

along c-axis. Therefore, it is widely accepted the phase transition behavior of VO2 is 

dominated by lattice parameter c of R-VO2 (cR, corresponding to a of M-VO2 (aM)) [67, 

72, 73]. According to this, a series of studies aiming to reduce the Tc were proposed. Y. 

Muraoka and Z. Hiroi firstly fabricated epitaxial VO2 films on (001) TiO2 substrates and 

an abrupt phase transition with highly reduced Tc around room temperature (~300 °C) 

was demonstrated, owing to the isomorphism of TiO2 substrate with R-VO2 and the 

reduced cR of VO2 due to tensile strain from substrate (~0.86%) [73]. Thereafter, the 

growth of VO2 film on other substrates (A-, C-, R- and M-sapphire, (001), (101) and 

(110) MgF2, etc.) and the corresponding strain effects on Tc of VO2 were also 

continuously investigated [74, 75]. In general, they all show a certain effect but still not as 

good as TiO2. The strain effect from (001) TiO2 substrates was considered the most 

effective way to reduce Tc of VO2 so far.  

 

However, there are also some restrictions on strain engineering by using substrates. 
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On the one hand, the realization of film epitaxy depends on the suitable lattice mismatch, 

leading to the limited choice of substrates. On the other hand, strain effects fail due to 

the strain relaxation when film is thicker than a critical thickness (Figure 1-5(c)). In 

case of VO2 film, the use of TiO2 substrate, which shows best effect on reducing Tc,  is 

not realistic in large-scale applications like the smart window because of the size 

limitation of Verneuil-grown TiO2 crystal [76]. Also, the VO2 film thickness is limited 

due to strain relaxation through crack formation (Figure 1-5(d)) [77-85]. 

 

1.3. Objective of this thesis 

The objective of this thesis is to investigate the epitaxial strain effects on physical 

properties of rutile-structured functional oxides. Three typical oxides with rutile 

structure, TiO2, SnO2 and VO2, were selected due to their rich physical properties and 

potential applications in optoelectronics. To achieve the research goal, a series of these 

three films were epitaxially fabricated on M-plane sapphire (α-Al2O3) substrates 

through pulsed laser deposition technique. Because of the anisotropic in-plane lattice 

parameters of M-sapphire, the epitaxial films grown on it receive asymmetric lattice 

strain (Figure 1-6). Consequently, such strain induced orthorhombic distortion was 

observed in TiO2 and VO2 films grown on it. Moreover, by adjusting the film thickness, 

the degree of such distortion was modulated, further resulting in the regulation of 

effective mass (TiO2), optical bandgap (TiO2) and the insulator-to-metal transition (IMT) 
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behavior (VO2). On the contrary, strain induced distortion did not appear in SnO2 film. 

The mechanism of this anomalous phenomenon was revealed through a comparison 

study between TiO2 and SnO2.  

 

This thesis is organized by following chapters. In chapter 1, the related background 

and purposes of this study were introduced. In chapter 2, the near room temperature 

IMT behavior of VO2/TiO2 bilayer film on M-sapphire was demonstrated. Furthermore, 

the effects of strain induced orthorhombic distortion on the IMT behaviors of VO2/TiO2 

bilayer films grown on M-sapphire substrate were discussed [69]. In chapter 3, a method 

to suppress the strain relaxation and crack formation of VO2 film grown on TiO2 

substrate was proposed. Chapter 4 demonstrated the effects of orthorhombic distortion 

on the optoelectronic properties of rutile TiO2 films, where the effective mass and 

optical bandgap clearly regulated [68]. Then in chapter 5, the absence of orthorhombic 

distortion was observed in SnO2 film and subsequently explained by the specific lattice 

mismatch between SnO2 and M-sapphire. Finally, the overall results of this thesis are 

summarized in chapter 6. To my knowledge, this thesis is the first to propose a method 

for introducing orthorhombic distortion in films with rutile structure through epitaxial 

strain and systematically study the effects of such distortion on optoelectronic properties 

of these films. The contribution reported in this thesis would provide a beneficial 

guidance for design of rutile-type oxide based functional devices. 
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Figure 1-1. Schematic illustration of the various applications of metal oxides. The 
showing examples are a-IGZO (display) [2], TiO2/SnO2 (sensor) [3, 4], VO2 (smart 
window), and NiO/La2CuO4 (memory) [5], respectively. 
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Figure 1-2. Crystallographic structure of rutile structured oxide. View (a) with 
standard orientation, (b) along [010] and (c) [001] MO2 zone axis. (d) MO6 octahedra.  
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Figure 1-3. Phase transition and accompanied physical property changes of VO2. 
Atomic arrangement of (a) rutile VO2 and (b) monoclinic VO2. The dashed lines are the 
eye guide of the change of V−V dimers during phase transition. The difference in (c) 
optical transmission and (d) resistivity between rutile and monoclinic VO2.  
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Figure 1-4. Doping effect on phase transition behavior of VO2[46]. (a) Changing rate 
of critical temperature of VO2 phase transition with different dopants. (b) A schematic 
phase diagram of VO2 for doping, non-stoichiometry, and uniaxial stress.  
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Figure 1-5. Schematic diagram of epitaxial growth induced strain condition and 
strain relaxation. Atomic arrangement of (a) a bulk material without strain. (b) highly 
strained epitaxial film. Strain relaxation through (c) dislocation and (d) crack formation 
when film thickness exceeds the critical thickness (tc).  
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Figure 1-6. The atomic arrangements of rutile structured oxide films on M-plane 
sapphire substrate. (a) Schematic crystal lattice of rutile R-TiO2 on (11�00) α-Al2O3 
(sublattice of oxide ions, dotted lines). The lattice parameter of TiO2 along [100] 
direction is larger than that of α-Al2O3 along [0001] (lattice mismatch: −5.9%), 
suggesting a compressive strain along X direction, whereas tensile strain is assumed 
along the Y direction ([112�0] α-Al2O3) due to the relatively small lattice parameter of 
TiO2 along this direction compared to that of α-Al2O3 (lattice mismatch: +3.5%). (b) 
Schematic crystal lattice of rutile R-SnO2 on (11�00) α-Al2O3. The lattice parameter of 
SnO2 along [100] direction is extremely larger than that of α-Al2O3 along [0001] (lattice 
mismatch: −9.2%) suggesting a compressive strain along X direction, whereas the 
lattice mismatch along Y direction is almost absent (+0.5%), resulting in the negligible 
tensile strain. (c) Schematic crystal lattice of rutile R-VO2 on (11�00) α-Al2O3. The 
strain conditions of VO2 are similar to these of R-TiO2. Compressive and tensile strains 
are assumed along X and Y directions, respectively. 
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Chapter 2. Room Temperature Insulator-to-Metal Transition 

of VO2/TiO2 Epitaxial Bilayer Films Grown on M-plane 

Sapphire Substrates 

2.1. Objective of this chapter 

Vanadium dioxide (VO2) shows first-order phase transition from monoclinic phase to 

tetragonal rutile phase. Due to the different optoelectronic properties of these two 

phases, VO2 is a promising candidate as the active materials of thermochromic smart 

windows, bolometer, etc [1, 2]. However, the Tc of bulk VO2 is rather high 341 K (68 °C) 

and therefore, needs to be decreased down to near temperature for practical applications. 

Although Tc can be reduced to room temperature (RT) if rutile TiO2 crystal is used as 

the substrate [3], it is not technologically viable for large scale applications because of 

the size limitation of available TiO2 crystal [4].  

 

To overcome this issue, materials applicable in optical applications, which can also be 

synthesized in large-scale, is required as the substrate to support the growth of VO2. In 

this regard, α-Al2O3 shows excellent transmittance in both visible and infrared light. The 

large-scale synthesis of α-Al2O3 is also allowed by various growth techniques [5, 6]. 

Moreover, (11�00)-oriented α-Al2O3 is verified to support the epitaxial growth of rutile 

TiO2 films [7, 8]. Therefore, the Tc of VO2 films on TiO2 buffered α-Al2O3 would be of 
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interest to the optoelectronics community since it can potentially provide an important 

step towards realizing practical VO2-based devices. 

 

In this chapter, the effectiveness of TiO2-buffered α-Al2O3 substrates on the reduction 

of Tc of VO2 were verified by fabricating VO2 films with different thickness on 200-nm-

thick TiO2-buffered (11�00) α-Al2O3 substrates (Figure 2-1(a)). The 5.5-nm-thick VO2 

film on 200-nm-thick TiO2-buffered sapphire substrate showed clear insulator-to-metal 

transition at a near room temperature of ~305 K (32 °C). Additionally, a strain induced 

orthorhombic distortion were observed. To further investigate such distortion on 

insulator-to-metal transition (IMT) behavior of VO2,  VO2/TiO2 bilayer films with 

varied TiO2 thicknesses were fabricated as shown in Figure 2-1(b). experimental results 

demonstrate that  the IMT behavior is sensitive to the orthorhombic distortion. 

Extremely large distortion will suppress the IMT of VO2, due to the carrier generation. 

This systematic study on the effect of in-plane lattice distortion on the insulator-to-metal 

transition of VO2 would be useful for the practical application of VO2 as an active 

material of smart window. 

 

2.2. Experimental 

Sample preparation: The bilayer films of VO2/TiO2 were grown on (11�00) α-Al2O3 

substrate by pulsed laser deposition (PLD) method. Firstly, rutile TiO2 layer was 
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deposited on (11�00) α-Al2O3 (10 × 10 × 0.5 mm) substrates at 500 °C in an oxygen 

atmosphere of 1.5 Pa by irradiating a KrF excimer laser (λ = 248 nm, fluence ~ 0.8 J 

cm−2 pulse−1, repetition rate = 10 Hz) on a ceramic TiO2 target. To minimize the 

interdiffusion between VO2 and TiO2 layer and keep the magnitude and sharpness of the 

metal-to-insulator transition, the deposition temperature of VO2 layer was set at 450 °C, 

slightly lower than that of TiO2 deposition while other conditions remained unchanged.  

 

Crystallographic analyses: The film thickness, crystallographic orientation, and lattice 

parameters were analyzed by using the high-resolution X-ray diffraction (XRD, ATX-G, 

Rigaku Co.) with Cu Kα1 (λ = 0.154059 nm) radiation. All measurements were 

performed at room temperature. 

 

Electrical property measurements: Electrical resistivity, carrier concentration, and Hall 

mobility were measured by dc four-probe methods with van der Pauw electrode 

configuration in air. Thermopower was measured by the steady-state method. A 

temperature difference of 3 − 4 K was generated by a pair of Peltier devices under the 

specimen. The resulting thermoelectromotive force (ΔV) and temperature difference (ΔT) 

were measured by a digital multimeter (R6552, Advantest Co.) and two thermocouples, 

respectively. Thermopower (S) was calculated from the slope of ΔV − ΔT plots. 
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2.3. Result and discussion 

Figure 2-2(a) shows the out-of-plane XRD patterns of the resultant VO2 films 

(thickness: 5.5 − 40 nm) grown on ~200-nm-thick TiO2 buffered (11�00) α-Al2O3 single 

crystal substrates. Intense diffraction peaks of 002 TiO2, 002 VO2, and 33�00 α-Al2O3 are 

seen at qz = 6.76 nm−1, 6.98 nm−1, and 7.28 nm−1, respectively, indicating strong 00l 

orientation of the VO2/TiO2 bilayer. No other peak is detected in the wide range XRD 

pattern (Figure 2-3), indicating no other preferential orientation in all samples. The out-

of-plane diffraction peak position of VO2 is insensitive to the thickness, which is due to 

the asymmetric biaxial strain in the in-plane direction we will discuss later. Noting that 

the slight random shift of peaks may be due to the interference of the VO2 and TiO2 

peaks [9]. 

 

To clarify the lattice strain in VO2 films, the in-plane XRD measurements were 

performed for the resultant films. Figure 2-2(b) shows the in-plane XRD patterns of 

(upper) 28-nm-thick and (lower) 5.5-nm-thick VO2 on 200-nm-thick TiO2 buffered 

(11�00) α-Al2O3 substrates. Only intense diffraction peaks of 040 and 400 VO2/TiO2 are 

seen together with 224�0 and 00012 α-Al2O3, respectively, indicating that heteroepitaxial 

growth of VO2/TiO2 bilayer occurred with an epitaxial relationship of (001)[010] 

VO2||(001) TiO2||(11�00)[0001] α-Al2O3. It should be noted that the diffraction peak 

position of 400 and 040 is different when VO2 is 5.5 nm (Figure 2-2(b) lower), 
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indicating orthorhombic distortion due to the asymmetric in-plane lattice parameters of 

(11�00) α-Al2O3 (Figure 2-2(c)). The peak positions of 400 and 040 gradually approach 

the same position (q/2π ~8.8 nm−1) with increasing thickness, suggesting lattice 

relaxation occurs when VO2 is 28 nm (Figure 2-2(b) upper).  

 

Figure 2-4 summarizes the changes in the lattice parameters and distortion of VO2 

films. The out-of-plane lattice parameter c is almost constant at ~0.286 nm, whereas the 

in-plane lattice parameters a and b show decreasing tendencies with increasing VO2 

thickness until the VO2 thickness reaches 20 nm. When the VO2 thickness is thicker 

than 20 nm, a and b lattice parameters become constant (~0.455 nm). Here the ratio of 

in-plane lattice parameters, b/a was defined as a metric to quantify the distortion 

(Figure 2-4(c)) to visualize the in-plane lattice distortion. The b/a decreases with 

increasing thickness when the VO2 thickness is thinner than 20 nm, indicating that the 

lattice of thinner VO2 film is largely distorted in this regime. 

 

In order to further increase the lattice distortion, 10-nm-thick VO2 films were grown 

on the 10 − 200-nm-thick TiO2 buffers on (1 1� 00) α-Al2O3 substrates. The lattice 

parameters and distortion b/a are shown in Figure 2-4(b) and 4(d), respectively. As 

TiO2 thickness decreases, the difference between lattice parameters a and b further 

increases, ranging from ~1.005 to 1.027. 
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Figure 2-5 summarizes the temperature dependences of the electrical resistivity (ρ) of 

the resultant VO2 films grown on TiO2-buffered (11�00) α-Al2O3 substrates. Insulator-to-

metal transition behavior is clearly observed in most cases (Figure 2-5(a) and 5(c)) with 

clockwise hysteresis. It should be noted that the Tc systematically changed with the 

thickness of VO2 (Figure 2-5(a), on 200-nm-thick TiO2) and TiO2 (Figure 2-5(b), VO2 

thickness is fixed at 10 nm). Figure 2-5(b) and 2-5(d) visualize the Tc and hysteresis 

width (ΔTc) as a function of the VO2 thickness and the TiO2 thickness, respectively. The 

Tc gradually decreases from ~320 (~47 °C) to ~305 K (~32 °C) with decreasing the VO2 

thickness from 40 to 5.5 nm (Figure 2-5(b) upper). The lowest Tc of 32 °C is similar to 

that of VO2 films grown on TiO2 substrate [10, 11]. Thus, the Tc was successfully reduced 

to near RT using 200-nm-thick TiO2-buffered (11�00) α-Al2O3 as the substrates. Since Tc 

gradually increases with decreasing TiO2 thickness (Figure 2-5(d) upper), thicker TiO2 

buffer layer needs to be used to reduce Tc.  

 

On the other hand, when VO2 thickness is thicker than 10 nm, ΔTc is almost constant 

(~4 K) whereas it increases when thickness is thinner than 10 nm (Figure 2-5(b) lower). 

Further, ΔTc slightly decreases with decreasing TiO2 thickness (Figure  2-5(d) lower), 

and the resistivity ratio of insulating phase/metallic phase of 10-nm-thick VO2 film on 

thinner (10 nm) TiO2-buffered (11�00) α-Al2O3 substrate is small (~101) as compared to 

the others (103 − 104). To clarify the origin of the small resistivity ratio, the temperature 

dependence of thermopower (S) of the VO2 films was measured (Figure  2-6(a) and 
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6(b)) since S is a great measure of the carrier concentration; All samples show negative 

S indicating that the majority carrier is electrons; |S| decreases with increasing carrier 

concentration [12, 13]. Similar to the resistivity, clockwise change of |S| is observed in all 

cases except the 10-nm-thick VO2 film on 10-nm-thick TiO2-buffered (11�00) α-Al2O3 

substrate. |S| of the 10-nm-thick VO2 film on 10-nm-thick TiO2-buffered (11�00) α-Al2O3 

substrate is always small (~30 μV K−1) as compared to the other samples, which show 

drastic change in |S| from ~500 (insulating phase) to ~30 μV K−1 (metallic phase). These 

results suggest that carrier concentration of the 10-nm-thick sample is much higher than 

the other samples. 

 

Here, a discussion of the origin of the carrier generation in the 10-nm-thick sample 

was proposed. As shown in Figure 2-4(c) and 4(d), there is an in-plane lattice distortion 

in the VO2 films. The 10-nm-thick sample showed largest distortion (b/a = 1.027). A 

hypothesis that in-plane lattice distortion induced oxygen vacancy generation occurred 

was raised [14]; introduction of oxygen vacancy in VO2 would originate carrier 

generation. In order to clarify the hypothesis, the Hall effect measurements of the VO2 

samples were performed at room temperature. Notably, the results show that distorted 

VO2 is still n-type semiconductor with electrons as the majority carrier, which is 

consistent with the result of thermopower measurement. Figure 7 plots the observed 

carrier (electron) concentration and Hall mobility as a function of the lattice distortion. 

With increasing the lattice distortion, the carrier concentration drastically increases and 
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the Hall mobility slightly decreases. Based on these results, it was concluded that the 

carrier concentration of VO2 film increases when the TiO2 buffer layer is thin due to 

large lattice distortion.  

 

2.4. Conclusion 

In this study, it was found that the Tc of VO2 films can be reduced to near room 

temperature by using M-plane sapphire as the substrate. VO2/TiO2 bilayer films with 

varied thicknesses were fabricated on (11�00) α-Al2O3 substrates. The 5.5-nm-thick VO2 

film on 200-nm-thick TiO2 buffered sapphire substrate showed clear insulator-to-metal 

transition at ~305 K (32 °C). It was also found that the insulator-to-metal transition is 

sensitive to the in-plane lattice distortion, which induces carrier generation. The 

systematic study of this chapter on the effect of in-plane lattice distortion on the 

insulator-to-metal transition of VO2 would be useful for the practical application of VO2 

as an active material of smart window. 
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Figure 2-1. Hypothesis of the lattice mismatch induced strain of VO2 epitaxial films. 
(a) VO2 films on 200-nm-thick TiO2 epitaxial films. (b) 10-nm-thick VO2 films on TiO2 
epitaxial films with various thicknesses. It was expected that the VO2/TiO2 bilayer films 
are highly strained when both layers are extremely thin, and the strain would 
significantly affect the insulator-to-metal transition of VO2 epitaxial films.  
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Figure 2-2. Crystallographic orientation and lattice mismatch. (a) Out-of-plane 
XRD patterns of the VO2 (5.5 − 40 nm)/TiO2 (200 nm) epitaxial bilayer on (11�00) α-
Al2O3 substrate. The diffraction peak position of 002 VO2 is independent of the 
thickness. (b) In-plane XRD patterns of (upper) 28-nm-thick VO2/TiO2 (200 nm) bilayer 
and (lower) 5.5-nm-thick VO2/TiO2 (200 nm) bilayer films on (11�00) α-Al2O3 substrate. 
The dashed lines indicate the diffraction peak positions of VO2 layer. (c) The epitaxial 
relationship between (001) rutile TiO2 and (11�00) α-Al2O3. 
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Figure 2-3. Out-of-plane XRD patterns of the 5.5 − 40-nm-thick VO2 films on 200-
nm-thick TiO2-buffered (𝟏𝟏𝟏𝟏�𝟎𝟎𝟎𝟎) α-Al2O3 substrates. Only three diffraction peaks are 
detected.  
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Figure 2-4. Lattice parameters and distortions. VO2-thickness dependence of (a) the 
lattice parameters and (c) distortion of VO2 epitaxial films grown on 200-nm-thick TiO2 
films. TiO2-thickness dependence of (a) the lattice parameters and (c) distortion of 10-
nm-thick VO2 epitaxial films grown on TiO2 films with various thicknesses. The lattice 
parameters are extracted from XRD patterns of Figure 2-2 and 2-3. The distortion is 
defined as the ratio of in-plane lattice parameters, b/a.  
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Figure 2-5. Electrical resistivity. (a) Temperature dependences of electrical resistivity 
(ρ), (b, upper) metal-to-insulator transition temperature (Tc), and (b, lower) thermal 
hysteresis width (ΔTc) of VO2 films (5.5 − 40 nm) on 200-nm-thick TiO2 films. The 
arrows indicate the direction of the hysteresis is clockwise. Tc and ΔTc are defined as 
average and difference of Tc, cooling and Tc, heating, respectively. Tc, cooling and Tc, heating are 
extracted from ρ−T curve. The Tc gradually increases with VO2 thickness, whereas ΔTc 
drops from ~9 K to ~4 K when thickness increases from 5.5 nm to 10 nm. (c) 
Temperature dependences of ρ, (d, upper) Tc, and (d, lower) ΔTc of 10-nm-thick VO2 
films on TiO2 films with various thicknesses. The Tc gradually decreases with TiO2 
thickness, whereas ΔTc slightly increases from ~3 K to ~4.5 K.  
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Figure 2-6. Thermopower. (a) Temperature dependence of thermopower (S) of VO2 
films (5.5 − 40 nm) on 200-nm-thick TiO2 films. The absolute value of thermopower is 
small when VO2 thickness is thinner than 10 nm. (b) Temperature dependence of 
thermopower (S) of 10-nm-thick VO2 films on TiO2 films with various thicknesses. The 
absolute value of thermopower decreases with decreasing TiO2 thickness. The red and 
blue lines correspond to the heating and cooling process, respectively.  
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Figure 2-7. Lattice distortion induced carrier generation. (a) Carrier concentration 
(n) and (b) Hall mobility (μHall) of the 10 nm VO2 films grown on 10-, 60-, 150-, and 
200-nm-thick TiO2-buffered ( 11�00 ) α-Al2O3 substrates as the function of lattice 
distortion b/a. The point of the slightly distorted VO2 (b/a = ~1) is 28-nm-thick 
VO2/200-nm-thick TiO2 sample, which is used for reference.  
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Chapter 3. Suppression of Strain Relaxation in VO2/TiO2 

Multilayered Films 

3.1. Objective of this chapter 

As noted in the previous chapters, the phase transition of VO2 occurs between 

insulating monoclinic phase (M-VO2, space group: P21/c) and metallic rutile phase (R-

VO2, space group: P42/mnm) reversibly. The latter is isostructural with the rutile TiO2. A 

very small lattice mismatch (~0.9%) between (001) R-VO2 and (001) R-TiO2 stabilizes 

R-VO2 lattice at room temperature. Thus, the Tc of epitaxial VO2 film is significantly 

reduced by using (001) TiO2 substrate [1]. In addition to the use of TiO2 substrate, the 

use of TiO2 buffer layer that grown on other substrate has been experimentally proved to 

show the similar effect [2-4], which has been verified in previous chapter . 

 

However, for VO2 film grown on TiO2 substrate, there is still an issue to be addressed; 

high strain condition is needed for stabilization of R-VO2, nevertheless strain relaxation 

occurs when thickness exceeds a critical thickness (tc ~15 nm). Even worse, for VO2 

grown on TiO2, the strain is relaxed through crack formation instead of generating 

dislocation (Figure 3-1(a)). Such cracks destroy the uniformity of film and show higher 

resistance in local and disturbs the homogeneity of current flow, eventually resulting in 

the uncontrollability of IMT behavior that limits the practical optoelectronic application 
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of VO2 
[5-13]. To overcome this problem, deceleration of the strain relaxation should be a 

feasible way. To be specific, a method so-called strain compensation layer (SCL), which 

resists strain changes through insertion of a middle layer, has been widely studied in the 

InGaAs/GaAs and other zinc blende heteroepitaxial structures and demonstrated high 

effectiveness [14-16]. 

 

In this chapter, the SCL of TiO2 was applied in order to maintain the strain condition 

of VO2 even if the overall thickness of VO2 films exceeds the tc. Here, the result 

demonstrated that insertion of a TiO2 overlayer between VO2 layers (Figure 3-1(b)) is 

an excellent way to maintain the tc around room temperature while overall VO2 

thickness exceeds ~50 nm. The present results provide a feasible method to control the 

crack formation and IMT behaviors of VO2 films, which would be beneficial to the 

development of thermochromic device of strained VO2. 

 

3.2. Experimental 

VO2/TiO2 multilayered film growth: The single-layer VO2 and multi-layer VO2/TiO2 

were grown on (001) rutile TiO2 single crystal substrates (10 × 10 × 0.5 mm) by pulsed 

laser deposition (PLD). A KrF excimer laser (λ = 248 nm, fluence ~ 1.0 J cm−2 pulse−1, 

repetition rate = 10 Hz) was used to ablate on V2O5 and TiO2 ceramic targets for the 

deposition of VO2 and TiO2 film. To facilitate the cyclic growth of multi-layer film, the 
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growth conditions (PO2 and Tsub) of both VO2 and TiO2 were fixed to 1.5 Pa and 370 °C. 

The thickness of each film was controlled by the deposition time and verified by X-ray 

reflectivity measurements. After the film growth, the film was naturally cooled to room 

temperature at the same pressure. 

 

Crystallographic analyses: The film thickness was measured by X-ray reflectivity 

(XRR). The crystallographic orientation and strain condition were analyzed by high-

resolution X-ray diffraction (ATX-G, Rigaku Co.) with monochromatic Cu Kα1 (λ = 

0.154059 nm) radiation at room temperature. 

 

Morphology observations: Topographic morphologies of the resultant films were 

observed by atomic force microscopy (AFM, Nanocute, Hitachi Co.) at room 

temperature. 

 

Electrical resistivity measurements: The temperature dependence of electrical 

resistivity (ρ−T curve) was measured by dc four-probe methods with van der Pauw 

electrode configuration. The temperature was controlled by using the Peltier device and 

measured by the K-type thermocouple mechanically attached to the sample surface. 
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3.3. Result and discussion 

Since the growth condition may also affect the IMT behaviors of VO2 film, for 

consistency, the reproduction of crack formation of VO2 film grown on TiO2 substrate 

and its effect on the IMT behavior of VO2 were first investigated. Figure 3-2(a) shows 

the temperature dependence of resistivity (ρ−T) of single layer VO2 films (upper: 8 nm, 

lower: 15 nm) grown on (001) TiO2 substrate. The ρ−T curves show that the clockwise 

IMT occurs in both films. Although the IMT behavior of 8-nm-thick VO2 is sharp and 

the Tc is ~292 K, 15-nm-thick VO2 shows a gradual and multistep IMT with Tc of ~313 

K. Such multistep behavior with higher Tc is attributed to the microcrack on the VO2 

surface [5, 8, 10, 13, 17]. In order to visualize the microcrack, topographic AFM observations 

were performed (Figure 3-2(b) and 2(c)). Rather smooth surface was observed in the 

case of 8-nm-thick VO2 film with the root mean square roughness (Rrms) of 0.25 nm 

(Figure 3-2(b)). On the other hand, several gridded cracks were observed in the case of 

15-nm-thick VO2 film (Figure 3-2(c)), well consistent with its gradual and multistep 

IMT. Thus, the harmful effects of cracks on IMT behavior of VO2 films has been 

confirmed. 

 

Here the effectiveness of TiO2 SCL on crack suppression and further discuss its 

thickness dependence on IMT behavior of VO2 films were examined. First, a series of 

VO2 (8 nm)/TiO2 (x nm)/VO2 (8 nm) trilayer films (x = 2, 4, 9, and 65) were 
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heteroepitaxially grown on (001) TiO2 substrates under the same conditions of VO2 

single layer films. Figure 3-3(a) summarizes the ρ−T curves of the resultant trilayer 

films. Although the x = 2 trilayer showed gradual and multistep IMT, the other trilayer 

films (x = 4, 9, and 65) showed clear clockwise IMT behavior. Correspondingly, several 

cracks were observed in the topographic AFM image of the x = 2 trilayer (Figure 3-

3(b)). On the contrary, no crack was observed in the topographic AFM images of the x = 

4, 9, and 65 trilayer films (Figure 3-3(c), (d) and (e)). Thus, TiO2 SCL suppresses the 

crack formation when it becomes thick and therefore, the VO2/TiO2/VO2 trilayer shows 

clear clockwise IMT behavior. Since the x = 4 trilayer film showed slightly broader 

clockwise IMT behavior, it was concluded that use of ~9-nm-tihck TiO2 SCL is useful 

for the strain compensation and crack suppression for VO2 films. 

 

Second, the effectiveness of TiO2 SCL on maintaining clear clockwise IMT behavior 

was verified, even when the overall VO2 thickness is ~50 nm, far thicker than the tc. The 

VO2 (~8 nm)/TiO2 (~9 nm) multilayered (ML) films were fabricated on (001) TiO2 

substrates with varying the lamination number. Figure 3-4 summarizes the ρ−T curves 

of the ML films. Overall, the Tc gradually increased with the number of lamination 

increases. As already mentioned above, the 8-nm-thick VO2 single layer (Figure 3-4(a)) 

and the trilayer (Figure 3-4(b)) showed clear clockwise IMT behavior. When the 

lamination number increased, two-step IMT behavior was observed in the heating 

direction; For three times laminated ML (Figure 3-4(c)), the first IMT (low temperature 
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side, IMTL) occurred at 285 K and the second IMT (high temperature side, IMTH) 

occurred at 307 K. When the lamination number increased, the IMTL gradually 

increased with the lamination number increased, whereas the IMTH did not change. On 

the other hand, the increase behavior of ρ became broader in the cooling direction with 

the lamination number increases. These phenomena are different from the crack-induced 

multistep IMT revealed in the previous section (Figure 3-2(a) and 3-3(a)).  

 

Indeed, in addition to the crack-induced multistep IMT, there are several reports of 

multiphase related such behavior [1, 18, 19]. For multilayer films in this study, the top VO2 

layer and middle VO2 layer may exhibit different Tc owning to the delay of heat transfer 

or even the difference state themselves. The former was excluded by the consistency of 

the IMT curves under different cooling/heating rate (Figure 3-5). For the latter, a TiO2 

(9 nm)/VO2 (8 nm) bilayer film was fabricated on (001) TiO2 substrate and measured 

the ρ−T curve (Figure 3-6(a)). It is obvious that the IMT behavior of bilayer film is 

different from single layer VO2 (8 nm) and the x = 65 trilayer film (Figure 3-6(b)), 

indicating the possibility of multiphase-induced multistep IMT. Furthermore, 

considering that the top VO2 layer and middle VO2 layer can be simplified as a parallel 

circuit, the ρ−T curve of the five times laminated ML can be simulated (Figure 3-6(c)), 

based on the ρ−T curve of TiO2/VO2 bilayer film and the x = 65 trilayer film, due to the 

clear multistep IMT and similar overall thickness (Thickness of the five times laminated 

ML is ~76 nm while that of the x = 65 trilayer film is ~81 nm). The simulated multistep 
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IMT is similar to the observed ρ−T curve (Figure 3-6(d)), emphasizing that the 

multistep IMT in these ML films originates from the different state between top VO2 

layer and middle VO2 layer.   

The Tc of the resultant ML films as a function of the overall VO2 thickness was 

summarized as shown in Figure 3-7(a). Since the heating process shows two-step IMT, 

they were plotted separately. The Tc gradually increased with increasing thickness in 

both heating and cooling process. It should be noted that the three times laminated ML 

showed relatively low IMTL in heating that is close to the Tc in cooling. Subsequently, 

IMTL gradually increased and approached to IMLH as the thickness increases. 

Considering the ML films with increasing the number of laminations has more middle 

VO2 layers, such shift is most likely due to a rise in the contribution of the middle VO2 

layer. Lastly, if comparing the Tc of the ML films and the single layer VO2 films grown 

on (001) TiO2 substrates (Figure 3-7(b)) [11, 17, 18], it is obvious that the ML films exhibit 

a more regular change trend as well as overall low Tc, compared to the single layer VO2 

films. 

 

3.4. Conclusion 

In this chapter, the effectiveness of TiO2 SCL on suppression of crack formation and 

stabilization of IMT behavior of VO2 films grown on TiO2 substrate was investigated. 

The results clarified that the thickness induced crack formation in single layer VO2 film 
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can be suppressed through middle insertion of TiO2 SCL with thickness exceeding 9 nm. 

Consequently, sharp IMT behaviors with Tc around room temperature were still 

observed in such multilayer film although the overall VO2 thickness exceed critical 

thickness. Additionally, the relation between IMT behavior and lamination number was 

also explored. Multistep IMT behaviors in heating process were observed for ML films 

with middle lamination number (3/2, 4/3, and 5/4), possibly attributed to the difference 

between top and middle VO2 layer. Lastly, with increasing lamination number, the Tc 

can be regulated smoothly around room temperature, ranging from 292 to 302 K. This 

study provides an idea to solve the crack problem of VO2 films grown on TiO2 

substrates and may facilitate the research on VO2-based thermochromic application. 
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Figure 3-1. Hypothesis. (a) VO2 single layer growth. When the VO2 layer thickness 
exceeds the critical thickness (tc ≈ 15 nm), the VO2 lattice is relaxed and the rutile (R) 
lattice becomes monoclinic (M) lattice. The lattice strain is released through crack 
formation. (b) The hypothesis of crack formation suppression of VO2 film by fabricating 
epitaxial VO2/TiO2 multilayer. We expected that the TiO2 strain compensation layer 
(SCL) maintains the strain condition of VO2.  
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Figure 3-2. Insulator-to-metal transition behavior of VO2 epitaxial films on (001) 
TiO2 substrates. (a) Temperature dependence of the electrical resistivity for (upper) 8-
nm-thick VO2 epitaxial film and (lower) 15-nm-thick VO2 epitaxial film. Although clear 
IMT with clockwise hysteresis is clearly seen in 8-nm-thick VO2, 15-nm-thick VO2 
does not show clear hysteresis. (b, c) Topographic AFM images of (b) the 8-nm-thick 
VO2 and (c) the 15-nm-thick VO2 epitaxial films. Many cracks are seen in (c) and 
marked as the dashed line.  
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Figure 3-3. Change in the IMT behavior of 16-nm-thick VO2 films with insertion of 
TiO2 overlayer. (a) ρ−T curves. Although 2-nm-thick TiO2 overlayer insertion does not 
affect the IMT behavior, clear recovery of the IMT behavior is seen when the TiO2 SCL 
thickness exceeds 4 nm. (b−e) Topographic AFM images of the TiO2 SCL inserted 
VO2/TiO2/VO2 films with varied TiO2 SCL thickness. (b) 2 nm, (c) 4 nm, (d) 9 nm, and 
(e) 65 nm. Cracks are seen in (b) and marked as the dashed line.  
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Figure 3-4. Change in the IMT behavior of the 8-nm-thick VO2/9-nm-thick TiO2 
multilayered (ML) films. (a) VO2 single layer, (b) trilayer film, (c) three times 
laminated film, (d) four times laminated film, (e) five times laminated film, (f) six times 
laminated film.  
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Figure 3-5. ρ−T curves measured with different heating/cooling rate. (a) three times 
laminated film. (b) five times laminated film.  
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Figure 3-6. Clarification of multistep IMT behavior. ρ−T curves of (a) TiO2/VO2 
bilayer film, (b) 8-nm-thick single layer VO2 film, and trilayer film with 65-nm-thick 
TiO2 layer. (c) The simulated ρ−T curve of five times laminated film based on the 
parallel circuit model by combining the ρ−T curve of TiO2/VO2 bilayer and trilayer film 
with 65-nm-thick TiO2 layer. (d) The measured ρ−T curve of five times laminated film 
for comparison. The insets are the corresponding differential curves (dlog(ρ)/dT).  
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Figure 3-7. The critical temperature (Tc) of ML films. (a) The Tc of ML films as the 
function of the overall thickness of VO2 layer. IMTH denotes Tc of higher temperature in 
heating process. IMTL denotes Tc of lower temperature in heating process. IMTcooling 
denotes Tc in cooling process. IMTave denotes average Tc. (b) Comparison of the avenge 
Tc.  
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Chapter 4. Orthorhombic Distortion-induced Anatase-like 

Optoelectronic Properties of Rutile TiO2 

4.1. Objective of this chapter 

In chapter 2, a strain induced orthorhombic distortion was observed in VO2/TiO2 

films grown on  (11�00) α-Al2O3 substrates and the effects of such distortion on IMT 

behavior of VO2 was investigated. In fact, TiO2 itself is a traditional rutile structured 

material, which is expected to introduce such distortions to modulate its physical 

properties. In this chapter,  a systematic study was conducted on it. 

 

Titanium dioxide (TiO2) is an active material for photocatalytic water splitting. The 

optical bandgap (Eg) of TiO2 is 3.1 − 3.3 eV, which is close to the maximum energy of 

visible light (~3.1 eV) [1-3]. Fundamentally, Eg of TiO2 is composed of the Ti 3d-based 

conduction band minimum (CBM) and the O 2p-based valence band maximum (VBM). 

When TiO2 absorbs light (photon energy >Eg), the valence electron is excited to the 

conduction band, generating a positive hole in the valence band. The conduction 

electron reduces water while the hole oxidizes it [4-7]. In addition, the photocatalytic 

activity strongly depends on the crystal structure of TiO2 because the electronic 

structure is affected by the crystal structure [8-12]. Thus, understanding the correlation 

between the electronic and crystal structures is essential to extract the functional 
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properties of TiO2. 

 

In this chapter, a series of 0.5%Nb:TiO2 films with various thickness were fabricated 

on (11� 00) α-Al2O3 substrates. Subsequently, their crystallographic information and 

optoelectronic properties were investigated.  The results suggest that the orthorhombic 

lattice distortion was successfully introduced into TiO2 films and degree of such 

distortion was controlled by the film thickness. Correspondingly, with increasing 

orthorhombic lattice distortion, rutile 0.5%Nb:TiO2 epitaxial films exhibit anatase-like 

optoelectronic properties. The present observations provide insight into regulating the 

physical properties of TiO2 and should be beneficial for designing TiO2-based 

photocatalysts and transparent conducting electrodes. 

 

4.2. Experimental 

Sample preparation: The target was a 0.5%-Nb-doped TiO2 ceramic disk. Pulsed laser 

deposition (PLD) with a KrF excimer laser (λ = 248 nm, laser fluence ~1.0 J cm−2 

pulse−1, repetition rate = 10 Hz) was used to fabricate 0.5%-Nb-doped TiO2 films on (11� 

00) α-Al2O3 single crystal substrates, where the slight doping is to provide the donor 

dopant to facilitate further electronic measurements. Such low-level doping does not 

affect the lattice structure significantly [13, 14]. During film growth, the substrate 

temperature and oxygen pressure were kept constant at 500 °C and 5 × 10−3 Pa, 
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respectively. Adjusting the deposition time controlled the film thickness. 

 

Crystallographic analyses: The film thickness, crystallographic orientations, and lattice 

parameters were determined using high-resolution X-ray diffraction (XRD, ATX-G, 

Rigaku) with Cu Kα1 (λ = 0.154059 nm) radiation. Both out-of-plane and in-plane 

measurements were performed to extract the lattice parameters. The atomic arrangement 

of the resultant films was visualized using STEM (ARM200CF, JEOL Co. Ltd) operated 

at 200 keV. HAADF-STEM images were taken with the detection angle of 68 − 280 

mrad. All measurements were conducted at room temperature. 

 

Electrical and optical properties measurements: The electrical resistivity (ρ), carrier 

concentration (n), and Hall mobility (μHall) at room temperature were measured by the 

dc four-probe method with the van der Pauw electrode configuration in air. The 

temperature-dependent electrical resistivity (ρ−T), carrier concentration (n−T), and Hall 

mobility (μHall−T) were performed using the same configuration in a vacuum and a 

variable temperature of 10−300 K. The thermopower (S) of the films in the in-plane 

direction was measured by the conventional steady-state method. The transmission and 

reflection spectra in the 200 − 1600 nm wavelength range were measured by a 

spectrophotometer (SolidSpec-3700, Shimadzu).  

 

X-ray Absorption Spectroscopy (XAS) measurements: XAS measurements were 
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performed at the 2A beamline of the Pohang Accelerator Laboratory (PAL) with the 

grazing incidence (22.5°) configuration in the total-electron-yield (TEY) mode. The Ti 

L-edge spectra were measured at room temperature. 

 

Density Functional Theory (DFT) calculations: DFT calculations were performed with 

the projector augmented wave method implemented in the Vienna Ab initio Simulation 

Package (VASP) program [15, 16]. For the exchange-correlation term of the electrons, the 

generalized gradient approximation (GGA) parameterized by Perdew, Burke, and 

Ernzerhof was used [17]. The electrons were 3p6, 3d2, and 4s2 for Ti and 2s2 and 2p4 for 

O. To describe the localized features of the Ti-3d orbitals, the GGA+U method was 

employed, where the onsite Coulomb repulsion was considered with an effective 

parameter of U = 7.0 eV for Ti 3d [18, 19]. X. Han et al. suggested the optimum choice of 

the U parameter for TiO2 [19]. The electronic wavefunctions were expanded by plane 

waves up to a cutoff energy of 500 eV. Brillouin zone integration was performed with 

the Monkhorst-Pack mesh of 4×4×6 for the unit cell of rutile TiO2. The structure was 

optimized until the atomic forces converged to less than 0.01 eV/Å. The calculated 

lattice parameters of a = 0.469 nm and c = 0.305 nm slightly overestimated the 

experimental data [20], but the trends were similar to those in previous GGA calculations 

[19]. 

 

The present GGA+U calculations indicated that rutile TiO2 had a direct theoretical Eg 
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of 2.30 eV at the Γ point. To evaluate effective masses (m*) of electrons in rutile TiO2, 

the energy dispersion curves at the CBM were obtained around the Γ point for the rutile 

TiO2 unit cell (structure-optimized as above) using a k-point mesh density toward a 

particular symmetric point of more than 4.2 nm. Subsequently, parabolic curve fitting 

for five k-points centered at Γ was performed, and the m* values of electrons were 

obtained from the second partial derivatives of the parabolic fitting curves [21].  

 

Although the theoretical Eg (2.30 eV) of bulk rutile TiO2 underestimated the 

experimental value (3.03 eV) [22], which is a standard feature of GGA-related DFT 

calculations, such a small theoretical Eg may also affect the theoretical m*. To evaluate 

the effect of the theoretical Eg on m*, hybrid-functional calculations only at the Γ point 

were also performed using the hybrid density functional proposed by Heyed, Scuseria 

and Ernzerhof (HSE06) [23, 24]. The Eg of 3.20 eV calculated by HSE06 reproduced the 

experimental Eg value better than that by the GGA+U calculations. However, the 

calculated m* of 1.168 for Γ to X and 0.414 for Γ to M were slightly smaller than the 

corresponding GGA+U values of 1.672 and 0.588, respectively (Table 4-1). However, 

these differences do not affect the conclusion of this paper. Since hybrid functional 

calculations are computationally demanding, the GGA+U calculations were mainly used 

to investigate m* in distorted rutile TiO2. 
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4.3. Result and discussion 

4.3.1. Epitaxial film growth of rutile Nb:TiO2 with orthorhombic distortion 

Figure 4-1 depicts the lattices of (001) rutile TiO2 and (11�00) α-Al2O3 crystals. The 

epitaxial relationship is (001) [100] TiO2 || (1 1� 00) [0001] α-Al2O3. Due to the 

anisotropic lattice parameter of (11�00) α-Al2O3 in the in-plane directions, the rutile TiO2 

lattice sustains compressive strain along [100] (lattice mismatch: −5.9%), whereas 

tensile strain occurs along [010] (lattice mismatch: +3.5%). Figure 4-2 summarizes the 

crystallographic characterization of the resultant Nb:TiO2 films on (11� 00) α-Al2O3 

substrates. The out-of-plane XRD patterns exhibit intense 002 diffraction peaks of rutile 

Nb:TiO2 and those of 33�00 α-Al2O3 substrate (Figure 4-2(a)), indicating a high c-axis 

orientation. As the thickness increases, the 002 peak shifts toward the smaller scattering 

vector and approaches the bulk position (dashed line), which suggests an increasing 

trend of the lattice parameter c (Figure 4-2(c)). The in-plane XRD patterns (Figure 4-

2(b)) have different peak positions for the 400 (upper) and the 040 (lower). The 400 

diffraction peaks of Nb:TiO2 are seen together with those of 00012 α-Al2O3 substrates at 

~qx/2π = 8.75 nm−1. This is slightly larger than that of bulk (dashed line), but the 400 

peaks are independent of thickness. In contrast, the 040 diffraction peaks of Nb:TiO2, 

which are seen together with 224�0 α-Al2O3 substrates, shift toward a larger scattering 

vector as the thickness increases and approach ~qy/2π = 8.67 nm−1. This value is slightly 

smaller than that of the bulk (dashed line). 
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Figure 4-2(d) summarizes the in-plane lattice parameters a and b as functions of the 

film thickness. Note that the lattice parameters of the 10-nm-thick and 20-nm-thick 

samples were extracted from the 200 Nb:TiO2 and 020 Nb:TiO2 diffraction peaks due to 

the weak peak intensities of 400 Nb:TiO2 and 040 Nb:TiO2. Lattice parameter a is 

~0.457 nm, which is slightly shorter than that of the bulk (0.4594 nm) due to the 

compressive strain originating from the lattice mismatch (−5.9%). Lattice parameter a is 

independent of the thickness. Unlike lattice parameter a, lattice parameter b shows a 

clear thickness dependence. For a 10-nm-thick film, lattice parameter b is 0.473 nm, 

which is ~3% longer than that of bulk rutile TiO2. However, it decreases to 0.461 nm, 

which is slightly longer than that of the bulk when the thickness is 300 nm. This clearly 

indicates the presence of a strong tensile strain originating from the lattice mismatch 

(+3.5%).  

 

To visualize the orthorhombic lattice distortion, the ratio of lattice parameters (b/a) 

was defined as the degree of orthorhombic distortion (Figure 4-2(e)). The ratio b/a 

gradually decreases as the Nb:TiO2 thickness increases and ranges from ~1.035 to ~1.01. 

It should be noted that the Nb:TiO2 films were grown incoherently on (11�00) α-Al2O3 

substrates.  These results confirm orthorhombic strain is successfully introduced to the 

rutile TiO2 and that the strain becomes smaller as the thickness increases. Also noting 

that the change tendency of lattice parameter b slowed down when the films are thicker 

than 100 nm, indicating such tensile strain has been highly weakened under this 
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condition. 

 

To further clarify the orthorhombic distortion, cross-sectional STEM images were 

acquired for 6-nm-thick and 200-nm-thick TiO2 films prepared under the same growth 

conditions. Figure 4-3 shows the high-resolution HAADF-STEM images along the 

[0001]Al2O3 zone axis and the corresponding inverse fast Fourier transformation (IFFT) 

images. HAADF-STEM images (Figure 4-3(a) and (b)) exhibit a clear Z-contrast for 

the Ti and Al atoms. Consequently, the interface of TiO2/M-plane sapphire can be 

observed, as shown by the dashed line.  

 

Comparing the observed and theoretical structures of TiO2 demonstrates that both the 

6-nm-thick and 200-nm-thick films show (001) oriented rutile structures, which is 

consistent with our XRD results. IFFT is an intuitive method for observing dislocations. 

The lack of dislocations in IFFT of the 6-nm-thick film indicates that the TiO2 lattice is 

strained (Figure 4-3(c)). In contrast, the edge dislocations at the interface of the 200-

nm-thick film (Figure 4-3(d)) suggests that the strain is released by forming 

dislocations. The uneven distribution of dislocations may be due to no post-annealing. 

Based on the dislocation observations, the orthorhombic distortion originates from the 

elastic deformation of the lattice and was relieved through dislocation formation. In 

addition, it was also observed the HAADF-STEM images along [112�0]Al2O3 zone axis 

of these two films (Figure 4-4). The existence of edge dislocations in both films along 
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this direction is also well consistent with the smaller change tendency of lattice 

parameter a (Figure 4-2(d)). For the 200-nm-thick films, it was observed the lattice 

parameter difference along the out-of-plane. No clear atom spacing difference was 

observed, indicating the strain release only occurs around the dislocation at interface 

instead of a gradient release from interface to surface. Such phenomenon has been 

experimentally revealed by other reports  and it also confirms the uniformity of the film 

[25, 26]. 

 

4.3.2. Electrical and optical properties of the rutile Nb:TiO2 films 

The electron transport properties of the resultant Nb:TiO2 films were measured at 

room temperature. Figure 4-5 summarizes the electron transport properties as a function 

of the orthorhombic distortion (i.e., b/a). The electrical conductivity (σ) is 2 − 3 S cm−1 

and is independent of b/a (Figure 4-5(a)). Similar to the Nb concentration (0.5%  ≈ 1.6 

× 1020 cm−3), the carrier concentration (n) is in the range of 1019 − 1020 cm−3 and shows 

a gradual decreasing tendency as b/a increases (Figure 4-5(b)). For a semiconductor 

film depositing on sapphire, the band bending possibly occurs around the interface. 

Thus, the carriers within a contain thickness would be trapped, resulting in the 

decreasing of n when thickness decreased. In contrast, μHall shows the opposite trend 

(Figure 4-5(c)). For a small b/a ratio (~1.01), the μHall value is ~0.3 cm2 V−1 s−1. μHall 

increases with b/a and exceeds 1 cm2 V−1 s−1 when b/a = 1.034. The variety of μHall 
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should be related to the change of effective mass, which would be revealed later. 

 

It should be noted that the thermopower (−S) gradually decreases with b/a from ~600 

to ~430 μV K−1 (Figure 4-5(d)). According to Mott’s formula, −S reflects n for 

semiconductors; −S decreases as n increases if the Fermi energy increases on the 

parabolic electronic density of states (DOS) and m* is constant. Thus, the observed 

tendencies of −S and n reveal that the m* becomes lighter when orthorhombic lattice 

distortion is introduced.  

 

For visualization, m* is estimated from the relation between n and S as [27] 

𝑆𝑆 = −
𝑘𝑘𝐵𝐵
𝑒𝑒
�

(𝑟𝑟 + 2)𝐹𝐹𝑟𝑟+1(𝜉𝜉)
(𝑟𝑟 + 1)𝐹𝐹𝑟𝑟(𝜉𝜉) − 𝜉𝜉�, 

𝑛𝑛 = 4𝜋𝜋 �
2𝑚𝑚∗𝑘𝑘𝐵𝐵𝑇𝑇
ℎ2

�
3/2
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where 𝑘𝑘𝐵𝐵 , 𝑟𝑟, 𝐹𝐹𝑟𝑟 , 𝜉𝜉 , 𝑇𝑇, and ℎ are the Boltzmann constant, scattering parameter of the 

relaxation time, Fermi integral, chemical potential, absolute temperature, and Plank’s 

constant, respectively. 𝐹𝐹𝑟𝑟 can be further expressed as 

𝐹𝐹𝑟𝑟(𝜉𝜉) = �
𝑥𝑥𝑟𝑟

1 + 𝑒𝑒𝑥𝑥−𝜉𝜉
𝑑𝑑𝑥𝑥

∞

0
. 

 

Figure 4-5(e) plots the estimated m* as a function of b/a. m* of the almost relaxed 

rutile TiO2 film (b/a ~1.008) is ~35 m0. This value is consistent with the reported m* of 

bulk rutile TiO2 (12 − 35 m0 [28-31]). It should be noted that the m* decreases as b/a 
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increases and reaches ~3 m0 when b/a = 1.034. This smaller m* is closer to that of 

anatase TiO2 (~1 m0) [32, 33]. So far, the results demonstrated the relation between 

distortion and effective mass. The decreasing tendency is corresponding to the increase 

of mobility, revealing the major factor in change of mobility. 

 

In addition to the electron transport properties, Eg is also a property associated with 

the electronic structure. There is a consensus that Eg of bulk rutile TiO2 is ~3.06 eV 

while that of anatase is ~3.20 eV [1, 34, 35]. To clarify the effect of the orthorhombic 

distortion on Eg, the optical transmission and reflection spectra of the resultant films 

were measured for resultant films. It should be noted that, although rutile TiO2 is a 

direct bandgap semiconductor, the direct transition is dipole-forbidden and degenerated 

with the indirect allowed transition [36-38]. Thus, direct Eg is equivalent to indirect Eg  

and was possible to be evaluated by extrapolating the linear region of the Tauc 

((𝛼𝛼ℎ𝑣𝑣)1/2 − ℎ𝑣𝑣) plot (Figure 4-6). Eg gradually increases from ~3.11 eV to ~3.48 eV as 

b/a increases (Figure 4-7(a)). Even a highly relaxed film (300 nm) shows a small 

distortion (b/a ~1.008), which may explain why Eg is slightly higher than the rutile bulk 

value (~3.06 eV) [39].  

 

Generally, Eg of an extremely thin layer is greater than that of the bulk due to the 

quantum size effect (QSE). QSE occurs when the film thickness is thinner than the de 

Broglie wavelength. Eg gradually increases as the film thickness decreases (Figure 4-
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7(b)). To clarify the origin of the increased Eg, the theoretical Eg was calculated 

assuming that QSE can be expressed as [40, 41] 

𝐸𝐸𝑔𝑔 = 𝐸𝐸𝑔𝑔,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 + ℎ2

8𝑑𝑑2
� 1
𝑚𝑚𝑒𝑒
∗ + 1

𝑚𝑚ℎ
∗ �, 

where 𝐸𝐸𝑔𝑔,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, ℎ, and 𝑑𝑑 are the bulk bandgap, Planck’s constant, and film thickness, 

respectively. 𝑚𝑚𝑒𝑒
∗  and 𝑚𝑚ℎ

∗  are the electron and hole effective masses, which are assumed 

to be ~20 m0 [29] and ~5 m0 [42], respectively. The calculated Eg increases dramatically 

when the film thickness is thinner than ~10 nm. This behavior does not fit with the 

observed Eg, indicating that the QSE theory cannot explain the observed Eg. These 

observations confirm that the electronic structure of a rutile TiO2 film is predominantly 

modulated via orthorhombic distortion. 

 

Nb:TiO2 films grown on (11�00) α-Al2O3 substrate show differentiated properties 

from the rutile phase when the thickness is sufficiently thin due to orthorhombic lattice 

distortion but typical properties of the rutile phase appear as the thickness increases. 

Since rutile Nb:TiO2 shows interesting transport properties at low temperatures and the 

temperature-related behavior may provide information about the transport mechanism, 

the temperature dependence of the electron transport properties was measured for the 

300-nm-thick Nb:TiO2 film (b/a ~1.008) and the 20-nm-thick Nb:TiO2 film (b/a = 

1.034). Both films show semiconductor-like behaviors of ρ (Figure 4-8(a)). As the 

temperature decreases, ρ gradually increases, n gradually decreases (Figure 4-8(b)), and 

μHall increases (Figure 4-8(c)). These results suggest that phonons dominate carrier 
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scattering. 

 

The films display different temperature dependences of −S (Figure 4-8(d)). At room 

temperature, the −S values of the 300-nm-film and the 20-nm-film are ~0.6 mV K−1 and 

0.45 mV K−1, respectively. As the temperature decreases, the former increases 

dramatically and exceeds 1.5 mV K−1. In contrast, the latter decreases gradually and 

approaches zero. It has been observed that rutile TiO2 shows a colossal −S at low 

temperature due to the phonon drag effect [28, 43]. This behavior is usually observed in 

materials with a large m* [44-47]. As above described, m* of the 300-nm-film is 35 m0 

while that of the 20-nm-film is ~3 m0. Similarly, the presence or absence of a colossal 

−S reflects the distortion-induced m* modulation at room temperature. 

 

These observations reveal that introducing orthorhombic lattice distortion using 

(11�00) α-Al2O3 substrates significantly modulates the electronic structure of rutile TiO2. 

Orthorhombic distortion realizes changes in Eg, m*, and −S, indicating that the 

electronic structure of rutile TiO2 shifts toward that of anatase TiO2. 

 

4.3.3. Changes in the electronic structure of rutile TiO2 due to orthorhombic 

distortion 

The XAS spectra of the TiO2 films were measured to directly clarify the change in the 



Chapter 4. Orthorhombic Distortion-induced Anatase-like  
Optoelectronic Properties of Rutile TiO2 

  76 

electronic structure of rutile TiO2 upon orthorhombic distortion. Figure 4-9 shows the 

XAS spectra of the 10 − 200-nm-thick rutile TiO2 films at the Ti L3-edge. The single 

peak around ~456 eV corresponds to the three-fold degenerate t2g state, and the double 

peak around ~459 eV corresponds to the two-fold degenerate eg state. The eg peak is 

further split into two peaks (eg1 and eg2) due to the octahedral distortion of TiO6 

octahedra. The octahedral distortion differs between rutile and anatase. Rutile is D2h 

symmetry, while anatase is D2d. This difference is reflected in the XAS spectra as the 

inversion of the relative intensities of the eg1 and eg2 peaks. Hence, their intensities can 

be used as a fingerprint for different TiO2 polymorphs [48]. The observed XAS spectra 

indicate the TiO2 films maintain the electronic structure of the rutile phase. Although the 

anatase phase does not appear even with a large orthorhombic distortion, it has been 

considered that changes in the lattice parameters result in changes in the degree of 

octahedral distortion. This small perturbation has a non-negligible effect on the physical 

properties [9, 49, 50]. From this viewpoint, fitting of the XAS data with a Gaussian 

distribution was performed (The fitting parameters were available in Table 4-3) and the 

relative peak area ratio of eg2/eg1 was calculated (Figure. 4-9(a−d)). As the thickness 

increases, eg2/eg1 shows an increasing tendency (Figure. 4-9(e), inset). However, eg2/eg1 

linearly decreases as b/a increases (Figure. 4-9(e)), clearly indicating that there is a 

strong correlation between the electronic structure of rutile TiO2 and the orthorhombic 

lattice distortion. 
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4.3.4. DFT calculation of TiO2 with orthorhombic lattice distortion 

Finally, DFT calculations of rutile TiO2 with orthorhombic lattice distortion were 

performed to investigate the influence of lattice distortion of TiO2 thin films on electron 

m*. Three TiO2 unit cells were considered: 1) a rutile unit cell with fully optimized a- 

and c-axis lengths (a0, b0= a0, c0), 2) a rutile unit cell with the b-axis length extended 3% 

from the fully optimized value (a0, 1.030b0, c0), and 3) a rutile unit cell with the a-axis 

length compressed 0.5% and the b-axis length extended 3% (0.995a0, 1.03b0, 0.994c0). 

These extensions and compressions of a0 and b0 are based on the experimental data 

shown in Figure 4-2. It should be noted that the c-axis length in case 3 was optimized 

by the DFT calculations, and the optimized c-axis length of 0.994c0 agrees well with 

that for the thin-film value (about 0.9925c0) shown in Figure 4-2(c). Moreover, the 

theoretical Eg value for the distorted unit cell (case 3) is 2.37 eV, which is larger than the 

fully optimized unit cell value of 2.30 eV. The increased Eg trend for the distorted rutile 

unit cell agrees well with the experimental Eg variation against orthorhombic  distortion 

shown in Figure 4-7. 

 

Table 4-1 lists the calculated m* values at the Γ point toward the X (or Y) point and 

the M (or S) point (these directions correspond to the in-plane ones to the thin-film 

surface). The DFT results show that the m* of the fully optimized rutile TiO2 are around 

1.7 m0 and 0.6 m0, which are much smaller than the experimentally observed value (~35 
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m0). Previous GGA calculations provided similar theoretical results [37, 51, 52]. It is 

thought that electronic conduction in rutile TiO2 is not simply described by the m*-like 

states but is strongly affected by the formation of polarons, namely, electron coupling 

with lattice vibrations (phonons). As the orthogonal distortions increase (cases 2 and 3), 

the calculated m* values tend to increase. However, the m* values are still smaller than 

the experimentally observed one (3 m0) for the distorted thin films (Figure 4-5e). Hence, 

it is most likely that the original orthogonal distortions of the rutile TiO2 thin films due 

to the substrate considerably change the lattice vibrational states in the thin films. 

 

4.4. Conclusion 

In this chapter, 0.5%Nb:TiO2 epitaxial films with various thickness were fabricated 

on (11�00) α-Al2O3 substrates. Due to strain induced orthorhombic lattice distortions, the 

thinner films exhibit optoelectronic properties approaching to anatase phase. Concretely 

speaking,  as the film thickness decreases, b/a increases up to 3.4%;  as b/a increases, 

the carrier m* decreases from 35 m0 to 3 m0 (m0: electron mass) but Eg increases. The 

electronic structure change was observed experimentally. The present observations 

provide insight into regulating the physical properties of TiO2 and should aid in the 

design of TiO2-based photocatalysts and transparent conducting electrodes.  
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Table 4-1. Calculated effective masses for electrons in non-distorted (case 1) or 
orthogonally distorted (cases 2 and 3) rutile TiO2. 
 

 
Effective mass m*/m0 

Γ→X Γ→Y Γ→M Γ→S 

Case 1 
(a0, b0=a0, c0) 
 

1.672  0.588  

Case 2 
(a0, b0=1.030a0, c0) 
 

1.777 1.698  0.656 

Case 3 
(0.995a0, b0=1.030a0, 0.994c0) 1.759 1.664  0.742 
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Figure 4-1. Hypothesis of the orthorhombic lattice distortion of rutile-structured 
TiO2 epitaxial film on an M-plane sapphire substrate. Schematic of the crystal lattice 
of rutile TiO2 on (11�00) α-Al2O3 (sublattice of oxide ions, dotted lines). Since lattice 
parameter a of TiO2 is longer than lattice parameter c of α-Al2O3 (lattice mismatch: 
−5.9%), compressive strain is assumed, whereas tensile strain is assumed because lattice 
parameter a of α-Al2O3 is larger than that of lattice parameter b of TiO2 (lattice 
mismatch: +3.5%). Therefore, I hypothesized that orthorhombic distortion is introduced 
in the TiO2 lattice. For convenience, the TiO2 lattice is represented by the ball and stick 
model, while the α-Al2O3 lattice is simplified to the sublattice of oxide ions, which is 
shown by the dotted lines.  
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Figure 4-2. Crystallographic characterization of the resultant TiO2 films on an M-
plane sapphire substrate. (a) Out-of-plane and (b) in-plane XRD patterns of 5 − 300-
nm-thick TiO2 films grown on a (11�00) α-Al2O3 substrate. For the in-plane pattern, the 
upper and lower figures correspond to the XRD patterns along azimuth [0001] α-Al2O3 
and azimuth [112�0] α-Al2O3, respectively. Dotted lines indicate the position of bulk 
TiO2. Thickness dependence of (c) out-of-plane lattice parameter c and (d) in-plane 
lattice parameters a and b, which are extracted from the XRD patterns. Dotted lines 
indicate the lattice parameters of bulk TiO2. (e) Orthorhombic distortion b/a of the 
resultant TiO2 films.  
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Table 4-2. The comparison of lattice mismatch and distortion along [0001] Al2O3 and 
[112�0] Al2O3 direction. 
 

Substrate orientation  0001 112�0 

Film orientation 100 010 

Lattice mismatch −5.9% +3.5% 

Lattice parameter of films 
0.457 nm (10 nm) 0.473 nm (10 nm) 

0.457 nm (300 nm) 0.461 nm (300 nm) 

Relation between lattice parameter and 
thickness Weak Strong 
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Figure 4-3. Cross-sectional STEM images of the TiO2 films on an M-plane sapphire 
substrate. (a, b) HAADF-STEM images of (a) 6-nm-thick and (b) 200-nm-thick TiO2 
films grown on (11�00) α-Al2O3 substrates along the [0001]Al2O3 zone axis. Dashed line 
indicates the interface of TiO2/α-Al2O3 . (c, d) Corresponding IFFT images of (c) 6-nm-
thick and (d) 200-nm-thick TiO2 films. Red marker denotes edge dislocations. Insets are 
the corresponding FFT patterns.  
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Figure 4-4. Cross-sectional STEM images of the TiO2 films on an M-plane sapphire 
substrate. (a, b) The HAADF-STEM images of (a) 6-nm-thick and (b) 200-nm-thick 
TiO2 films grown on (11�00) α-Al2O3 substrates along [112�0]Al2O3 zone axis. (c, d) 
The corresponding IFFT images of (c) 6-nm-thick and (d) 200-nm-thick TiO2 films. The 
edge dislocations were marked by the red marker. The insets are the corresponding FFT 
patterns.  
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Figure 4-5. Room temperature electron transport properties of the TiO2 films as 
the function of the orthorhombic distortion. (a) Electrical conductivity (σ), (b) carrier 
concentration (n), (c) Hall mobility (μHall), (d) Thermopower (S), and (e) DOS effective 
mass (m*/m0). The grey region and red dotted line in (e) indicate the reported effective 
masses of rutile [28-31] and anatase TiO2 [32, 33], respectively. Solid lines are to guide the 
eye. Note that n decreases while |S| increases with b/a.  
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Figure 4-6. Optical property of TiO2 films. Tauc plots ((𝛼𝛼ℎ𝑣𝑣)1/2 − ℎ𝑣𝑣) of the 5 – 
300-nm-thick rutile TiO2 films grown on (11�00) α-Al2O3 substrates. The bandgaps (Eg) 
are extracted using the dotted lines.  
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Figure 4-7. Denying the quantum size effect of TiO2 epitaxial films. Change in Eg of 
the TiO2 films. (a) Eg increases with b/a. (b) Eg increases as the thickness decreases. 
This increasing tendency completely differs from the assumption for the quantum size 
effect.  
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Figure 4-8. Low temperature electron transport properties of the TiO2 films. (a) 
Resistivity, (b) carrier concentration (n), (c) Hall mobility (μHall), and (d) thermopower 
(S) of 20- and 300-nm-thick rutile TiO2 films grown on (11�00) α-Al2O3 substrates. Note 
that the |S| − T curve of the 300-nm-thick TiO2 is similar to that of the reduced rutile 
TiO2 single crystal, whereas that of the 20-nm-thick TiO2 is similar to that of anatase 
TiO2 epitaxial film.  
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Figure 4-9. Ti L3 XAS spectra of the 10 − 200-nm-thick rutile TiO2 films. (a) 10-nm-
thick TiO2, (b) 20-nm-thick TiO2, (c) 90-nm-thick TiO2, and (d) 200-nm-thick TiO2 
grown on ( 11�00 ) α-Al2O3 substrates. Peak fitting is processed by the Gaussian 
distribution. (e) Relative peak area ratio of eg2/eg1 as a function of orthorhombic 
distortion. Inset plots the eg2/eg1 ratio as a function of film thickness.  
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Table 4-3. Ti L3 XAS spectra peak fitting parameters 
 

 t2g   eg1   eg2   

Thickness Energy 
(eV) Area FWHM Energy 

(eV) Area FWHM Energy 
(eV) Area FWHM 

10 nm 456.417 0.364 0.422 458.300 0.606 1.463 459.294 0.370 0.833 
20 nm 456.411 0.366 0.417 458.307 0.590 1.466 459.301 0.382 0.833 
90 nm 456.404 0.370 0.419 458.302 0.549 1.405 459.307 0.398 0.832 

200 nm 456.409 0.365 0.416 458.313 0.561 1.421 459.318 0.392 0.830 
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Chapter 5. A Comparison Study of Strain Condition and 

Properties of Epitaxial Rutile TiO2 and SnO2 Films Grown on 

M-plane Sapphire 

5.1. Objective of this chapter 

In chapter 4, the orthorhombic distortion was successfully introduced into epitaxial 

TiO2 films by fabricating the film on (11� 00) α-Al2O3 substrates. Accordingly, the 

optoelectronic properties as well as the electronic structure were modulated due to this 

distortion. It should be noted that rutile structured oxides are a large family of materials 

as mentioned in the chapter 1.1. It remains a question whether all the rutile structured 

oxides are possible to introduce the distortion in same way. In fact, the answer is no. In 

the chapter, a comparison study between rutile TiO2 and SnO2 was proposed to point out 

the absence of orthorhombic distortion in SnO2 films. 

 

SnO2 is another well-known oxide material with rutile structure. Compared to TiO2, 

two features are worth pointing out: one point is addressed on the crystal structure 

where the SnO2 has a larger lattice parameter of a = 0.4737 nm and c = 0.3186 nm (for 

TiO2, a = 0.4594 nm, c = 0.2958 nm). As mentioned in chapter 1.2.3, epitaxial growth 

of a film is highly dependent on the mismatch determined by the lattice parameter. 

Concomitantly, the condition of distortion is also related to it. When SnO2 grown on 
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(11�00) α-Al2O3 substrates, an extremely large mismatch is estimated along the direction 

of [0001] α-Al2O3 (Figure 5-1). Another point is the specific composition of band 

structure. The band edge of SnO2 consists of the Sn 5s-based conduction band minimum 

(CBM) and the O 2p-based valence band maximum (VBM). Since the Sn 5s orbitals 

shows larger orbital radius and spherical symmetry, it is easier to overlap with each 

other, allowing the freer movement of electrons and smaller electron effective mass 

(m*). Thus, SnO2 becomes a promising candidate of transparent conducing oxide (TCO) 

Thus, electron-doped SnO2 is considered as a great candidate of transparent conducing 

oxide (TCO) [1, 2], when increasing its carrier concentration (ns) by artificial methods, 

such as chemical doping, vacuum annealing, etc [1-4]. In chapter 2, the increase of ns in 

VO2 films was achieved by introduction of orthorhombic distortion [5]. According to this, 

it is worthwhile to clarify whether similar increase of ns can be achieved in SnO2 films 

for TCO related applications. 

 

In this chapter, epitaxial SnO2 films were fabricated on (11�00) α-Al2O3 substrates to 

evaluate the strain effect on SnO2 films. As the result, an unconventional strain absence 

was observed even in the film with thickness of ~10 nm. By comparing with TiO2 film 

with similar thickness, such absence was attributed to the combination of large 

mismatch induced high strain relaxation and the negligible mismatch induced unstrained 

state. Although no orthorhombic distortion was introduced, the optoelectronic properties 

of SnO2 films were still investigated, pointing out that the effectiveness of orthorhombic 
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distortion on optoelectronic properties of rutile structured oxide films from another 

perspective. 

 

5.2. Experimental 

Sample preparation: Both 0.5%Nb:TiO2 and SnO2 epitaxial films were fabricated on 

(11�00) α-Al2O3 substrates by pulsed laser deposition (PLD) method, where a KrF 

excimer laser (λ = 248 nm, fluence ~1.0 J cm−2 pulse−1, repetition rate = 10 Hz) was 

employed to irradiate the pre-doped stoichiometric ceramic targets. The oxygen pressure 

(PO2) was maintained at 5 × 10−3 Pa during growth of both films, whereas the substrate 

temperatures (Tsub) of 500 °C and 700 °C were adopted for optimal growth of Nb:TiO2 

and SnO2.  

 

Crystallographic analyses: The crystallographic orientation and lattice parameters of 

resultant films were evaluated though the high-resolution X-ray diffraction (XRD, ATX-

G, Rigaku Co.) with Cu Kα1 (λ = 0.154059 nm) radiation. High-angle annular dark field 

(HAADF)-STEM observation was performed using STEM (ARM200CF, JEOL Co. 

Ltd).  

 

Electrical and optical properties measurements: The electron transport property (ρ, n, 

μHall) measurements at room temperature and with variable temperature were performed 



Chapter 5. A Comparison Study of Strain Condition and Properties of Epitaxial 
Rutile TiO2 and SnO2 Films Grown on M-plane Sapphire 

  99 

using the dc four-probe method with the van der Pauw electrode configuration. 

Thermopower (S) at room temperature was measured by the conventional steady-state 

method. The transmission and reflection spectra in the 200 − 1600 nm wavelength range 

were evaluated by a spectrophotometer (SolidSpec-3700, Shimadzu Co.).  

 

5.3. Result and discussion 

Figure 5-2 summarizes the X-ray diffraction (XRD) patterns of the resultant 0.5% Nb 

doped TiO2 (0.5%Nb:TiO2) and SnO2 epitaxial films grown on (1 1� 00) α-Al2O3 

substrates. Both intense 002 Nb:TiO2 and SnO2 diffraction peaks were observed along 

with that of 33�00 α-Al2O3 substrate, and no peaks of other crystal planes appeared in 

wide range patterns, suggesting the epitaxy with high c-axis orientation (Figure 5-2(a) 

and 2(b)). The average crystalline tilt angles were revealed by X-ray rocking curves, 

where the similar values of full width at half maximum (FWHM) indicates the similar 

crystallinity (Figure 5-2(a) and 2(b), inset). For the in-plane XRD patterns, the 400 and 

040 peaks of Nb:TiO2 located at ~qx or y/2π = 8.75 and 8.65 nm−1, respectively, where the 

former is slightly larger than that of the bulk, whereas the latter is smaller (Figure 5-2(c) 

and 2(e)). This indicates that the Nb:TiO2 film received high strain from α-Al2O3 

substrate. On the contrary, the 400 and 040 peaks of SnO2 have the similar positions 

around ~qx or y/2π = 8.47 nm−1, which is also consistent with the bulk value (Figure 5-

2(d) and 2(f)). The absence of such difference suggests that SnO2 film has been fully 
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relaxed. Noting that both Nb:TiO2 and SnO2 films with different thickness of ~10 − 90 

nm were also fabricated on (11�00) α-Al2O3 substrates. The in-plane lattice parameters 

of former show clear thickness dependence while those of SnO2 remain almost constant, 

suggesting that the strain relaxation of SnO2 films occurs even when the film is 

extremely thin (Figure 5-2(e) and 2(f), inset). 

 

To elucidate reason why there is the difference in strain condition between Nb:TiO2 

and SnO2 films, cross-sectional STEM observations along [11�00] and [0001] Al2O3 

zone axis were performed for TiO2 and SnO2 films grown on (11�00) α-Al2O3 substrates, 

shown in Figure 5-3. HAADF-STEM images (Figure 5-3(a), 3(c), 3(e) and 3(g)) show 

that the atomic arrangements of both TiO2 and SnO2 film are consistent with that of 

(001) oriented rutile structure.  

 

For the epitaxial films, strain is usually released through dislocations, which can be 

visualized through inverse fast Fourier transform (IFFT) analyses. Figure 5-3(b), 3(d), 

3(f), and 3(h) summarized the corresponding IFFT images, in which the edge 

dislocations were denoted by red markers. The dislocations were observed along both 

[11�20] and [0001] Al2O3 zone axis with the spacing of ~8.5 − 10 nm in TiO2 film, 

indicating that strain relaxation occurs along these two directions (Figure 5-3(b) and 

3(d)). For SnO2 film, on the one hand, dislocations were only observed along the [11�20] 

Al2O3 zone axis with extremely large mismatch of −9.2%. The dislocation spacing was 
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estimated as ~4.8 nm, which is much smaller than that of TiO2 film, may suggest that a 

higher degree of dislocation induced strain relaxation along [11�20] Al2O3 zone axis in 

SnO2 film (Figure 5-3(f)). On the other hand, due to the negligible mismatch (+0.5%) 

along [0001] Al2O3 direction, no dislocation was found along this direction, 

corresponding to the absence of strain and intrinsic coherent growth (Figure 5-3(h)). 

Herein, the results indicated that the complete strain release of SnO2 is possibly due to 

the combination of large mismatch induced high strain relaxation and the negligible 

mismatch induced strain absence, while the moderate mismatch between TiO2 and 

substrate results in the (partially) strained condition. 

 

Figure 5-4 summarizes the electron transport properties of 0.5%Nb:TiO2 and SnO2 

films at room temperature (RT). The conductivity (σ) of Nb:TiO2 is ~1.7 − 3.2 S cm−1, 

whereas SnO2 shows much higher σ of ~10 − 36 S cm−1 (Figure 5-4(a) and 5-4(b)). 

Although both exhibit distinct conductivity, the conducting nature differs between these 

two: the conduction of Nb:TiO2 is due to the increase of carrier concentration induced 

by electron doping, while SnO2 has intrinsic high electron mobility, resulting in better σ. 

Such differences are further revealed by Hall measurements shown in Figure 5-4(c−f). 

The results of Hall measurements revealed that both Nb:TiO2 and SnO2 are n-type 

semiconductor. The carrier concentrations (n) of 0.5%Nb:TiO2 gradually increases from 

~1019 cm−3 to a saturated value of ~1020 cm−3 with increasing thickness (Figure 5-4(c)), 

which is close to the theoretical dopant contributed electron concentration (0.5%Nb ≈ 
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1.6 × 1020 cm−3) and overall higher than that of SnO2 of ~5 × 1018 − 2 × 1019 cm−3 

(Figure 5-4d). On the contrary of carrier concentration, the Hall mobility of SnO2 is 

ranging from 4 to 42 cm2 V−1 s−1, larger than that of 0.5%Nb:TiO2 (Figure 5-4(e) and 

(f)). The higher mobility of SnO2 originates from the high degree of orbital overlapping 

of Sn 5s electrons than that of  Ti 5d electrons [6], eventually resulting in the better 

electrical properties .  

 

Additionally, the thermopower measurements were also performed for the resultant 

films (Figure 5-4(g) and 4(h)). Both Nb:TiO2 and SnO2 show negative seebeck 

coefficient (S), which suggests the dominated carrier is electron (n-type semiconductor),  

consistent with the results of Hall measurements. Nb:TiO2 shows a large −S of 440 − 

540 μV K-1, while the −S of SnO2 is ranging from 110 − 200  μV K−1. It was noted that, 

although the −S of both Nb:TiO2 and SnO2 show an upward trend as thickness increases, 

−S and n of SnO2 are inversely related to thickness while the  two of Nb:TiO2 show 

approximately similar increasing trend with thickness. According to the Mott formula, 

the variation trends of −S and n are usually consistent for parabolic electronic density of 

states (DOS) with constant effective mass (m*). The different relation of −S and n 

between Nb:TiO2 and SnO2 possibly indicates the difference of evolution of m* with 

thickness between the two.  

 

To clarify this, m* is calculated according to the equation as follows [7] 
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where 𝑘𝑘𝐵𝐵 ,  𝑟𝑟 , 𝜉𝜉 , 𝑇𝑇 , and ℎ  are the Boltzmann constant, scattering parameter of the 

relaxation time, chemical potential, absolute temperature, and Plank’s constant, 
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Here the m* of SnO2 were calculated and plotted as the function of thickness, shown 

together with that of Nb:TiO2 in Figure 5-5. For Nb:TiO2, a clear relation between 

thickness regulated strain condition (orthorhombic distortion) and m* has been 

demonstrated in the Chapter 5. Different from the Nb:TiO2, the absence of such 

distortion in SnO2 has been clarified through XRD and STEM observation in this 

chapter. Correspondingly, the m* of SnO2 also shows no thickness dependence and 

almost keeps a constant of ~0.30 m0, which is close to the reported value of ~0.28 m0 [8]. 

The difference in the trend of m* between Nb:TiO2 and SnO2 points out that, on the one 

hand, orthorhombic distortion does have a significant effect on the electron structure 

and transport of rutile-structured oxides; one the other hand, in the special case of 

epitaxial SnO2 films grown on M-sapphire, absence of distortion results in the intrinsic-

like properties of SnO2. 
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In addition to effective mass, another effect induced by orthorhombic distortion lies 

on the optical bandgap (Eg). In Chapter 5, Nb:TiO2 has been clarified to exhibit 

anomalously increasing Eg with decreasing thickness (Figure 5-6(a)). The failure of 

explanation by quantum size effect (QSE) illustrates that orthorhombic distortion 

contributes to the shift of Eg. In the case of SnO2, optical transmission (T) and reflection 

(R) measurements were also performed and the Eg were evaluated by the Tauc plot of 

(𝛼𝛼ℎ𝑣𝑣)1/𝑟𝑟 versus  ℎ𝑣𝑣, where r = 1/2 for direct transition nature of SnO2. Figure 5-6(b) 

plots the Eg of SnO2 as the function of thickness. When the film thickness exceeds ~30 

nm, the Eg is almost saturated at ~4.05 eV, which is consistent with previous reports of 

epitaxial SnO2 grown on sapphire substrate [9, 10], whereas the Eg dramatically increases 

as thickness decreases when the film is thinner than ~25 nm. the Eg data was also fitted 

through the QSE model, which can be expressed as the following equation [11, 12] 

𝐸𝐸𝑔𝑔 = 𝐸𝐸𝑔𝑔,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 +
ℎ2

8𝑑𝑑2
�

1
𝑚𝑚𝑒𝑒
∗ +

1
𝑚𝑚ℎ
∗� 

Where 𝐸𝐸𝑔𝑔,𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵, h and d are the Eg of bulk SnO2 (assumed as the saturated Eg), Planck’s 

constant and film thickness, respectively. The 𝑚𝑚𝑒𝑒
∗  and 𝑚𝑚ℎ

∗  are the effective mass of 

electron and holes of SnO2, which is assumed to 0.28 m0 [8] and 0.90 m0 [13]. Still 

different from the condition of Nb:TiO2, in the case of SnO2, the theoretical change of 

Eg induced by QSE is well fitted with the observed shift of Eg. This result demonstrates 

that QSE dominates the dramatic widening of Eg of SnO2 when thickness is thin. 

Furthermore, by contrasting this with the case of Nb:TiO2, the effect of orthorhombic 



Chapter 5. A Comparison Study of Strain Condition and Properties of Epitaxial 
Rutile TiO2 and SnO2 Films Grown on M-plane Sapphire 

  105 

distortion on the optical properties of rutile structured oxides is verified from another 

aspect. 

 

5.4. Conclusion 

In this chapter, epitaxial SnO2 films with various thickness were fabricated on (11�00) 

α-Al2O3 substrates and compared with TiO2 films. Different from the TiO2 grown on 

same substrates, orthorhombic distortion was no longer observed in this series of SnO2 

film. STEM observations suggest that the absence of distortion possibly originates from 

the combination of large mismatch induced high strain relaxation and the negligible 

mismatch induced strain absence. Accordingly,  the effective mass of all resultant SnO2 

films is around ~0.3 m0, independent with film thickness; the optical bandgap increases 

with decreasing thickness owning to the quantum size effect instead of the contribution 

of orthorhombic distortion. This study presents a special case to discuss the 

optoelectronic properties of rutile structured films in the absence of strain, as a contrast, 

demonstrating the significant effects of strain induced orthorhombic distortion on 

properties of rutile structured films. 
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Figure 5-1. The atomic arrangements of rutile TiO2 and SnO2 on M-plane sapphire 
substrate. (a) Schematic crystal lattice of rutile TiO2 on (11�00) α-Al2O3 (sublattice of 
oxide ions, dotted lines). The lattice parameter of TiO2 along [100] direction is larger 
than that of α-Al2O3 along [0001] (lattice mismatch: −5.9%), suggesting a compressive 
strain along X direction, whereas tensile strain is assumed along the Y direction ([112�0] 
α-Al2O3) due to the relatively small lattice parameter of TiO2 along this direction 
compared to that of α-Al2O3 (lattice mismatch: +3.5%). (b) Schematic crystal lattice of 
rutile SnO2 on (11�00) α-Al2O3. For SnO2, the compressive and tensile strain are also 
assumed along X and Y directions. However, the compressive strain (lattice mismatch: 
−9.2%) becomes larger whereas tensile strain (lattice mismatch: +0.5%) is smaller 
compared to these of TiO2.  
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Figure 5-2. X-ray diffraction (XRD) patterns of the resultant Nb:TiO2 and SnO2 
film on M-plane sapphire substrate. (a, b) Out-of-plane XRD patterns of (a) 94-nm-
thick 0.5%Nb:TiO2 and (b) 87-nm-thick SnO2 grown on (11�00) α-Al2O3 substrates. The 
insets are the corresponding X-ray rocking curves (Δω). (c–f) In-plane XRD patterns of 
(c, e) 94-nm-thick 0.5%Nb:TiO2 and (d, f) 87-nm-thick SnO2 grown on (11�00) α-Al2O3 
substrates along azimuth [0001] α-Al2O3 (//qx/2π) and azimuth [112�0] α-Al2O3 
(//qy/2π), respectively. The dotted lines indicate the position of bulk. Both films with 
different thicknesses were also fabricated and the change tendency of in-plane lattice 
parameters are shown in the inset figures.  
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Figure 5-3. Cross-sectional STEM images of the TiO2 and SnO2 films on M-plane 
sapphire substrates. (a, c, e, g) HAADF-STEM images of (a, e) TiO2 and (c, g) SnO2 
films on (11�00) α-Al2O3 substrates along the (a, c) [112�0] and (e, g) [0001] Al2O3 zone 
axis. (b, d, f, h) The corresponding inverse fast Fourier transform (IFFT) images, in 
which the edge dislocations were denoted by red markers. The insets are the 
corresponding FFT patterns.  
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Figure 5-4. Room temperature electron transport properties of the Nb:TiO2 and 
SnO2 films on M-plane sapphire substrates. (a, b) Electrical conductivity (σ), (c, d) 
carrier concentration (n), (e, f) Hall mobility (μHall), and (g, h) Thermopower (S). Solid 
lines are to guide the eye. The dotted line in (c) indicates the theoretical carrier 
concentration contributed by 0.5% Nb doping.  
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Figure 5-5. Density of state effective mass (m*/m0) of Nb:TiO2 and SnO2 films as 
the function of thickness. Nb:TiO2 is strained and the lattice is orthorhombic distorted, 
while SnO2 shows no strain and distortion. The inset is the enlarged view of SnO2, in 
which the dashed line indicates the theoretical mass of SnO2.  
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Figure 5-6. Optical bandgap (Eg) of Nb:TiO2 and SnO2 films as the function of 
thickness. (a) strained Nb:TiO2, (b) relaxed SnO2. The dashed lines represent the 
change trend of Eg when only quantum size effect validates.  
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Chapter 6. Summary 

The given doctoral thesis focused on the modulation of the optoelectronic properties 

of a series of functional oxide films with rutile structure. The approach was using the 

epitaxial strain from the substrate to introduce the orthorhombic distortion. Compared 

with other conventional methods such as chemical doping and filed gating, this method 

is more stable and has less parasitic effects.  

 

In chapter 2, I report the strain effects on the IMT behaviors of VO2/TiO2 epitaxial 

bilayer films grown on M-sapphire substrate. A systematic study with varied thicknesses 

of TiO2 and VO2 layer is conducted. By changing the VO2 thickness from 40 to 5.5 nm 

while fixing the TiO2 thickness to 200 nm, the Tc gradually decreased from 320 K to 

305 K, which is highly reduced compared to that of bulk VO2, suggesting that TiO2-

buffered M-sapphire substrate plays a similar effect to the TiO2 substrate. Note that 

orthorhombic distortion is introduced to the film due to the anisotropic lattice parameter 

of M-sapphire substrate in the in-plane directions. Such distortion is enlarged when 

reducing TiO2 thickness, resulting in the suppression of IMT behavior. 

 

In chapter 3, I propose a solution for the strain relaxation and crack formation of VO2 

film grown on TiO2 substrate. A TiO2 strain compensation layer (SCL) was inserted 

between two VO2 layers to maintain the strain condition of VO2. The recovery of abrupt 
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IMT behavior and absence of cracks suggest that high strain condition of VO2 is 

maintained when TiO2 thickness exceeds 9 nm. By further alternately stacking VO2 and 

TiO2 layers, I demonstrate that the use of TiO2 SCL is useful to maintain clear clockwise 

IMT behavior even when the overall VO2 thickness is ~50 nm, far thicker than the 

theoretical thickness (tc ~15 nm) of VO2 relaxation. 

 

In chapter 4, I report the effects of orthorhombic distortion on the properties of rutile 

TiO2 films. I fabricated 0.5% Nb:TiO2 films on M-sapphire substrate. By varying the 

thickness ranging from 300 to 5 nm, the degree of orthorhombic distortion (lattice 

parameter, b/a) was regulated from ~1.01 to ~1.035. Correspondingly, the carrier 

effective mass (m*) decreases from 35 m0 to 3 m0 (m0: electron mass) but the optical 

bandgap increases, suggesting the optoelectronic properties of rutile TiO2 is modulated 

by introducing the lattice distortion. 

 

In chapter 5, I report a comparison study between Nb:TiO2 film and SnO2 film grown 

on M-sapphire substrates. Nb:TiO2 film is distorted as shown in chapter 4, indicating the 

strained condition, whereas the lattice parameters of Ta:SnO2 films are consistent with 

the bulk value, suggesting complete strain relaxation. STEM observation revealed that 

the complete strain release of SnO2 is due to the combination of large mismatch-induced 

high strain relaxation and the negligible mismatch-induced strain absence. By contrast, 

the moderate mismatch between TiO2 and substrate results in the strained condition. 
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Correspondingly, the properties of Nb:TiO2 are significantly regulated due to distortion 

whereas the property change of SnO2 does not include the contribution of distortion. 

 

In short, I systematically studied the epitaxial strain effects on optoelectronic 

properties of rutile-structured VO2, TiO2, and SnO2 epitaxial films. The related results 

would provide useful guidance for the property design of rutile-type oxides and the 

development of related devices. 
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