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Abstract 

 

Anatase tantalum oxynitride (TaON), being one of the metastable polymorphs of 

TaON, is an oxynitride semiconductor with d0 electron configuration and has the same crystal 

structure as anatase TiO2, which is an oxide semiconductor applied to electric devices as a 

photoelectrode and a transparent electrode because of its high photocatalytic efficiency and 

high Hall mobility (μH ~20 cm2V-1s-1). This leads to an expectation that anatase TaON can 

also be used as an electrode material with interesting electric and optical properties. However, 

anatase TaON has been synthesized only in polycrystalline fine powder form by ammonolysis, 

and doping of 5-15 % Mg or Sc is needed to stabilize the metastable anatase structure. As a 

result, the grain boundaries and doped impurities prevented the characterizations of intrinsic 

properties of anatase TaON. Indeed, physical properties of anatase TaON have never been 

reported except optical ones and even those optical properties showed large variation.  

In this thesis, I synthesized undoped anatase TaON in epitaxial thin film form on 

the lattice matched single crystalline substrates by using nitrogen plasma assisted pulsed laser 

deposition (NPA-PLD). With the aid of epitaxial force from the lattice-matched single 

crystalline substrate, metastable anatase TaON was successfully synthesized without impurity 

doping. A high growth temperature and a balanced supply of oxygen and nitrogen were 

crucial for obtaining high-quality anatase TaON thin films. Electrical transport measurements 

revealed that the anatase TaON film grown at 800 °C or post-annealed in vacuum exhibited 

good electrical conductivity of ~1 × 10−2 Ωcm and a temperature-independent n-type carrier 

density (ne) of the order of 1019 cm−3, which are characteristic of degenerated semiconductors. 

The Hall mobility (μH) of ~17 cm2V−1s−1 at 300 K is comparable to that of anatase TiO2. The 

anatase TaON thin film exhibited a bandgap (Eg) of 2.37 eV and refractive index (n) of ~3.0 

in the visible region. Generally, transparent electrodes require high μH and n, and  
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photoelectrodes need absorption in visible light and high μH for high efficiency. Thus, I 

concluded that anatase TaON is promising for photoelectrode and transparent electrode. 

Considering the practical applications of anatase TaON, anatase TaON further needs 

modification of its properties. This is because electric devices require various physical 

properties for individual uses, for example, (1) large ne, large Eg, and wide lineup of n in 

transparent electrodes, and (2) small ne and small Eg in photoelectrodes. Therefore, I also 

attempted to control the optical and transport properties of anatase TaON to widen the range 

of applications.  

Tuning of its optical properties, n and Eg, was achieved by making solid-solution 

with anatase TiO2: (TiO2)x(TaON)1-x, which was fabricated by NPA-PLD by carefully 

controlling the nitrogen amount with oxygen partial pressure. Eg systematically changed from 

visible light region (~2.4 eV) to ultraviolet region (> 3.2 eV) in accordance with the ratio of 

TaON and TiO2, x. This implies that (TiO2)x(TaON)1-x could be optimized for wide 

applications from visible light active photoelectrode and transparent electrode by adjusting x. 

The n value in visible light region was also controlled from 3.2 (TaON side) to 2.7 (TiO2 

side). 

Transport properties of anatase TaON were controlled by carrier doping with Li 

insertion, which was conducted by soft-chemical Li insertion with n-butyllithium solution. Li 

insertion was confirmed by lattice expansion and composition analysis. Concentration of 

n-butyllithium solution affected on both Li amount and carrier density in anatase TaON, 

which suggested that inserted Li generated conduction electrons as expected. The lowest 

resistivity of Li-doped anatase TaON was ~6.7×10-4 Ωcm, which was enough low for 

transparent electrode applications. I also tried carrier doping by W substitution. However, the 

carrier density of anatase TaON did not change by W substitution, possibly due to charge 

compensation with substitution of N3- for O2- during the film growth. Success of carrier 
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doping by Li insertion, which could avoid charge compensation, supports the 

above-mentioned carrier doping scenario.  

Practically, low-cost and large-area fabrication is favorable. However, the 

requirements for growth of anatase TaON, high growth temperature and expensive single 

crystalline substrate, are serious disadvantage towards the practical applications of anatase 

TaON. I examined lowering of growth temperature and film deposition on glass without 

expensive single crystalline substrates, by using anatase TiO2 seed layer, which stabilized 

anatase TaON with the same crystal structure as anatase TiO2. 

In summary, I demonstrated the usefulness of anatase TaON for electric devices 

from its high Hall mobility and unique optical properties compared to typical oxide 

semiconductors (high n and narrow Eg,). I also explored the ways for controlling the optical 

and transport properties of anatase TaON and for low-cost and large-area fabrication of 

anatase TaON films. Therefore, I concluded that anatase TaON is a promising material for 

electric devices that can solve the problem in existing devices using typical oxide 

semiconductor, such as low visible light absorption in photoelectrodes and low refractive 

index in transparent electrodes.   
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Chapter 1  

General introduction 
 

   

1.1 Oxide semiconductor 

Oxide semiconductors have been used in various electric devices as important 

components such as photoelectrodes and transparent electrodes, but development of new 

oxide semiconductors with superior properties is still desired. To evaluate newly developed 

materials, it is needed to examine their intrinsic properties. For this purpose, single crystalline 

samples are favorable. In this section, I introduce the synthesis of single crystalline oxides 

with thin film form and typical applications of oxide semiconductors with high Hall mobility. 

Practically, not only synthesis and characterization methods of oxide semiconductors but also 

controlling their physical properties are important. Thus, I will also describe the technique to 

control its physical properties.   

 

1.1.1 Synthesis of single crystalline oxide thin films 

First, I explain the difference between polycrystal and single crystal briefly. Single 

crystal consists of one domain with one orientation in the whole region. On the other hand, 

polycrystal is an assembly of many single crystals called grains with different 

crystallographic orientation. Neighboring two grains with different orientation are separated 

by a grain boundary, which generally contains defects and affects “bulk” properties. For 

example, conduction carriers are scattered at the grain boundaries. Thus, a polycrystalline 

sample is not suitable for investigating intrinsic properties, such as electrical transport 

properties.  
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To prepare high quality single crystalline thin films, the process called epitaxial 

growth has often been used. In the epitaxial growth, single crystalline thin films are grown on 

single crystalline substrate as the template [1,2]: films are grown with certain orientation 

matching to the crystalline plane of the substrate due to interaction, called epitaxial force, 

between the atoms in the films and the atoms in the substrate. This process also enables us to 

fabricate a metastable phase selectively on an appropriate lattice-matched substrate by 

epitaxial force. 

There are two kinds of epitaxial growth, homoepitaxial and heteroepitaxial growth. 

The situation that the grown thin film and the substrate have the same crystal structure and 

orientation is called homoepitaxial growth. Epitaxial thin films with less lattice failure such 

as stacking fault tend to be obtained in homoepitaxial growth, because the lattices are 

completely matched at the interface between thin film and substrate (Fig. 1.1a). On the other 

hand, if the epitaxial thin film and the substrate have different crystal structures or orientation, 

heteroepitaxial growth occurs. Smaller difference of lattice constants between thin film and 

substrate leads to less lattice failure in the grown epitaxial thin film (Fig. 1.1b). However, 

large lattice mismatch (generally >0.1%) causes defects called misfit transitions, which 

makes the crystallinity worse (Fig. 1.1c). This lattice mismatch is a main problem in 

heteroepitaxial growth, because the selection of single crystalline substrates as a template is 

limited. To improve this situation, an intermediate layer as buffer or seed layer is often 

Figure 1.1 Schematic illustration of (a) homoepitaxial growth and heteroepitaxial 

growth with (b) small and (c) large lattice mismatch between thin film and 

substrate. 
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introduced between film and substrate [3]. Epitaxial growth is also utilized for complicated 

thin films such composition spread filmｓ [4] and multi-layer films [5].  

 

1.1.2 Application of oxide semiconductors with high Hall mobility 

Oxide semiconductor indicating low resistivity (ρ < 1 × 10−3 Ωcm ) and transparency 

to visible light (band gap Eg ≥ 3.2 eV) is used as a transparent electrode in electric devices such 

as light-emitting-diodes (LED) and solar cells [6-8]. Conductivity (σ) is determined by carrier 

density (ne,h) and Hall mobility (μH), which indicates how quickly carriers can move through 

the semiconductor. High Hall mobility is favorable to obtain high conductivity as described in 

the following formula (1-1): 

                   σ = ρ-1 = e×ne,h×μH                   (1-1) 

where is the resistivity and e is the elementary charge. Thus, transparent oxide 

semiconductors (TOSs) with high Hall mobility have been extensively studied. A typical and 

widely used TOS is Sn4+-doped In2O3 (ITO), which shows high Hall mobility (μH ~ 54 

cm2V-1s-1 [9]). In addition, high Hall mobility TOSs without expensive and rare In metal have 

been developed so far, which include Al3+-doped ZnO (μH ~ 48 cm2V-1s-1 [10]), F--doped 

SnO2 (μH ~ 19 cm2V-1s-1 [11]), Nb5+-doped anatase TiO2 (μH ~ 20 cm2V-1s-1 [12]). These 

TOSs satisfy the practical requirements to visible light transparency and conductivity. When 

using a transparent electrodes in an optoelectronic device such LED, the transparent electrode 

should have higher refractive index than the active layer to reduce the reflection loss at the 

interface between the transparent electrode and the active layer as shown in Fig. 1.2 [13]. 

However, conventional TOSs including ITO have smaller refractive index than active layer 

materials such as GaN and InN (Fig. 1.3) [14-16]. Therefore, a novel semiconductor with 

high Hall mobility and high refractive index is desired.   

 

https://en.wikipedia.org/wiki/Semiconductor
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Oxide semiconductors are also used as photocatalysts and photoelectrodes, which 

show catalytic reaction under irradiation of light with larger photon energy than its band gap. 

Photo-carriers generated by the light irradiation decompose organic materials and generate H2 

and O2 from water, which is called water-splitting [17]. For water-splitting, suitable band 

alignment in photoelectrode, that is, the lower minimum of the conduction band than 

Figure 1.2 Optical path in light emitting diode with TOCs electrodes with 

refractive index (n) (a) larger and (b) smaller than that of active layer. 

Figure 1.3 Plots of refractive index vs band gap of typical TOS (black circles) 

and active layer (orange squares) materials.  
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oxidation-reduction potential of H+/H2 and the higher maximum of the valence band than 

oxidation-reduction potential of O2/H2O, are required. In addition, high Hall mobility is 

favorable to obtain high photocatalytic efficiency, because the generated carriers in the 

photoelectrode can quickly reach to the surface at which the reaction occurs before the 

recombination of carriers [18]. As an oxide semiconductor meeting these requirements, 

anatase TiO2 has been extensively studied [19,20]. However, pure anatase TiO2 has lower 

efficiency for solar ray because of its larger band gap than visible light region (Eg~3.2 eV) 

[21]. In other words, anatase TiO2 can absorb only ultraviolet rays, which is only 5% of solar 

ray. To obtain visible light-active photocatalysts and photoelectrodes, band gap engineering 

of existing oxide semiconductors and development of novel materials have been made as 

described in the later section.   

As described above, anatase TiO2 is one of the most extensively studied oxide 

semiconductors because of its high photocatalytic efficiency and high Hall mobility. Here, I 

briefly explain about anatase TiO2. Anatase TiO2 is a metastable polymorph of TiO2. The 

most thermodynamically stable phase is rutile TiO2. Both anatase and rutile structures have 

tetragonal symmetry and are composed of edge-sharing Ti-O6 octahedra, where a Ti atom 

occupies the center and are coordinated with six O atoms (Fig. 1.4). The difference in the two 

structures is the number of shared edges with neighboring Ti-O6 octahedra: rutile and anatase 

have two and four shared edges in Ti-O6 octahedra, respectively. Detailed physical properties, 

such as transport properties, of anatase TiO2 had not been known until recently because of the 

difficult in synthesis of metastable anatase structure. However, this problem has been 

overcome by synthesis of single crystalline anatase TiO2 [22,23]. As a result, it was revealed 

that anatase TiO2 show higher conductivity and photocatalytic efficiency than rutile TiO2 

because of its high Hall mobility [21,24].  
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1.1.3 Control of physical properties for practical applications 

Controlling physical properties of oxide semiconductors is practically important 

because each electric device requires physical properties for its use. As shown in Fig. 1.5, for 

example, transparent electrodes need large band gap (Eg ≥ 3.2 eV), wide lineup of refractive 

index and large carrier density (ne,h ≥ 1×1020 cm-3) to achieve transparency to visible light, 

less reflection loss at the interface and high conductivity, respectively [6,13]. In contrast, 

photoelectrodes need small carrier density and small band gap (Eg < 3.2 eV) for reducing 

recombination site of generated photo-carriers and increasing absorption of solar ray, 

respectively [17,25]. Therefore, controlling optical properties and carrier densities in oxide  

 

The structures shown in Fig. 1.4 were produced by VESTA software; K. Momma and F. 

Izumi, “VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology 

data,” J. Appl. Crystallogr., 44, 1272-1276 (2011).   

Figure 1.4 Crystal structure of (a) rutile and (b) anatase TiO2; blue ball: Ti, red 

ball: O. The black solid lines indicate the unit cell.  
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semiconductors have been extensively studied. 

The majority of oxide semiconductors have band gap values in ultraviolet region. It 

is suitable for transparent electrodes but insufficient for photoelectrodes as described above. 

To overcome the situation in photoelectrodes, band gap narrowing in oxide semiconductors 

has mainly been achieved by doping an element with smaller electronegativity than oxygen 

such as nitrogen [26], phosphor [27] and sulfur [28]. Because of the smaller electronegativity, 

p-orbitals of these elements form energy levels shallower than O 2p orbital, which makes 

band gap narrower (Fig. 1.6) [29]. However, there is a limit to the doping amount because the 

doped element has different valence or ion size from oxygen. For example, in heavily 

nitrogen doped anatase TiO2, rutile TiO2 as a secondary phase appears [30]. This limitation in 

doping results in small controllable range in band gap. In addition, doping generally worsens 

crystallinity and generates anion vacancy due to charge compensation effect. These decrease 

Hall mobility and increase the density of recombination site for generated photo-carriers, 

Figure 1.5 Favorable physical properties in transparent electrode and 

photoelectrode.  



8 

 

resulting in worse photocatalytic efficiency [31]. Solid-solution method is also an established 

way for band gap engineering in compound semiconductors. Using two materials, A and B, 

with the same crystal structure and different optical properties, band gap can be controlled 

widely in complete solid-solution A1-xBx (0≤x≤1) as shown in Fig. 1.7 [32]. When the crystal 

structure is different between the two materials, the solid-solution can be synthesized only at 

a certain x range [33]. 

As described in Equation (1-1), not only high Hall mobility but also high carrier 

density ne,h of the order of 1020 cm-3: i.e., degenerated n-type or p-type semiconductors, are 

necessary for transparent electrodes to achieve high conductivity [6]. When ions with 

different valence are introduced into host crystal, electron or hole can be generated. Thus, 

substitutional or insertional doping is the most common method to increase the carrier density 

in oxide semiconductors. Most of researches on transparent electrodes have been developed 

to n-type TOSs such In2O3, SnO2 and ZnO. Examples of n-type doping to these materials are 

ITO [9], Sb5+ [34] or Ta5+ [35] or F- [11] -doped SnO2, and Al3+ [10] or Ga3+ [36] -doped ZnO, 

which show higher carrier density and conductivity than non-doped ones. Not only 

intentionally doped impurities but also native defects such oxygen vacancies and interstitial 

cations act as donors in oxide semiconductors [37,38]. Some films even show degenerated 

n-type conduction with 1020 cm-3 order of carrier density originating from native defects. 

Later than these reports, anatase TiO2 was also categorized as a high mobility wide-gap 

semiconductor of which carrier density can be controlled in a wide range, from insulator to 

degenerated semiconductor, by chemical doping (Nb5+ [12], Ta5+ [39], W6+ [40], F− [16]) or 

oxygen vacancy [21]. 
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Figure 1.6 Calculated valence band maximum (VBM) and conduction band 

minimum (CBM) positions of metal-doped SrTiO3 as compared with those of the 

corresponding experimental values of pure SrTiO3. The VBM and CBM values 

are given with respect to the NHE potential (V) and energy with respect to 

vacuum (eV). (a) Un-doped SrTiO3, (b) one B atom doped SrTiO3 at 4.167 

atom%, (c) one C atom doped SrTiO3 at 4.167 atom%, (d) one N atom doped 

SrTiO3 at 4.167 atom%, (e) one F atom doped SrTiO3 at 4.167 atom%, (f) one P 

atom doped SrTiO3 at 4.167 atom%, (g) one S atom doped SrTiO3 at 4.167 

atom%. Reprinted by permission from [29]. “Copyright  2013, Elsevier B.V.” 

Figure 1.7 Band gap (Eg) of InGaN, InAlN, and AlGaN plotted as a function of 

in-plane lattice constant a. Reprinted by permission from [32]. “Copyright 2009, 

American Institute of Physics” 
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1.2 Oxynitride semiconductor  

Oxynitride semiconductors contain two kinds of anions, oxygen and nitrogen and indicates 

unique optical properties compared to oxide semiconductors. Therefore, oxynitride 

semiconductors are expected to widen the range of physical properties of oxide-based 

materials. Meanwhile, the growth method and/or condition for oxynitrides are very different 

from those of oxides, because nitrogen is less reactive than oxygen. In this section, I 

introduce the present state of synthesis and physical properties of oxynitrides. 

 

1.2.1 Synthesis of oxynitride 

Most of oxynitride materials are synthesized from bulk polycrystalline powders of 

oxide by partial nitriding reaction with ammonia gas, which is called ammonolysis (Fig. 1.8) 

[41,42]. Nitrogen atoms are substituted for oxygen atoms in the precursor oxide powders 

under ammonia gas flow at high temperature (≥800 ˚C). Although the synthesis of oxynitride 

by ammonolysis is conventionally used, the obtained oxynitrides are in bulk polycrystalline 

powder form and not suitable for investigation of their intrinsic physical properties. 

Oxynitrides are usually decomposed at lower temperature than their melting points, which 

prevents to obtain densely sintered samples from the polycrystalline powders. Thus, the 

oxynitride samples synthesized by ammonolysis are forms of polycrystalline, and measured 

physical properties are largely affected by extrinsic factors such grain boundaries. Moreover, 

the nitrogen amounts in the obtained powders are too sensitive to reaction conditions such as 

reaction temperature, flow rate of ammonia, and wetness of ammonia, which sometimes 

results in emergence of impurities and inhomogenity such a gradient of nitrogen amount from 

the surface to the inside of grains [41]. Because of this, reported physical properties tended to 

show scattering, as typically seen in band gap values of Ga1-xZnxN1-xOx [43-45]. 
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Thus, oxynitride samples of single crystalline film form with carefully controlled 

nitrogen amounts are required to investigate their intrinsic properties. For this purpose, 

epitaxial thin film growth is a promising approach. Indeed, oxynitride epitaxial thin films 

were successfully synthesized under various atmosphere such as N2 gas [46], NH3 gas [47], 

N2 plasma [48, 49], and NH3 plasma [49], although poor crystallinity and difficulty in 

controlling nitrogen amounts often became problems. When using inert N2 gas atmosphere, 

another issue is that the reaction condition is limited to high temperature and high N2 pressure. 

Because there are less reports on the epitaxial growth than that of ammonolysis, the epitaxial 

growth of oxynitrides still needs further studies. 

 

1.2.2 Physical properties of oxynitride 

Generally, metal oxynitrides indicate narrower band gap than oxides because of 

smaller electronegativity of nitrogen than that of oxygen, which makes N 2p orbital shallower 

than O2p orbital. Thus, some oxynitrides absorbs visible light and indicate vivid color. 

Comparing to nitrogen-doped oxide materials, oxynitrides can contain larger amounts of 

nitrogen, which leads to strong absorption in visible light region and large shift of band gap. 

Thus, oxynitride semiconductors can use solar-ray more efficiently than oxide 

Figure 1.8 Schematic illustration of ammonolysis. 
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semiconductors such as anatase TiO2 with band gap of ~3.2 eV [21]. Therefore, metal 

oxynitrides have attracted much attention as non-toxic pigment [50] or visible-light active 

photocatalysts [51] in the last decade.  

In addition, the band gap of some oxynitrides is controlled by making 

solid-solution with oxide materials. As I described above, two materials with the same crystal 

structure and different optical properties are required for fabricating complete solid-solution. 

Because oxygen and nitrogen have almost the same ionic radii, there are many combinations 

of oxide and oxynitride with the same crystal structure. As one example, the band gap of the 

solid-solution with perovskite structure, (NaTaO3)x(LaTaON2)1-x, can be changed from 

ultraviolet region to visible light region (2.0<Eg<4.1 eV) by increasing the ratio of oxynitride 

[52].  

Nitrogen in a crystal affects not only the band gap but also the refractive index (n). 

Oxynitrides usually have larger refractive index than oxides, due to smaller electronegativity 

of nitrogen than that of oxygen [53]. Generally, refractive index (n) becomes larger when 

polarizability (α) in a crystal increases as described in Equation (1-2):  

 

 

where NA is the Avogadro’s number, W is the molecular weight, and ρ is the density. The 

polarizability increases by decreasing ionicity of bond (rσ) as follows: 

 

 

where M=<0|e2r2|0> and υA is the atomic pseudopotentials. Considering the difference of 

electronegativity between cation and anion, metal-nitrogen bond has smaller ionicity than 

metal-oxygen bond. This leads to large refractive index in oxynitrides with metal-nitrogen 

bonds.  
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In contrast to the extensive studies carried out on the optical properties of 

oxynitrides, less attention has been paid to their electrical properties, mainly because of the 

difficulty in obtaining single crystalline or densely sintered samples as described above. 

Considering the diverse progress in oxide-based electronics, metal oxynitrides are also 

expected to exhibit attractive electrical properties [42, 51]. Recently, in fact, novel electrical 

functionalities were found in oxynitrides, as exemplified by high electron mobility in 

amorphous ZnOxNy [54,55], high dielectric constant and ferroelectricity in SrTaO2N [56, 57] 

and carrier type tunability and colossal magnetoresistance in EuWO1+xN2−x [58].  

 

1.2.3 A novel material, anatase TaON 

In this section, I describe anatase TaON, which is a transition metal oxynitride 

semiconductor with d0 electric configuration (d0: Ta5+O2-N3-) and one of polymorphs of TaON. 

I first introduce the TaON polymorphs and then explain about anatase TaON, which is the 

target material in my thesis. 

Generally, TaON takes monoclinic baddeleyite structure as the most 

thermodynamically stable phase. Baddeleyite TaON (β-TaON) has been synthesized from the 

oxide powder (Ta2O5) by ammonolysis at 800-850˚C similar to other oxynitrides [59]. There 

are a few reports on the epitaxial growth of single crystalline β-TaON thin films [60]. The 

conduction band of TaON mainly consists of Ta 5d orbital. On the other hand, the valence 

band consists of N 2p, O 2p and Ta 5d orbital as shown in Fig. 1.9 [61]. TaON has narrower 

band gap (Eg~2.4 eV) and larger refractive index at wavelength of 633 nm (n~2.5-2.9) than 

Ta2O5 (Eg~3.9 eV, n~2.2) because of smaller electronegativity of nitrogen than that of oxygen 

as described in the previous section [62,63]. Therefore, β-TaON has been studied as a visible 

light active photocatalyst. Actually, there are reports on the photocatalytic activity, such a 
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water-splitting and oxidation of organic molecule, of β-TaON under visible light irradiation 

[64,65]. Similar to anatase TiO2, TaON has the band alignment suitable for water-splitting.  

In the last decade, experimental [66-69] and theoretical [70] studies have revealed 

the existence of various metastable polymorphs of TaON with anatase, bixbyite, fluorite, 

rutile, and VO2 (B)-type structures. These metastable TaON phases have been synthesized 

only in polycrystalline fine powder form by nitriding precursor Ta2O5 powders under 

high-temperature ammonia flow, similar to β-TaON. Furthermore, substitution of Mg2+
, Sc3+, 

Y3+, etc. for Ta5+ is needed to stabilize the metastable anatase, bixbyite, fluorite and rutile 

structure. The substituted metal forms oxide domains with sixfold coordination in host crystal, 

which probably stabilize the metastable phases of TaON with sixfold coordination such 

anatase and rutile structures [71]. In case of TaON with VO2 (B)-type structure (γ-TaON), 

lower ammonia flow rate and shorter reaction time than those of β-TaON are needed for 

Figure 1.9 Part of a diagram of partial DOS for (a) O 2p, (b) Ta 5d, and (c) N 2p 

orbitals in TaON as determined by the VASP program. Reprinted by permission 

from [61]. “Copyright 2007, American Chemical Society” 
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growth of phase pure γ-TaON instead of impurity doping. No need of the cation substitution 

in γ-TaON is explained by the stabilization energy as shown in Fig. 1.10, which indicates that 

γ-TaON is the most stable among the metastable polymorphs of TaON [68]. Anatase TaON is 

the second most stable, and very recently, synthesis of anatase TaON without additives was 

reported, though the obtained product contained large amounts of Ta3N5 and β-TaON [72]. 

These TaON show absorption in visible light region similar to β-TaON [70], and, especially, 

γ-TaON reveals photocatalytic activity in water splitting under visible light irradiation [73]. I 

also note that TaON with fluorite structure is expected to show the colossal ion conductivity 

of N3- [69] similar to O2- conductivity in oxides with fluorite structure, which has been 

applied to electrolytes in solid oxide fuel cells and oxygen sensors [74].  

  

As my research target, I focused on anatase-type TaON from the viewpoint of 

electronics applications, because its crystal structure and cation electronic configuration (d0) 

are identical to those of anatase TiO2, which is a well-established n-type oxide semiconductor 

Figure 1.10 Calculated relative energies Erel (PW1PW method; normalized to one 

formula unit) of TaON in different structure types with different anion orderings. 

Reprinted by permission from [68]. “Copyright 2007, John Wiley & Sons, Inc.” 

http://www.wiley.com/
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as described in the previous section. Because anatase TiO2 shows high Hall mobility and has 

been applied to transparent electrodes, photoelectrodes, and so on, anatase TaON is promising 

for electric devices in which high Hall mobility is required. Considering the optical properties 

in typical oxynitrides such as narrow band gap and high refractive index, anatase TaON has 

the potential to solve some problems in existing photoelectrode and transparent electrode 

materials based on oxide semiconductors, that is, low visible light absorption in 

photoelectrodes and small refractive index in transparent electrodes. However, there is a 

serious obstacle to investigate the intrinsic properties of anatase TaON, coming from the 

limititation of existing synthesis method, ammonolysis. As described above, anatase TaON 

has been synthesized only in polycrystalline fine powder form by ammonolysis with the need 

of substitution of 5-15% of Mg2+ or Sc3+ for Ta5+, which behaves as an acceptor to trap carrier 

electrons [66, 67]. These practical factors, i.e., poor electrical connection between randomly 

oriented grains and high concentration of doped acceptor impurities, hinder investigation of 

the electrical properties of anatase TaON. Indeed, electrical transport properties of anatase 

TaON have never been reported. Therefore, new synthetic route to overcome the 

above-mentioned limitation needs to be developed. 

 

 

1.3 Purpose  

As mentioned above, anatase TaON is expected as a novel oxynitride 

semiconductor applicable to electric devices such as photoelectrodes and transparent 

electrodes. However, intrinsic physical properties of anatase TaON have never been 

investigated because anatase TaON had synthesized only in bulk polycrystalline powder form 

with impurities. To overcome the difficulty in synthesizing pure anatase TaON single crystal, 

I tried to stabilize the anatase structure by using epitaxial force from lattice-matched single 
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crystalline substrate as has already reported for metastable anatase TiO2 [22]. Considering 

that some oxynitrides in thin film form were synthesized by PLD [48, 49], I attempted to 

synthesize undoped anatase TaON epitaxial thin films by using nitrogen plasma assisted 

pulsed laser deposition (NPA-PLD) in this study. Intrinsic optical and electric transport 

properties of the obtained films were investigated to confirm whether anatase TaON is truly 

promising as photoelectrode and transparent electrode materials, that is, whether anatase 

TaON indicates high Hall mobility and unique optical properties compared to oxide 

semiconductors.  

As described in Section 1.1.3, not only developing a novel material but also 

controlling its physical properties are important because electric devices require various 

properties for each use. For example, high efficiency transparent electrodes need large carrier 

density, large band gap and wide lineup of refractive index. In contrast, photoelectrodes need 

small carrier density and small band gap. Therefore, I tried to control the physical properties 

of anatase TaON to widen the range of applications. I studied two topics related to this 

purpose. One is tuning of optical properties by making solid-solution with anatase TiO2: 

(TiO2)x(TaON)1-x. The solid-solution thin films were fabricated by NPA-PLD similar to pure 

anatase TaON and the optical properties of the obtained thin films were investigated. The 

other topic is carrier doping to anatase TaON by W substitution and Li insertion, which were 

conducted by NPA-PLD and soft-chemical process, respectively. I investigated the transport 

properties of the doped anatase TaON and discussed which process was suitable for carrier 

doping to anatase TaON.  

For practical applications of anatase TaON, low-cost and large-area fabrication is 

required. To widen the growth condition, particularly to lower the growth temperature, of 

anatase TaON, I tried to stabilize anatase TaON by using various kinds of single crystalline 

substrates and anatase TiO2 seed layer. Moreover, use of expensive single crystalline 
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substrate to stabilize the metastable anatase structure is a serious disadvantage towards its 

practical applications. Thus, I aimed at establishing the synthesis process of anatase TaON on 

inexpensive substrates such as glass.  
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Chapter 2 

Experimental technique  

 

 

2.1 Pulsed laser deposition (PLD) [75,76] 

PLD is a one of physical vapor deposition techniques and has been widely used for 

fabricating thin films under non-equilibrium condition. Main components of PLD are a 

sintered pellet called a target, a substrate as a template of the thin film growth, both of which 

are set in a vacuum chamber, a laser for ablation and gas sources. A pulsed laser beam is 

focused onto the target and vaporizes the target surface. The materials vaporized from the 

target form plasma, called plume, which includes molecules, atoms, ions, clusters, and so on. 

The plume reaches to the substrate and species are deposited on the substrate surface. The 

deposited species migrate on the substrate, and some of them are re-evaporated and the 

remaining forms a thin film on the substrate. During the deposition, the substrate is heated by 

an infrared laser or lamp as necessary. The deposition is conducted under ultra-high vacuum 

or gas atmosphere supplied from the gas source; oxygen gas is often used for growth of 

oxides. Quadrupled and tripled Nd:YAG laser (λ = 266 and 355 nm, respectively), ArF 

excimer laser (λ = 193 nm), and KrF excimer laser (λ = 248 nm) are usually used for 

vaporizing the target surface in PLD. These lasers with several hundred nm wavelength have 

enough high photon energy to ablate the target surface. A target with the same composition as 

objective thin films is usually used, because PLD technique has the good transcription of 

cation from the target to the thin film. To obtain single crystalline thin films with good 

crystallinity by epitaxial growth, single crystalline substrates, which have good lattice 

matching to the objective thin film, are selected. 



20 

 

Here I summarize the merits of PLD as follows: 

 Facilitating deposition of materials with high melting points such as oxides 

 Less deviation of composition between the target and the thin film  

 Precise control of the growth rate of the thin film by laser conditions for ablation 

 Growth of multi-layer films by exchanging targets 

 Synthesis of metastable materials under non-equilibrium condition 

 

  

In this thesis, I fabricated anatase TaON and anatase (TiO2)x(TaON)1-x on 

lattice-matched substrates by PLD, which is suitable for growth of these materials, because 

they are metastable phases. A KrF excimer laser (λ = 248 nm) and an infrared lamp to heat 

the substrate were used for the growth. As targets, I prepared the oxide ceramic target, Ta2O5 

or TixTa1-xOy. Cations and oxygen were supplied by ablating the oxide ceramic targets using a 

KrF excimer laser. Additional oxygen was sometimes supplied as O2 gas. Nitrogen was 

supplied as N2 gas, which was activated into radicals by a radio-frequency wave (RF) plasma 

source (SVT Associates, Model 4.5”). The RF plasma source generated radicals from the gas 

molecules by induction field at electrodeless discharge lamp caused by radio-frequency wave. 

The deposition under nitrogen radical by PLD is called nitrogen-plasma-assisted pulsed laser 

deposition (NPA-PLD). A schematic illustration of NPA-PLD used in this thesis is shown in 

Fig.2.1.  
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2.2 X-ray diffraction (XRD) [77] 

X-ray diffraction is a phenomenon that X-ray undergoes diffraction from a sample 

with a periodic structure such as crystal lattice. By using this phenomenon, crystal structure 

can be determined.  

X-ray diffractometer consists of X-ray generator, sample stage, and detector as 

Figure 2.1 Schematic illustration of NPA-PLD setup 
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shown in Fig. 2.2. Samples can be tilted towards the directions described by angles ω and χ. 

Angles ω and 2θ represent the positions of the detector and the measured sample relative to the 

incident X-ray. In addition, samples can be rotated with the φ axis, which is perpendicular to 

the sample stage. The detector can move along another circular rail, with an angle 2θ to X-ray 

incident beam. An X-ray tube is used as the X-ray generator, where heated electrons 

generated at anode collide with the cathode metal. Cu metal is usually used as the cathode 

and characteristic X-ray from Cu (λ = 0.15418 nm) is generated. This X-ray is irradiated onto 

the sample put on the sample stage. When X-ray enters the sample with periodic structure 

such as crystal, X-ray diffraction occurs when the angles meet Bragg’s law:    

2dsinθ=mλ 

where d is the distance between diffraction planes (spacing of lattice planes in crystal), λ is 

the wavelength of incident X-ray, and m is any integer. Spacing of lattice planes in sample 

crystal (d) can be obtained by detecting the diffracted X-ray at specific positions, where the 

diffraction occurs. Each crystalline material is characterized by a specific crystal system and 

lattice constants, and thus X-ray diffraction patterns can be regarded as fingerprints of 

materials. Thus, crystal structure of the sample can be determined by XRD. There are several 

lineups for X-ray detectors: 0D (spotty), 1D (linear) and 2D (circular) detectors with different 

performances. Fine measurements are often conducted by 1D and 0D detectors because of 

their high resolution. On the other hand, not only 2θ direction but also χ direction of the 

diffraction peak can be detected by using 2D detector. Ring-shaped diffraction patterns along 

χ direction (Debye ring) are observed on the two-dimensional detector in case of 

polycrystalline samples, while diffraction patters are spot-like in case of single crystalline 

samples.  

In this thesis, XRD measurements were conducted with a commercial 

diffractometer (Bruker AXS, d8 discover). Crystal structures and lattice constants of the 

(2-1) 
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obtained thin films were determined by XRD measurements. In addition, crystallinity and 

symmetry of the film were investigated by rocking curve (ω) and φ scans, respectively. The 

detail of these measurements are described as follows. 

Crystallinity can be evaluated from rocking curve, which is ω scan with a fixed 2θ, 

χ and φ. The rocking curve represents the distribution of the tilting of the crystal plane. Thus, 

crystallinity is usually investigated as the full width at half maximum (FWHM) of rocking 

curves. The symmetry of crystal can be determined by the φ scan, which is a measurement 

with rotation around the φ axis at fixed 2θ, χ and ω. In case of single crystals, the same 

number of diffraction peaks as the rotational symmetry appear. In addition, epitaxial 

relationship between substrates and thin film can be determined by comparing the symmetry 

of substrate and thin film.  

 

 

Figure 2.2 Schematic illustration of XRD setup. This geometry corresponds to 

χ=90º. 
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2.3 Transmission electron microscopy (TEM) [78] 

 TEM is a microscope technique to obtain the information of the inner structure of 

materials, such as crystal structures and defects, by detecting the electron beam transmitted 

through a sample. Because this electron beam interacts with atoms in the sample, one can 

obtain the information of the inner structure by TEM. The transmitted electron beam is 

observed by a fluorescent screen. The convergent angle and beam size of the electron beam 

on the sample flakes and fluorescent screen are controlled by some lenses equipped at the 

both side of the electron beam path to obtain clear images.  

Compared to other analysis, TEM has remarkable advantages that it can be observe 

very small areas with high resolution and thus direct information about the crystal structures 

and defects can be obtained. On the other hand, the sample must be thin enough that electron 

beam can pass through. In general, an appropriate thickness is from 5 to 500 nm. Such thin 

samples are obtained by several techniques such as milling with focused ion beam and 

mechanical milling. Besides, the TEM samples should be flat, damage-free and 

contamination-free. 

 

 

2.4 Atomic force microscopy (AFM) [79] 

AFM is a kind of scanning probe microscopes with high spatial resolution (~1 nm). 

In case of AFM, surface morphology of sample such as roughness can be observed by 

detecting atomic force between probe tip and sample surface. When the sample surface is 

scanned two-dimensionally by the probe attached to the end of a cantilever spring, the atomic 

force between surface and probe bends the cantilever. Displacement of cantilever by this 

bending is measured by optical lever method. In this method, a laser beam reflected by the 

http://ejje.weblio.jp/content/fluorescent+screen
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back surface of the cantilever is detected by a position sensor (photo-diodes) which translates 

the displacement of cantilever by the bending to the displacement of the reflected laser beam. 

The surface morphology is imaged by this displacement. The distance between probe and 

surface is kept constant by moving the sample stage upward or downward by a piezoelectric 

driver during the measurement. 

In this thesis, AFM measurements were conducted by a commercial scanning 

probe microscopy system (SII-nanotechnology, SPI4000 with SPA400). 

 

 

2.5 Scanning electron microscopy / Energy 

dispersive X-ray spectroscopy (SEM-EDX) [80] 

2.5.1 Secondary electron microscopy (SEM) 

SEM is an electron microscope to investigate the surface morphology of solid 

materials by using accelerated and focused electron beam as a probe. When this electron 

beam is irradiated to a sample, emissions, such secondary electrons and backscattered 

electrons, are generated through interaction between the probe electrons and the atoms of the 

sample. Information of surface morphology is obtained by detecting these emissions 

(secondary electron is usually used.). Compared to optical microscope, SEM is useful to 

obtain stereoscopic images because of deeper depth of focus than optical microscope. 

When the electron beam is irradiated to the sample, characteristic X-ray is also 

emitted from the atom in the sample. By detecting this characteristic X-ray, elemental 

analysis of the sample can be conducted. Details are as follows. 

 



26 

 

2.5.2 Energy dispersive X-ray spectroscopy (EDX) 

EDX is a technique for elemental analysis of samples by detecting the 

characteristic X-ray emitted from the atoms in the samples. Silicon pin diode diffused Li is 

used as a detector. A characteristic X-rays from different atoms can be treated as different 

voltage pulses by the silicon pin diode, because electron-hole pairs with energy proportional 

to the energy of the characteristic X-ray is generated in this detector at the time of detecting 

the characteristic X-ray. By translating this voltage to the energy of the characteristic X-ray, 

energy spectrum of the sample can be obtained. Because the energy of the characteristic 

X-ray is specific to each atom, the chemical composition of the sample can be determined 

from the peak position in the energy spectrum (qualitative analysis). On the other hand, the 

number of detected voltage pulse corresponds to the peak intensity in energy spectrum. 

Although correction by standard samples is needed, the amount of the each element can be 

evaluated from the peak area (quantitative analysis).  

In this thesis, anion amount in oxynitride thin films were determined by SEM-EDX. 

SEM-EDX measurements were conducted at the Research Hub for Advanced Nano 

Characterization, The University of Tokyo, under the support of "Nanotechnology Platform" 

(project No. 12024046) by MEXT. Instead of a standard sample, simulation software 

(SIMNRA and Casino) was used for quantitative analysis. The simulation software gives us 

the energy spectrum corresponding to assumed composition. By comparing the obtained 

energy spectrum by SEM-EDX with simulated energy spectrum, I determined the 

composition of thin films. 

 

http://ejje.weblio.jp/content/qualitative
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2.6 Nuclear reaction analysis (NRA) [81] 

NRA was used to determine the nitrogen amount in oxynitride thin films. 

Determining the quantity of nitrogen is conducted by the following nuclear reaction: 

15N + p → compound nucleus → 12C + α + γ 

This reaction formula means the generation of 12C and the emission of α-ray (α) and γ-ray (γ) 

after the reaction 15N isotope with proton (p).This reaction is also described as follows: 

15N(p,α γ)12C 

The energy of emitted α-ray and γ-ray is always the same, when nuclear reaction of 15N(p,α 

γ)12C occurrs. 

In this thesis, I determined the amount of nitrogen in oxynitride thin films by 

irradiating proton beam of 898 keV to the oxynitride thin films and detecting γ-ray peculiar to 

the nuclear reaction of 15N(p,α γ)12C. The γ-ray was observed by two Bi4Ge3O12 scintillators, 

which emit fluorescence when absorbing γ-ray. By amplifying this emitted fluorescence, 15N 

from the nuclear reaction of 15N(p,α γ)12C became detectable. By comparing the results 

measured for a sample and TiN epitaxial thin films as references, the amount of nitrogen in 

the sample was calculated. In this study, NRA measurements were conducted with a 1-MV 

tandetron accelerator at Tandem Accelerator Complex, University of Tsukuba. 

 

 

2.7 Secondary ion mass spectrometry (SIMS) [82] 

SIMS is a technique to determine the composition in solid materials by detecting 

the mass of secondary ions with mass spectrometry. When primary ions are irradiated to the 

surface of a sample, secondary ions are generated by collision between primary ions and 

atoms or molecules at the surface of sample. SIMS conducts under high vacuum to prevent 

(2-2) 

(2-3) 



28 

 

the contamination at the surface and the collision between the secondary ions and the 

background gas species. SIMS is a very sensitive analytical technique with detection limits of 

~1012-1016 atm/cm3 and can be categorized as quantitative analysis when a standard sample is 

available. There are two kind of measurement modes, dynamic mode (D-SIMS) and static 

mode (S-SIMS). In D-SIMS, elemental distribution along the depth direction can be obtained 

by sputtering the surface during the measurement.   

In this thesis, Li amounts and their distributions along the depth direction in 

anatase TaON thin films were determined by D-SIMS. Primary ion and acceleration voltage 

used are O2
+ and 2.0 kV, respectively. The Li amount was evaluated using a standard sample, 

TaON thin film doped with Li+ by ion implantation, within experimental errors of ~40%. 

 

 

2.8 X-ray photoelectron spectroscopy (XPS) [83] 

XPS is a technique to investigate elemental composition and electronic states of 

elements in a sample. In this technique, kinetic energy of photoelectron emitted from the 

sample is observed after X-ray is irradiated to the sample. The kinetic energy (Ek) is 

described by the energy of irradiated X-ray (hν), the work function (Φ), and the binding 

energy of electron (Eb), as shown in the following equation: 

Ek = hν − Φ – Eb 

Thus, from the binding energy of electron, which is specific to each element and its valence 

states, and its chemical environment. one can obtain compositional and electronic 

information.  

In this thesis, the valence of cation in oxynitride thin films was determined by a 

commercial XPS system (PHI5000 Versa Probe, ULVAC-PHI). 

(2-4) 
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2.9 Spectroscopic ellipsometry [84] 

Ellipsometry is an optical technique to investigate the optical constants (refractive 

index (n) and extinction coefficient (k)) of thin films. Ellipsometry is composed of a light 

source with a polarizer, a sample stage, an analyzer and a detector. In this technique, linearly 

polarized light is irradiated to a thin film on the sample stage and polarized light reflected at 

the sample surface is detected. By changing the wavelength of the irradiated linearly 

polarized light continuously, an optical spectrum can be obtained, which is called 

spectroscopic ellipsometry.  

There are two components in the polarized light, s-polarized light and p-polarized 

light. The former is the light polarized perpendicular to the incident plane, while the latter is 

the light polarized parallel to the incident plane. Because the s-polarized and p-polarized light 

show the different reflection behavior at the sample surface, the phase and intensity become 

different between s- and p-polarized light. Thus, elliptical polarized light is detected after the 

reflection, which is the origin of the name of ellipsometry. The elliptically polarized light is 

represented with parameters of Ψ and Δ, which denote to the intensity ratio and the phase 

difference between s- and p-polarized light, respectively, and depend on the wavelength of 

incident light, incident angle, thickness of the thin film and optical constants of the material. 

Therefore, the optical constants and the thickness of a thin film sample can be obtained from 

the information of Ψ and Δ in the elliptically polarized light. 

 For the analysis, an optical model, which is composed of a substrate and single 

layer or multi-layers with different thickness and optical constants, is used. The thickness and 

optical constants of each layer can be evaluated by repeating fitting procedures until a good 

fit is obtained. 

In this thesis, optical constants n and k of oxynitride thin films were determined 

using a commercial spectroscopic ellipsometer (J.A. Woollam, M-2000U). 
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2.10 Ultra violet-visible-near infrared spectroscopy 

Optical band gap can be determined by transmittance T and reflectance R, which 

are related to absorption coefficient α as follows:    

 

 

where t is the film thickness. This equation is approximation in ignorance of multiple 

reflections. 

In this thesis, these transmittance and reflectance values were measured by ultra 

violet-visible-near infrared spectroscopy. 

 

 

2.11 Electric transport property measurement 

In this thesis, electrical transport properties (ρ: resistivity, n: carrier density, and 

μH: Hall mobility) were measured by van der Pauw method and two-probe method. A 

physical property measurement system (Quantum Design, model 6000) was used to control 

the sample temperature between 10 and 300 K and the external magnetic field between −9 T 

and 9 T. In this section, van der Pauw method and two-probe method are mainly described.  

 

2.11.1 van der Pauw method [85,86] 

van der Pauw method is a technique suitable for electrical transport measurement 

of materials in thin film form. Theoretically, there is no limit for the two dimensional shape 

of thin film sample in van der Pauw method. In this thesis, I used thin films with dimension 

of ~5×5 mm and electrodes with <0.8 ×0.8 mm size. Schematic drawing of van der Pauw 

method is shown in Fig. 3.3a, where black regions correspond to electrodes.  

(2-5) 
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The probe connection for van der Pauw method is depicted in Fig. 3.3b. Resistance 

is measured by four-probe method as shown in 2ch and 3ch geometry in Fig. 3.3b. In the 

four-probe method, the electrodes for measuring the voltage drop and flowing a DC electric 

current are different. Unexpected voltage drop originated from extrinsic resistances such as 

resistance of lead wire and ammeter, and contact resistance can be neglected. Thus, the 

four-probe method is suitable for the samples with relatively low resistivity. In 2ch geometry, 

DC electric current flows between electrodes A and B (IAB) and the voltage drop between the 

electrodes C and D (VCD) is measured. The resistance (RAB,CD) evaluated by IAB and VCD is 

given as. 

RAB,CD = VCD / IAB 

In case of 3ch geometry, the resistance (RBC,DA) evaluated by IBC and VDA is expressed as 

RBC,DA = VDA / IBC 

The resistivity is evaluated by RAB,CD and RBC,DA as described in the following equation:  

 

 

where d is the thickness of a thin film sample and f is the van der Pauw correction factor to 

compensate the inhomogenity of resistance originated from irregular shape of the sample, 

position of electrode, and so on. f cannot be solved analytically. In contrast, when RAB,CD / 

RBC,DA < 10 (RAB,CD > RBC,DA), f can be determined by using the following approximation:  

 

 

My samples used in this thesis, satisfied RAB,CD / RBC,DA < 10 because of good homogeneity of 

resistance and sample shape. Thus, f is determined by Equation (2-9).  

Carrier density and Hall mobility are evaluated by Hall effect measurement 

(2-6) 

(2-7) 

(2-8) 

(2-9) 
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conducted with 4ch geometry of Fig. 3.3b. When magnetic field (Bz) is applied perpendicular 

to the thin film surface, flowing carriers from electrode A to C receive Lorentz force and the 

flowing direction is curved, which cause the gradient of carrier density along BD direction in 

Fig. 3.3b. In steady state, carriers flow straight due to the gradient of carrier density to 

balance the Lorentz force. When the sample has only one type of carriers, the voltage 

between electrode B and D (VBD) is described by the following simple equation: 

VBD = -IAC Bz / d n e 

where IAC is the electric current flowing between electrode A and C, and e is the elementary 

charge. The Hall coefficient (RH) is defined as 

RH = EBD / jAC Bz 

where EBD is the electric field along BD direction, and jAC is the current density along AC 

direction. 

From the Equations (2-10) and (2-11), Hall coefficient is given as follows: 

RH = VBD / IAC Bz = RBD, AC / Bz = -1 / d n e 

where RBD, AC is the Hall resistance measured with 4ch geometry in van der Pauw method as 

shown in Fig. 3.3b. Thus, carrier density and Hall coefficient can be determined by the slope 

of RBD, AC vs Bz plot. Furthermore, carrier type can be determined by the sign of Hall 

coefficient: positive and negative signs correspond to hole and electron carriers, respectively. 

Hall mobility can be evaluated by resistivity and carrier density with Equation (1-1): 

μH = RH / ρ 

 

(2-10) 

(2-11) 

(2-12) 

(2-13) 
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2.11.2 Two-probe method 

When the resistance of a sample is relatively high, two-probe method is more 

favorable than four-probe method. In two-probe method, the electrodes for detecting the 

voltage drop and flowing a DC electric current are the same. When the sample resistance is 

much larger than inner resistance of ammeter, the contribution of extrinsic resistance 

becomes negligibly small. Thus, the two-probe method is suitable for the sample with 

relatively high resistance. 

Figure 2.3 (a) Sample geometry for van der Pauw method. (b) Probe 

connections for 4-probe resistance (2ch and 3ch) and for Hall resistance (4ch). 
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Chapter 3  

High-mobility electron conduction in 

oxynitride: anatase TaON 

 

 

3.1 Introduction 

As mentioned in Chapter 1, phase pure anatase TaON epitaxial thin films, whose 

electric properties are less affected by grain boundaries, are desired to investigate intrinsic 

physical properties of anatase TaON. In this chapter, I present a new synthetic route of 

anatase TaON, namely, epitaxial growth by nitrogen plasma assisted pulsed laser deposition 

(NPA-PLD) on a lattice-matched single crystalline substrate, where the epitaxial force from 

the substrate stabilizes the metastable anatase structure without the need for impurity doping 

reported in previous reports [66, 67]. The growth conditions of anatase TaON epitaxial thin 

films obtained with this method were optimized through the growth temperature and growth 

rate. Optical and transport properties of anatase TaON thin films indicating a good 

single-crystal quality were investigated to confirm whether anatase TaON is promising for 

practical application such a photoelectrode and a transparent electrode as a novel material. 

 

 

*This chapter contains the contents of the following publications. 

“High-Mobility Electron Conduction in Oxynitride: Anatase TaON” 

A. Suzuki, Y. Hirose, D. Oka, S. Nakao, T. Fukumura, S. Ishii, K. Sasa, H. Matsuzaki, and T. 

Hasegawa, Chem. Mater. 26, 976 (2014) 

Copyright 2013, American Chemical Society 
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3.2 Experimental procedure 

Anatase TaON thin films were grown by NPA-PLD on 

(LaAlO3)0.3-(SrAl0.5Ta0.5O3)0.7 (LSAT) (001) single crystalline substrate (cubic, a/2 = 0.3868 

nm) with good lattice matching to the (001)-plane of anatase TaON predicted by a 

first-principles calculation (tetragonal, a = 0.392 nm) [70]. A ceramic Ta2O5 target was 

sintered from Ta2O5 powder (99.99% purity) at 1400 °C for 15 h in air. A pulsed laser beam 

from a KrF excimer laser (λ = 248 nm) was focused onto the Ta2O5 target. The fluence and 

repetition rate of the excimer laser were adjusted to control the deposition rate to 10-16 nm/h. 

The substrate temperature (TS), serving as the main growth parameter, was varied from 650 to 

800 °C by infrared lamp heating. Deposition was conducted under a partial N2 gas pressure of 

1×10−5 Torr, where the supplied N2 gas was activated into radicals by a radio-frequency wave 

(RF) plasma source (SVT Associates, Model 4.5”) with an output power of 250 W. Typical 

film thicknesses were 30-45 nm, evaluated by a stylus profiler with experimental error of ~5 

nm. Some of the films were successively annealed at 800 °C for 20 minutes under base 

pressure (< 2×10−7 Torr) in the growth chamber. 

Crystal structures of the films were examined by X-ray diffraction (XRD) 

measurements using Cu-Kα radiation and a four-axis diffractometer (Bruker AXS, d8 

discover). Surface morphology of the obtained thin films was investigated by the atomic 

force microscope (AFM). Cross-sectional transmission electron microscope (TEM) 

observation was also performed to ensure the microscopic structure of the film. The TEM 

specimen was prepared by the focused ion beam micro-sampling method. The oxygen and 

nitrogen contents were evaluated by an energy dispersive x-ray spectroscope equipped with a 

scanning electron microscope (SEM-EDX), within experimental errors of ~10%. The electron 

accelerating voltage was set at 2.5 kV in order to reduce the background signal from the 

substrate. The nitrogen content was also cross-checked by nuclear reaction analysis (NRA) 
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using a 15N(p, αγ)12C resonance reaction at 898 keV, which included an experimental error of 

~20% due to the small sample thickness and instability of the energy of a proton beam. 

Valence of Ta in TaON thin films was examined by X-ray photoelectron spectroscopy. 

Electrical resistivity (ρ), carrier electron density (ne), and Hall mobility (μH) were determined 

by the van der Pauw method with Au/Ti electrodes. The ρ values of highly resistive samples 

were evaluated by a two-probe method. A physical property measurement system (Quantum 

Design, model 6000) was used to control the sample temperature between 10 and 300 K and 

the external magnetic field between −9 T and 9 T. Optical constants of the anatase TaON 

films were determined by spectroscopic ellipsometry (J. A. Woolam, M-2000U) in a spectral 

range of 1-5 eV. A series of ellipsometric spectra obtained at incident/reflection angle from 

50° to 80° with 5° step were analyzed for each sample by using a model of a single-layer film 

on a substrate. The dispersion function of a TaON film was modeled as a sum of single 

Tauc–Lorentz [87] and single Lorentz dispersion function. The optical anisotropy of anatase 

TaON was ignored in the analysis because isotropic and anisotropic optical models gave 

almost the same results. 

 

 

3.3 Results and discussion 

3.3.1 Synthesis of anatase TaON epitaxial thin films. 

Anatase TaON thin films were grown by NPA-PLD, where a ceramic Ta2O5 target 

was ablated and reacted with nitrogen radical introduced into the growth chamber. Figure 

3.1a compares θ-2θ XRD patterns of the TaON films grown on LSAT (001) single crystal 

substrates at various TS. As seen from the figure, the crystal growth was quite sensitive to TS. 

The films grown at TS ≥ 750 °C showed peaks at 2θ = ~35° and ~74°, which correspond well 



37 

 

to the 004 and 008 diffraction of anatase TaON predicted by first-principles calculations [70], 

namely, 2θ = 35.5° and 75.2°, respectively. Meanwhile, for the film deposited at TS ≤ 700 °C, 

these peaks became weak or even undetectable. I also conducted asymmetrical reflection 

measurements on the films grown at TS ≥ 750 °C and confirmed the epitaxial relationships 

Figure 3.1 (a) θ-2θ XRD patterns of the TaON films grown on LSAT substrates 

at various TS. “a-TaON” represents anatase TaON. (b) φ-scan plot of 101 

diffraction from the anatase TaON film grown at 750 °C. φ = 0° was set parallel 

to the <100> direction of the LSAT substrate. 
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(001)TaON || (001)LSAT and [100]TaON || [100]LSAT, as expected from the lattice-matching. The 

φ-scan plot of the 101 diffraction (Fig. 3.1b) revealed four-fold rotational symmetry, 

consistent with this epitaxial relationship. The full width at half-maximum (FWHM) value of 

the φ-scan plot was ~0.6°, which means that small in-plane twist exists in the film. I also note 

that no impurity phases, such as Ta2O5 and baddeleyite-TaON, were detected in these 

measurements.  

AFM measurements were also conducted to investigate the surface morphology of 

anatase TaON. As shown in Figs. 3.2a and 3.2b, square shape grains pattern were observed in 

both anatase TaON thin films fabricated at TS = 750 and 800°C, which reflected (001)-plane 

shape of tetragonal anatase structure. Although sizes of the grains were different in each 

growth temperature, both films showed good flatness as shown in Figs. 3.2c and 3.2d (root 

mean square ~ 0.4 nm-1). I also note that no segregation implying impurity phase were 

detected. The film grown at TS = 750 °C was further investigated by cross-sectional TEM. A 

low-magnification TEM observation (Fig. 3.3a) revealed a sharp interface between the film 

and substrate, without intermixing or phase segregation, though planar defects along the 

{101} planes of anatase TaON, which were possibly attributable to stacking faults, were 

frequently seen. Contrast variations between the triangular domains would be originated from 

small in-plane twist of crystals. High-resolution TEM images (Figs. 3.3b and 3.3c) showed a 

characteristic lattice pattern of the anatase structure, as reported previously for anatase TiO2 

[88]. The electron diffraction pattern (Fig. 3.3d) also verified the (001) growth of anatase 

TaON. From these results, I concluded that phase-pure anatase TaON was successfully 

obtained as a consequence of the epitaxial force from the LSAT substrate, without the aid of 

Mg or Sc doping. The chemical composition of the anatase TaON thin film grown at 750 °C 

was evaluated as TaO0.94±0.09N1.04±0.1 by using SEM-EDX. The nitrogen content per formula 

unit determined by NRA was 1.2 ± 0.2, which is in good agreement with the SEM-EDX 
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results, within the experimental error. 

 

 

 

Figure 3.2 AFM images of anatase TaON thin films fabricated at (a) 750 and 

(b) 800 °C. Cross-sectional profiles of anatase TaON thin films fabricated at (c) 

750 and (d) 800 °C. Blue lines in AFM images (a) and (b) represent the position 

of cross-sectional profiles.  
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Figure 3.3 (a, b) Cross-sectional TEM image of the anatase TaON thin film 

grown at 750 °C, viewed along the [010] zone axis of the LSAT substrate. The 

arrows indicate planar defects along the {101} planes of the anatase TaON. (c) 

High-resolution image of the same sample. (d) Electron diffraction pattern of the 

same anatase TaON film. The weak ring pattern originated from the carbon 

coated on the film. 
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Figure 3.4a shows the rocking curves of the anatase TaON 004 diffraction measured 

for the films grown at various TS. Notably, FWHM value shows a minimum ~0.09° at TS = 

750 °C; in other words, the best crystallinity was obtained at TS = 750 °C. Another key 

growth parameter is the film growth rate, which is determined by the ablation rate of the 

Ta2O5 target. At a high ablation rate (high laser fluence or high repetition rate), oxygen was 

oversupplied from the target compared with the nitrogen radical introduced from the plasma 

source, resulting in the formation of Ta2O5 as a secondary phase (Fig. 3.4b). At TS ≥ 750 °C, 

the optimal deposition rate was found to be 10-16 nm/h. In the following section, I present 

the physical properties of the phase-pure anatase TaON thin films grown at TS ≥ 750 °C.  

 

Figure 3.4 (a) Rocking curves of anatase TaON 004 for the films grown at 

various TS. (b) θ-2θ plots of the anatase TaON thin films deposited at 750 °C 

with optimal (16 nm/h) and excessively high (28 nm/h) growth rates. The output 

power of the RF source was set at 300 W for the deposition of the films in (b). 
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3.3.2 Electrical transport properties of anatase TaON 

Figure 3.5a plots ρ values of the anatase TaON films fabricated at TS = 750 °C and 

800 °C as functions of temperature. The former showed a high ρ of 102 Ωcm order at 300 K 

and semiconducting temperature dependence (dρ/dT < 0), whereas the latter showed a four 

orders of magnitude lower ρ at 300 K (~1 × 10−2 Ωcm) and metallic temperature dependence 

(dρ/dT > 0) down to ~100 K. Figure 3.6 shows Hall resistance vs magnetic field plot for a 

typical TaON thin film. Negative slope in this Hall measurements revealed that electrons 

carried the charges (n-type semiconductor). I also noted that linear relationship between Hall 

resistance and applied magnetic field can be observed clearly, which assures reliability of my 

measurement. Considering the TS dependence of ρ and the n-type conduction, the carrier 

electrons might have originated from anion vacancies, whose number would increase at 

higher TS, as frequently seen in oxide or nitride semiconductors. I further annealed the 

anatase TaON film (TS = 750 °C) in vacuum at 800 °C. As shown in Fig. 3.5a, ρ was 

substantially reduced by the annealing, and the ρ–T curve of the annealed film was 

comparable to that of the anatase TaON film grown at TS = 800 °C, supporting the above 

hypothesis about the carrier source. I note that the number of anion vacancies could not be 

determined by composition analysis, because the number of vacancies estimated from the 

carrier density was much lower than the experimental error (~10%). In fact, the chemical 

composition of the film grown at TS = 800 °C was evaluated as TaO1.0±0.1N1.0±0.1 by 

SEM-EDX, which agreed well with the film grown at TS = 750 °C, within the experimental 

error. XPS measurements of the TaON thin films in order to obtain information about the 

amount of oxygen vacancies also supported this estimation of the small number of vacancies. 

Figure 3.7 shows Ta 4f core level photoemission spectra of the TaON thin films fabricated at 

750 ºC and 800 ºC. In both spectra, Ta 4f7/2 and 4f5/2 peaks are composed of a single 

component assignable to Ta5+. That is, no spectral components of lower valence states, such 
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as Ta3+, was detected even in the film fabricated at 800 ºC, which should contain more 

oxygen vacancies. This indicates that the amount of oxygen vacancies was too small to be 

detectable by XPS. Considering the carrier density in the film fabricated at 800 ºC (~3.71019 

cm), the amount of oxygen vacancies would be of the order of 1020 cm-3, which corresponds 

to ~0.4% relative to Ta atoms (~2.61022 cm-3).  

 

Figure 3.5 (a) Resistivity of anatase TaON epitaxial thin films plotted as 

functions of temperature. The dashed lines represent the data of the film grown 

at 750 °C and successively annealed at 800 °C under base pressure in the 

growth chamber. The resistivity of the film grown at 750 °C (as-grown) was 

measured by a two-probe method due to the high resistance. (b) Carrier density, 

and (c) Hall mobility of the films grown at 800 °C plotted as functions of 

temperature. 
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Figures 3.5b and 3.5c show temperature dependences of ne and μH, respectively, for 

the anatase TaON thin film fabricated at TS = 800 °C. ne was almost constant at ~3.71019 

Figure 3.6 Hall resistance of anatase TaON epitaxial thin films grown at 800 °C 

plotted as functions of magnetic field. 

Figure 3.7 (a)Ta 4f core level XPS of the TaON thin films grown at 750 and 

800 °C. (b) Result of curve fitting of the TaON thin film grown at 800 °C. Red and 

black solid lines represent the experimental data and the fitting curve (sum of 

two Gaussian curves), respectively. Dashed lines are each Gaussian 

component. 
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cm−3 irrespective of temperature, indicating that the anatase TaON film is categorized as a 

degenerated semiconductor. Remarkably, μH at 300 K was as high as ~17 cm2V−1s−1, which is 

comparable to that of anatase TiO2 single crystal [23], namely, ~17 cm2V−1s−1. However, μH 

was almost temperature-independent in the whole temperature range (~20 cm2V−1s−1), in 

sharp contrast to the anatase TiO2 single crystal, in which μH is substantially enhanced at low 

temperatures where electron–phonon scattering is suppressed. Although the mechanism of 

the temperature independent μH in anatase TaON has not been fully understood yet, it is 

likely that the suppression of electron-phonon scattering at low temperatures is masked by 

predominant impurity scattering because the present films contain certain amounts of defects, 

such as anion vacancies and/or off-stoichiometry. Another possible explanation is that the 

electric transport is dominated by grain boundary scattering [89-91] caused by planar defects 

observed in the TEM images. Even in the case of anatase TiO2, reduced samples with a high 

carrier density on the order of 1019 cm−3, i.e., with a large number of oxygen vacancies, show 

similar suppression of μH at low temperatures [21]. On the other hand, Nb-doped TiO2 films 

exhibit much higher mobility than the reduced ones [12], suggesting that μH of anatase TaON 

could be further enhanced by doping with an appropriate cation. 

 

3.3.3 Optical properties of anatase TaON. 

Finally, the optical properties of anatase TaON thin films will be briefly mentioned. 

Figure 3.8 shows the optical constants of the anatase TaON film grown at TS = 750 °C 

determined by spectroscopic ellipsometry. The optical extinction coefficient, k, showed an 

abrupt increase around 2.3 eV. Assuming that anatase TaON is an indirect bandgap 

semiconductor like anatase TiO2
 [21] and baddeleyite TaON [92], Eg was determined to be 

2.37 eV from (αhν)1/2 vs hν plot (inset of Fig. 3.8), where absorption coefficient α was 

calculated from k (α = 4πkλ-1). This Eg value is comparable to those reported for anatase 
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Mg0.05Ta0.95O1.15N0.85 (2.2 eV) [66] and Sc0.15Ta0.85O1.3N0.7 (2.54 eV) [67]. The slight 

differences in the Eg values might be due to the difference in anion compositions or in lattice 

parameters. The refractive index, n, was approximately 3.0 in the visible light region, which 

is larger than that of Ta2O5 (~2.16) [63] and anatase TiO2 (2.5-2.9) [16] in the same region. 

The higher n is explained by the stronger covalency of the Ta-N bond than Ta-O or Ti-O 

bonds, which tends to increase the polarizability [53]. 

 

 

 

Figure 3.8 Refractive index n and extinction coefficient k of the anatase TaON 

thin film grown at TS = 750 °C. (Inset) Optical bandgap of the anatase TaON thin 

film determined under an assumption that anatase TaON is an indirect transition 

semiconductor. 
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3.4 Summary 

Phase-pure anatase TaON thin films were epitaxially synthesized on lattice-matched 

single crystalline substrates by using NPA-PLD. A high growth temperature and a balanced 

supply of oxygen and nitrogen are crucial for obtaining high-quality anatase TaON thin films. 

Electrical transport measurements revealed that the anatase TaON film grown at TS = 800 °C 

or reduced by vacuum annealing exhibited good electrical conductivity of ~1 × 10−2 Ωcm and 

a temperature-independent n-type carrier density on the order of 1019 cm−3, which are 

characteristic of degenerated semiconductors. The μH of ~17 cm2V−1s−1 at 300 K is rather 

high for a d-electron based semiconductor and is comparable to that of anatase TiO2. 

Development of effective dopants will be a key to improving the transport properties of 

anatase TaON. The anatase TaON thin films exhibited Eg of 2.37 eV and n of ~3.0 in the 

visible region.  

My results demonstrated that epitaxial growth of oxynitride thin films is a very 

promising approach for investigating the physical properties of metal oxynitrides, which have 

been scarcely examined so far due to the difficulty in synthesizing single crystals. 

Absorption in visible light and high μH are necessary for high efficiency 

photocatalyst. Compared to typical photocatalysts, such as anatase TiO2 and baddeleyite 

TaON, anatase TaON is expected to show the higher efficiency because only anatase TaON 

among these three materials meets the both requests. Another unique property of anatase 

TaON is its high n value comparing with conventional oxide-based transparent electrode such 

as Sn:In2O3 (n ~2.0) and Nb:TiO2 (n ~2.6). Development of a transparent electrode with high 

n is desirable because transparent conducting materials with wide lineup of n values are 

favorable to achieve refractive index matching, which is important for reducing reflection 

loss of incident light at the interface between transparent electrode and active layer. Therefore, 

I concluded that anatase TaON is promising as a photoelectrode or transparent electrode 
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material. 
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Chapter 4  

Tuning of optical properties in solid-solution 

of anatase (TiO2)x(TaON)1-x 

 

 

4.1 Introduction  

As described in Chapter.3, anatase TaON is promising for photoelectrodes and 

transparent electrodes. However, practical applications of anatase TaON needs further 

modification of its properties. Particularly, tuning its optical properties is important when 

applying it to photoelectrodes and transparent electrodes. In case of optoelectronic devices 

using conventional compound semiconductors, making solid-solution of materials with the 

same crystal structure and different optical properties is a well-established way for this 

purpose [32]. It is noteworthy that anatase TaON and anatase TiO2 have the same crystal 

structure and different optical properties as summarized in Table 4.1. Thus, it is expected that 

optical properties can be tuned between the values of TaON and TiO2 by making the 

solid-solution thin films of anatase (TiO2)x(TaON)1-x (TTON). However, there are no reports 

of complete solid-solution in anatase TTON, but only the bulk synthesis in the range of 

0.52≤x≤0.87 [93] and theoretical calculation [94] have been reported. This is mainly due to 

the instability of anatase structure and difficulty in controlling nitrogen composition. To 

overcome this problem, I tried to synthesize the solid-solution thin films of anatase TTON 

with various chemical composition x by using epitaxial stabilization same as the anatase 

TaON. Furthermore, wide tunability of their optical properties by changing x was 

demonstrated.  
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4.2 Experimental procedure 

Anatase TTON epitaxial thin films were grown on (LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 

(100) (LSAT, a/2= 3.868 Å) single crystalline substrate by using nitrogen plasma assisted 

pulsed laser deposition (NPA-PLD). Oxide ceramic targets with different Ti to Ta ratio, 

TixTa1-xOy, which were sintered from Ta2O5 powder (99.99% purity) and TiO2 powder 

(99.99% purity) at 1400°C for 15 h in air, were used for controlling cation compositions in 

the films. Pulsed laser beams from a KrF excimer laser (λ=248 nm) were focused onto the 

TixTa1-xOy target. The fluence and repetition rate of the excimer laser were adjusted so as to 

control the deposition rate at ~13 − ~70 nm/h. Substrate temperature (TS) was set at 750°C by 

infrared lamp heating. The depositions were conducted under partial O2 gas pressure of 0 − 

1×10−5 Torr and N2 gas pressure of 1×10−5 Torr. N2 gas was activated into radicals by a 

radio-frequency wave (RF) plasma source (SVT Associate, Model 4.5”) with output power of 

250 W. Typical film thicknesses were ~30 − 55 nm evaluated by a stylus profiler. Crystal 

structures of the films were examined by X-ray diffraction (XRD) measurements using 

Cu-Kα radiation and four-axis diffractometer with two-dimensional detector (Bruker AXS, d8 

discover with GADDS). The nitrogen contents were evaluated by nuclear reaction analysis 

(NRA) using a 15N(p, αγ)12C resonance reaction at 898 keV, which included an experimental 

error of ~20% due to the small sample thickness and the instability of the energy of proton 

beam. The oxygen content was calculated from the nitrogen amount assuming charge 

 Eg (eV) n (-) Crystal structure a-axis (nm) c-axis (nm) 

TiO2 3.2 [21] 2.6 [16] Anatase 0.3785 0.9514 

TaON 2.37 3.1 Anatase 0.388 1.031 

Table 4.1 Optical constants, crystal structure, and lattice constants of anatase 

TiO2 and TaON 
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neutrality. Optical constants of the anatase TTON films were determined by spectroscopic 

ellipsometry (J. A. Woolam, M-2000U) in a spectral range of 1-4 eV. A series of ellipsometric 

spectra obtained at incident/reflection angles from 50° to 80° with 5° step were analyzed by 

using a model consisting of a substrate and a single-layer film, which contains gradient of 

refractive index along the depth direction. The dispersion function of the TTON film was 

modeled as a sum of Tauc–Lorentz and Lorentz dispersion functions. Valence band spectra of 

TTON were examined by X-ray photoelectron spectroscopy. Electrical resistivity (ρ), carrier 

electron density (ne), and Hall mobility (μH) were determined by van der Pauw method with 

Ag electrodes. A physical property measurement system (Quantum Design, model 6000) was 

used to control the external magnetic field between −9 T and 9 T. 

 

 

4.3. Results and discussion 

4.3.1 Synthesis of anatase (TiO2)x(TaON)1-x: TTON epitaxial thin 

films 

In order to control the nitrogen amount in the TTON film by oxygen partial pressure 

(p(O2): 0 − 1×10−5 Torr), I first investigated the relation between nitrogen amount and growth 

of the phase pure anatase TTON. Concretely, I fabricated the TTON films with a cation ratio 

of x=0.5 at various oxygen partial pressure. Figure 4.1a compares θ-2θ XRD patterns of the 

films grown at various oxygen partial pressure. Phase pure TTON could be grown with 

oxygen partial pressure p(O2)= 1×10-6 and 3×10-6 Torr. When oxygen partial pressure was 

higher than p(O2) = 1×10−5 Torr, oxide impurity Ta2O5 appeared. On the other hand, the 

lower oxygen partial pressure (p(O2) = 0 Torr) resulted in the appearance of nitride impurity 

TixTa1-xN. Compared to anatase TaON, anatase TTON needed more supply of oxygen to 
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suppress the appearance of impurities because TTON contains a larger amount of oxygen 

than TaON. I also conducted asymmetrical XRD measurements on the phase pure TTON 

films and confirmed the epitaxial relationships (001)TTON || (001)LSAT and [100]TTON || 

[100]LSAT, same as the anatase TaON. The φ-scan plot of the 101 diffraction (Fig. 4.1b) 

revealed four-fold rotational symmetry, being consistent with the epitaxial relationship. 

 

 

Figure 4.1 (a) θ-2θ XRD patterns of the TTON films with x=0.5 grown on LSAT 

substrates at various p(O2). (b) φ-scan plot of 101 diffraction from the anatase 

TTON film. φ = 0° was set parallel to the <100> direction of the LSAT substrate. 
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Nitrogen amounts of the film grown at various oxygen partial pressure were 

investigated by NRA. The evaluated compositional ratios of N/Ta are plotted in Fig. 4.2a. As 

can be seen, the nitrogen amount was successfully controlled by oxygen partial pressure, 

indicating that the nitrogen supply to the thin film became low, in a relative sense, by 

increasing the oxygen partial pressure. The phase pure TTON films showed the N/Ta ratio 

close to stoichiometry (p(O2)= 1×10-6 and 3×10-6 Torr). On the other hand, the N/Ta ratio at 

p(O2) = 0 and 1×10−5 Torr showed large deviation from stoichiometry. This might be a reason 

why oxide and nitride impurities appeared at very high or very low p(O2). Therefore, to 

adjust nitrogen amount with oxygen partial pressure was crucial to obtain phase pure TTON. 

The nitrogen amount could also be controlled by the growth rate of TTON thin film, because 

oxygen was supplied from not only O2 gas but also the plume from oxide ceramic target, 

TixTa1-xOy. I systematically changed the growth rate by controlling the repetition rate of KrF 

excimer laser (4, 8, and 12 Hz) and confirmed this hypothesis: Increase of the growth rate 

monotonically decreased the nitrogen amount (Fig. 4.2b). This result suggests that the 

increase of the growth rate played the same role as the increase of oxygen partial pressure.  

 

Figure 4.2 Nitrogen and tantalum ratio of anatase TTON epitaxial thin films 

grown at (a) various oxygen partial pressures and (b) various growth rate. Value 

of 1.0 corresponds to the stoichiometry of TTON (dashed lines). 
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Next, synthesis of TTON thin film with various x values (x=0.1, 0.3, 0.5, 0.7 and 

0.9) was carried out. Similar to TTON with x=0.5, the oxygen partial pressure was optimized 

for each x value to obtain phase pure TTON with stoichiometric nitrogen amount. The 

deposition rate was set at ~13 − ~22 nm/h. For each x value, the oxygen partial pressure 

determined the success or failure in the growth of phase pure anatase TTON similar to TTON 

with x=0.5. As a result of the optimization, phase pure TTON films with any x values were 

obtained as shown in Fig. 4.3, which indicated no signature of phase separation to anatase 

TiO2 and TaON and segregation of impurity phases. Focusing on the TTON peak positions in 

Fig. 4.3, one may notice that the peak was shifted to larger angle side with increasing x. In 

Fig. 4.4, the lattice constants of the anatase TTON calculated from the individual XRD  

  

Figure 4.3 θ-2θ XRD patterns of the TTON films grown on LSAT substrate with 

various x values. 
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patterns were plotted as a function of x. Both in-plane (a-axis) and out-of-plane (c-axis) 

lattice parameters almost linearly decreased, as x increased, in accordance with Vegard’s law. 

Judging from the phase pure growth of TTON and the almost linear change of lattice 

constants, I concluded that complete solid-solution of anatase TTON thin films were 

obtained.  

 

4.3.2 Optical properties of anatase TTON  

Next, extinction coefficient k and refractive index n of the TTON thin films were 

determined by spectroscopic ellipsometry. The obtained extinction coefficient of the TTON 

film (x=0.1, 0.3, 0.5, 0.7, 0.9) are shown in Fig. 4.5. In visible light region, extinction 

coefficient decreased as x increased. Furthermore, the spectra shape drastically changed 

around x=0.7, which possibly reflects the change in nature of N 2p orbital in the valence band, 

hybridized with O 2p orbital or localized. Actually, the nature of N 2p orbital in anatase 

TiO2-wNw is predicted to change around w~0.3 by calculation [95]. Band gap Eg calculated 

Figure 4.4 a-axis (red circles) and c-axis (blue squares) lattice constants of 

anatase TTON epitaxial thin films plotted as x value in TTON.  
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from (αhν)1/2 vs hν plot systematically changed from visible light region (~2.4 eV) to 

ultraviolet region (> 3.2 eV) in accordance with x (Fig. 4.6a). This implies that the optical 

properties of TTON could be tuned in a wide range by adjusting x, which can cover the 

applications from visible light active photoelectrode to transparent electrode. The refractive 

index of TTON is shown in Fig. 4.5, indicating that the refractive index in visible light region 

decreased from 3.2 (TaON side) to 2.7 (TiO2 side) with increasing x (Fig. 4.6b). In conclusion, 

thus, precise controllability of band gap and refractive index was confirmed in the TTON 

solid-solution, as expected. 

 

Figure 4.5 Refractive index n and extinction coefficient k of the anatase TTON 

thin films with x = 0.1, 0.3, 0.5, 0.7, and 0.9.  
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The tendencies of Eg can be explained as follows. In most of oxynitrides, the valence 

band top consists of N 2p orbital, which is shallower than O 2p orbital due to smaller 

electronegativity of nitrogen than oxygen. When x increases, contribution from N 2p orbital 

decreases and the valence band top is pushed down, resulting in the increased Eg (Fig. 4.7). 

Similar band gap narrowing was observed in the Ti0.5Ta0.5OyNz films with different nitrogen 

amounts z. The TTON thin film with z = 0 was fabricated without introduction of nitrogen 

gas. As shown in Fig. 4.8, as the nitrogen amount increased, the absorption in visible light 

region was enhanced and the band gap became narrower. This result supported the 

above-mentioned consideration that shallower N 2p orbital contributed to the band gap 

narrowing. In case of TaON, not only the N 2p orbital but also hybridization among N 2p, O 

2p and Ta 5d orbital at the valence band would contribute to the decreased band gap due to 

widening of the band width [61]. Thus, the band width of the valence band would become 

Figure 4.6 Band gap and maximum refractive index value in visible light region 

of anatase TTON with various x values. Error bars in n represent the gradients 

of n along the depth direction.  
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Figure 4.7 Schematic diagram of energy band of TiO2 and TaON. 

Figure 4.8 Extinction coefficient k of the anatase TTON thin films with x =0.5 

and various nitrogen amount, z. 
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smaller when x increases. This change of band width was confirmed by XPS valence band 

spectra (Fig. 4.9). A structure located from ~2 eV to ~10 eV corresponds to the valence band. 

Obviously, the valence band width became narrower as the nitrogen and tantalum amount 

decreased, which suggests decreased hybridization among N 2p, O 2p and Ta 5d orbital. In 

this study, thus, band gap narrowing by sallower N 2p orbital and hybridization at the valence 

band were confirmed experimentally. Such variation of electronic structure is also considered 

to be responsible for the change in refractive index n with composition. Refractive index n of 

a solid generally decreases with decreasing bond covalency. Since M-O bonds have smaller 

covalency than M-N bonds, n of the TTON films decreases with an increase of x. 

 

 

4.3.3 Transport properties of anatase TTON  

Transport properties of the TTON thin films were briefly described. Figure 4.10 

plots resistivity, carrier density and Hall mobility values of the anatase TTON films 

Figure 4.9 Valence-band spectra of anatase TTON thin films with x = 0.1, 0.3, 

0.5, 0.7, and 0.9.  
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fabricated at TS = 750 °C as functions of x. The Hall measurements revealed that electrons 

carried charges in any x values (n-type semiconductor). The resistivity decreased by two 

orders magnitude as x increased. This change mainly originated from the increase of carrier 

density, which also increased by two orders of magnitude with x. Considering the x 

dependence of carrier density and the n-type conduction, the carrier electrons are thought to 

be originated from reduced titanium ions, Ti3+ and Ti2+, which are usually seen in anatase 

TiO2 grown in a reductive condition [96]. The growth condition of TTON used in this study 

was very reductive because of higher growth temperature and less oxygen partial pressure 

than those reported previously [12], supporting the above hypothesis about the carrier source. 

Figure 4.10 Resistivity (red circles), carrier density (blue squares), and Hall 

mobility (green diamonds) of anatase TTON epitaxial thin films plotted as 

functions of x in TTON. 
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The increase in carrier density and the decrease in resistivity in accordance with x might 

reflect increase of Ti3+ with x. On the other hand, the Hall mobility of TTON showed a 

minimum around x=0.5. However, I speculate that the Hall mobility of TTON can be further 

enhanced by optimization of the growth parameter, which would decrease the amount Ti3+ as 

an impurity scattering site. Further improvement of transport properties seems to be still 

needed towards practical application of anatase TTON. 

 

 

4.4 Summary 

Complete solid-solution in anatase TTON was achieved by NPA-PLD on lattice 

matched substrate. Considering the fact that the appearance of oxide or nitride impurity was 

suppressed by controlling nitrogen amount with oxygen partial pressure, adjustment of 

nitrogen amount was crucial for obtaining phase pure anatase TTON. Both band gap and 

refractive index were successfully tuned between the values of anatase TaON and anatase 

TiO2 by the composition x of the solid-solution system. Both shallower N 2p orbital than O 

2p orbital and hybridization among N 2p, O 2p and Ta 5d orbital were attributable to the 

systematic variation of band gap, as predicted by calculation [61, 95]. This controllability of 

optical properties is advantageous for wide applications from visible light active 

photoelectrodes and transparent electrodes with optimized refractive index. 
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Chapter 5  

Carrier doping to anatase TaON 

 

 

5.1 Introduction 

When applying anatase TaON to transparent electrodes, tuning of not only its optical 

properties but also its transport properties are needed. Transparent electrodes are required to 

have low resistivity of ρ < 1×10-3 Ωcm [6]. However, reduced anatase TaON showed higher 

resistivity (ρ ~1×10-2 Ωcm) although anatase TaON indicated high Hall mobility (μH ~ 17 

cm2V-1s-1 ) comparable to anatase TiO2. This is mainly due to the lower carrier density (ne < 

5×1019 cm-3) than those of typical transparent electrode materials (ne > 1×1020 cm-3). 

Therefore, carrier doping method with anatase TaON has to be developed. 

I took two approaches for carrier doping, substitution and insertion of cations. 

Cation substitution, which is widely used in oxide semiconductors to introduce carriers into 

them as described in Chapter.1, was attempted by W6+-substituted for Ta5+ as in the case of 

Nb5+- or Ta5+-substitution for Ti4+ in anatase TiO2 [12, 39]. On the other hand, soft chemical 

Li insertion was also adopted as carrier doping method [97]. There are several reports of soft 

chemical Li insertion to bulk polycrystalline anatase structure with n-butyllithium solution 

[66, 98]. However, transport properties of W- or Li-doped anatase TaON had never been 

investigated because of the lack of single crystalline samples.  

In this study, I synthesized W- and Li-doped anatase TaON thin films by nitrogen 

plasma assisted pulsed laser deposition (NPA-PLD) and soft chemical Li insertion to anatase 

TaON thin films fabricated by NPA-PLD with n-butyllithium solution, respectively. I 

investigated the transport properties of the obtained thin films.  
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5.2 Experimental procedure 

W-doped anatase TaON epitaxial thin films were grown on 

(LaAlO3)0.3(SrAl0.5Ta0.5O3)0.7 (100) (LSAT, a/2= 3.868 Å) single crystal substrate by using 

NPA-PLD. Oxide ceramic targets, W0.05Ta0.95Oy, which were sintered from Ta2O5 powder 

(99.99% purity) and WO3 powder (99.99% purity) at 1000°C for 18 h in air were used. 

Lower sintering temperature than Ta2O5 target was expected to prevent tungsten vaporizing 

because tungsten has a smaller vapor pressure than tantalum. Pulsed laser from a KrF 

excimer laser (λ=248 nm) was focused onto the W0.05Ta0.95Oy target. The substrate 

temperature (TS) was set at 800°C by infrared lamp heating. Output power of a 

radio-frequency wave (RF) plasma source (SVT Associate, Model 4.5”) was set to 350 W. 

The other conditions of the fabrication were the same as those of anatase TaON (Chapter.3). 

Typical film thicknesses were ~50 nm evaluated by a stylus profiler.  

Anatase TaON thin films as precursor of Li insertion reaction were fabricated at 

750°C by NPA-PLD. The film growth conditions are the same as those described in Chapter.3. 

The thin films were reacted with n-butyllithium in hexane solutions (Sigma-Aldrich) at room 

temperature or 60°C for 6 hours by dipping a crystal in an n-butyllithium solution, as 

reported in Li-doped anatase TiO2 [98]. The reacted thin films were washed with hexane and 

then covered with laminate films or greases to prevent exposure to air. 1.6 M, 1.6×10-2 M, 

and 1.6×10-4 M n-butyllithium solutions were used to investigate the effect of n-butyllithium 

concentration. In addition, I carried out Li insertion to anatase TaON thin films fabricated at 

800°C with more anion vacancy than that fabricated at 750°C to investigate the effect of 

anion vacancy in the precursor films on Li insertion. All procedures for Li insertion were 

performed in a glove box under an inert N2 gas atmosphere. 

Crystal structures of the films were examined by X-ray diffraction (XRD) 

measurements using Cu-Kα radiation and a four-axis diffractometer (Bruker AXS, d8 
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discover). Surface morphology of the films reacted with the n-butyllithium solution was 

investigated by atomic force microscope (AFM). The presence tungsten in the W-doped 

anatase TaON films was confirmed by an energy dispersive X-ray spectroscopy installed in a 

scanning electron microscope (SEM-EDX). The electron accelerating voltage was set at 15.0 

keV to separate the tungsten and tantalum peaks, because the two peaks in low energy region 

(~1.7 keV) were considerably overlapped with each other. Lithium contents in the Li-doped 

anatase TaON films were examined by secondary ion mass spectrometry (SIMS), within 

experimental errors of ~40%. The Li-doped TaON thin film prepared by ion implantation was 

used as a standard sample for determining lithium amounts. The resistance values during the 

reaction with the n-butyllithium solution were measured by two-probe method with circuit 

testers. Electrical resistivity (ρ), carrier electron density (ne), and Hall mobility (μH) of the 

doped anatase TaON films were determined by van der Pauw method with Au/Ti or Ag 

electrodes. A physical property measurement system (Quantum Design, model 6000) was 

used to control the sample temperature between 10 and 300 K and the external magnetic field 

between −9 T and 9 T. 

 

 

5.3 Results and discussion  

5.3.1 W-doped anatase TaON 

θ-2θ XRD pattern of the film fabricated by W0.05Ta0.95Oy target is shown in Fig. 5.1. 

The film clearly shows an anatase TaON 004 diffraction peak without any impurity peaks. 

The presence of W in the film was confirmed by SEM-EDX, although quantitative 

determination of W was difficult because of weak intensity of W peak and partial overlap 

with Ta peak. These results indicate that W-doped anatase TaON thin film was successfully 
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obtained.  

 

Resistivity and carrier density at 300 K were compared between pure and W-doped 

anatase TaON, shown in Fig. 5.2. In case of W-doped anatase TiO2 (W0.05Ti0.95O2), carriers 

were introduced by W substitution: Larger carrier density in W0.05Ti0.95O2 (ne~2.0×1020 cm-3) 

than non-doped anatase TiO2 (ne~4.5×1018 cm-3) [40]. In contrast, the carrier density of 

anatase TaON did not change at all by W substitution (ne~4.0×1019 cm-3), and, thus, the 

Figure 5.1 θ-2θ XRD patterns of W-doped TaON films grown on LSAT 

substrates at TS=800 °C.  
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Figure 5.2 Resistivity, and carrier density of non-doped (red charts) and 

W-doped (blue charts) anatase TaON epitaxial thin films.  
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resistivity of W-doped anatase TaON (ρ~1.4×10-2 Ωcm) was almost the same as that of 

non-doped anatase TaON (ρ~1.0×10-2 Ωcm). These results imply that W did not act as an 

electron donor in anatase TaON, probably because the W-substitution was compensated by 

substitution of N3- for O2- occurring during the film growth. Therefore, carrier doping process 

after the film growth process (i.e. after O/N ratio is fixed) might be effective to avoid the 

charge compensation.  

 

5.3.2 Li inserted anatase TaON 

A θ-2θ XRD pattern of the films after the reaction with 1.6 M n-butyllithium 

solution at 60°C is shown in Fig. 5.3. By comparing the XRD pattern with that of as-grown 
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Figure 5.3 θ-2θ XRD patterns of TaON film reacted with 1.6 M n-butyllithium 

solution (red line) and as-grown TaON film (black line). 
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film, no decomposition of anatase TaON was confirmed. Surface morphologies examined by 

AFM also showed no obvious change after the reaction, such an appearance of segregation 

and an increase of the root-mean-square roughness, which was ~0.96 nm (as-grown) and ~1.2 

nm (after the reaction) (Fig. 5.4). These results indicated that Li insertion with n-butyllithium 

solution was enough soft for anatase TaON thin films not to decompose the anatase structure.  

 

From Fig. 5.5, it is evident that the peak position of anatase TaON 004 diffraction 

shifted to lower angle side after the reaction. Notably, the out-of-plane lattice parameters of 

anatase TaON changed from 10.262 to 10.272 Å, which correspond to 0.10% expansion. This 

expansion suggests that Li was successfully inserted to interstitial sites of anatase TaON 

similar to bulk polycrystalline anatase TiO2 and TaON [66, 98]. Indeed, secondary ion mass 

spectrometry confirmed the existence of Li inside the film, of which amount was controllable 

over about four orders of magnitude by changing the concentration of n-butyllithium solution 

Figure 5.4 AFM images of anatase TaON thin film reacted with 1.6 M 

n-butyllithium solution (right side image) and as-grown TaON thin film (left side 

image). 
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(Fig. 5.6). The depth profile of Li exhibited a gradient of Li amount inside the film, as shown 

in Fig. 5.7. Li diffusion from the outside solution to the thin films might cause this gradient 

and there still remains room for improvement of uniformity by optimization of the reaction 

conditions such reaction time. On the other hand, in-plane Li distribution parallel to the 

surface of the thin film is almost uniform, which was confirmed by the SIMS measurements 

at multiple points. Hereafter I use the Li amount calculated by averaging the Li concentration 

profile along the depth direction as “Li amount”. 

 

Figure 5.5 Close-up view of θ-2θ XRD patterns near 004 diffraction of anatase 

TaON film reacted with 1.6 M n-butyllithium solution (red line) and as-grown 

film (black line). 
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Figure 5.6 Li amount of anatase TaON films reacted with n-butyllithium solution 

plotted as functions of the concentration of n-butyllithium solution. 
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Next, I investigated the transport properties of Li-doped anatase TaON as functions 

of the Li concentration of n-butyllithium solution. Figure 5.8 indicates the resistance values 

of anatase TaON thin films (substrate temperature 750°C) measured during the reaction with 

the 1.6 M n-butyllithium solution at room temperature or 60°C. As shown in the figure, the 

resistance substantially decreased by the reaction with n-butyllithium solution. Considering 

the results of the composition analysis, the decrease of resistance implied that inserted Li 

generated conduction electrons as expected. The decrease of resistance was promoted at 60°C, 

suggesting that higher reaction temperature enhanced the Li insertion.  

To examine the effect of n-butyllithium concentration, transport properties of the 

Li-doped anatase TaON thin films reacted with various concentration of n-butyllithium 

solution at 60°C were also investigated. As shown in Fig. 5.9, ne increased with increasing 

the concentration of the n-butyllithium solution. The ne values at the 1.6×10-2 and 1.6 M 

n-butyllithium solution were comparable to the concentrations of Li in the film shown in Fig. 

Figure 5.7 Li amount distribution along depth direction of anatase TaON film 

reacted with 1.6 M n-butyllithium solution. The region at ~0-30 nm corresponds 

to region of the anatase TaON thin film. 
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5.6, which suggests that each inserted Li is ionized to Li+ to release an electron with high 

efficiency. I also note that much larger ne at the 1.6×10-4 M n-butyllithium solution than the 

Li amount was caused by the carriers generated from anion vacancy. Notably, the anatase 

TaON films fabricated at 750°C and reacted with 1.6×10-2 M n-butyllithium solution 

exhibited higher Hall mobility (μH ~20 cm2V-1s-1) than anion-deficient anatase TaON with 

similar ne prepared by annealing in vacuum (μH ~9 cm2V-1s-1). This difference in μH suggests 

that Li works as a weaker impurity scattering center than anion vacancy. I further focused the 

transport properties of the Li-doped anatase TaON thin film reacted with 1.6×10-2 M 

n-butyllithium solution. Figure 5.10 compares ρ values of this Li-doped anatase TaON thin 

film with that of as-grown thin film as functions of temperature. The former showed low ρ at 

300 K (~2 × 10−3 Ωcm) and metallic temperature dependence (dρ/dT > 0) down to ~50 K, 

whereas the latter showed a five orders of magnitude higher ρ of 102 Ωcm order at 300 K and 

semiconducting temperature dependence (dρ/dT < 0).  

 

Figure 5.8 Resistance of anatase TaON thin films reacted with 1.6 M 

n-butyllithium solution at room temperature (black marks) and 60 °C (red marks) 

plotted as functions of reaction time. 
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Figure 5.9 Transport properties of Li doped anatase TaON thin films plotted as 

functions of the concentration of n-butyllithium solution (0.00 M denotes to the 

data of precursor film). Circles and squares represent the data for the films 

grown at Ts = 750 and 800°C, respectively.  
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Figure 5.10 Resistivity of Li doped anatase TaON film (a red line) and as-grown 

film (a blue line) plotted as functions of temperature. The resistivity of the 

as-grown film was measured by a two-probe method due to the high resistance. 
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I also conducted the Li insertion to anatase TaON film fabricated at 800°C with 

lower resistivity than that fabricated at 750°C through the reaction with 1.6×10-2 M 

n-butyllithium solution. The Li amount of this film was about (3±1)×1019 cm-3, which is 

almost the same as that of Li inserted anatase TaON fabricated at 750°C. This means that the 

amount of anion vacancy in anatase TaON thin films did not affect the efficiency of Li 

insertion. On the other hand, the resistivity of the film was smaller (ρ ~6.7×10-4 Ωcm), which 

is enough low for transparent electrode applications (Fig. 5.9). This low resistivity is mainly 

due to higher Hall mobility (μH ~34 cm2V-1s-1) than Li inserted anatase TaON fabricated at 

750°C (μH ~20 cm2V-1s-1) (Fig. 5.9), probably because grain boundary scattering was 

suppressed in anatase TaON thin films fabricated at 800°C by forming larger grain than that 

at 750°C (Fig. 3.2).  

    

 

5.4 Summary 

I succeeded in synthesizing W-doped anatase TaON thin film by NPA-PLD. 

However, the carrier density of anatase TaON did not change by W substitution (ne~4.0×1019 

cm-3), suggesting that W did not act as an electron donor in anatase TaON. It might be caused 

by charge compensation due to substitution of N3- for O2- occurring during the film growth.  

On the other hand, carriers of the order of 1020 cm-3 were doped into TaON by Li 

insertion, which was carried out by soft chemical reaction with n-butyllithium solution. This 

demonstrates that carrier doping process after the film growth (i.e. after O/N ratio is fixed) is 

effective to avoid the charge compensation because anion substitution does not occur during 

doping process. Concentration of n-butyllithium solution affected on both Li amount and 

carrier density in anatase TaON, suggesting that inserted Li generated conduction electrons. 

In the region of high concentration of n-butyllithium solution, larger carrier density than that 
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of anion-deficient anatase TaON was achieved. The Li-doped anatase TaON films also 

showed higher Hall mobility than anion-deficient anatase TaON, indicating that Li was an 

effective dopant for carrier doping into anatase TaON. As a result of these larger carrier 

density and Hall mobility, resistivity was decreased to ρ ~6.7×10-4 Ωcm, which is enough low 

for transparent electrode applications.  

These results also indicate that soft chemical Li insertion is a powerful tool for 

carrier doping into materials to which conventional substitutional technique such as cation 

substitution is not applicable. 
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Capter 6  

Stabilization of anatase TaON by using 

anatase TiO2 seed layer 

 

 

6.1 Introduction 

I synthesized phase-pure anatase TaON in thin-film form with the assistance of 

epitaxial stabilization on a lattice-matched (LaAlO3)0.3-(SrAl0.5Ta0.5O3)0.7 (LSAT) (001) 

single crystalline substrate as described in Chapter 3. The visible light absorption (Eg~2.37 

eV), high refractive index (n>3.0), and high Hall mobility (μH~17 cm2V-1s-1) of anatase 

TaON films are promising for application to photoelectrode and electronic devices.  

From a practical viewpoint, the high growth temperature of anatase TaON (≥750 °C) 

is undesirable. In case of the growth temperature, it is well known that the temperature 

required for heteroepitaxy can be decreased by using a substrate with a better lattice match to 

that of the thin film [99]. In my study in Chapter.3, the only substrate used was LSAT, on the 

basis of the prediction of the lattice parameters of anatase TaON by first-principles 

calculations. Therefore, there may be a substrate with a better lattice match to anatase TaON. 

Another possible way of enhancing epitaxial growth is to introduce a seed layer that has not 

only the same lattice parameters, but also the same atomic arrangements as those of anatase 

TaON [3]. I adopted thin anatase TiO2 epitaxial film, which has the same network of 

edge-shared MX6 octahedra as anatase TaON as the seed layer. 

In addition, expensive single crystal substrates for stabilizing metastable anatase 

phase cannot be used in practical applications. Therefore, not only decrease of the growth 
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temperature but also the growth on inexpensive substrate such glass substrate are necessary. 

Considering the previous reports of enhanced film growth using a seed layer [3], it seems 

possible to synthesize anatase TaON thin films even on glass substrates by using a 

polycrystalline anatase TiO2 seed layer, which can be grown on glass substrate [100].  

In this chapter, I carried out two synthesis, growth at lower temperature and growth 

on glass substrate by nitrogen-plasma-assisted pulse laser deposition (NPA-PLD). I 

systematically investigated the effects of lattice matching on the epitaxial growth of anatase 

TaON thin films. In addition, I succeeded in synthesizing anatase TaON thin film on glass 

substrate with polycrystalline anatase TiO2 seed layer. 

 

 

 

 

 

 

 

 

 

 

*This chapter contains the contents of the following publications. 

“Low temperature epitaxial growth of anatase TaON using anatase TiO2 seed layer” 

A. Suzuki, Y. Hirose, D. Oka, S. Nakao, T. Fukumura, and T. Hasegawa, Jpn. J. Appl. Phys. 

54, 080303 (2015) 

Copyright 2015, The Japan Society of Applied Physics 
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6.2 Experimental procedure 

Anatase TaON thin films were grown on the following five substrates with different 

in-plane lattice parameters a: (001)-plane K2NiF4-type LaSrAlO4 (LSAO) (tetragonal, 

a=3.745 Å), perovskite LSAT (cubic, a/2=3.868 Å), 0.5 wt% Nb-doped SrTiO3 (NSTO) 

(cubic, a=3.905 Å), KTaO3 (KTO) (cubic, a=3.989 Å), and spinel MgAl2O4 (MAO) (cubic, 

a/2=4.042 Å). The films were fabricated by NPA-PLD, which has been described in 

Chapter.3. A ceramic Ta2O5 pellet was ablated by focused UV pulses from a KrF excimer 

laser (λ=248 nm). The fluence and repetition rate of the excimer laser were adjusted to set the 

deposition rate to ~17 nm/h; typical parameters were 1.6 J cm−2 shot−1 and 4 Hz, respectively. 

Substrate temperature (TS) was varied from 550 to 750 °C by using an infrared lamp. The 

depositions were conducted under N2 gas (1 × 10−5 Torr) activated by a radio-frequency (RF) 

wave plasma source with an output power of 250 or 300 W.  

When anatase TaON thin films were grown on glass substrates with the 

polycrystalline anatase TiO2 seed layer, the synthesis procedure shown in Fig. 6.1 was 

adopted. First, an amorphous anatase TiO2 thin film was deposited on fused silica substrate at 

room temperature by PLD. A TiO2 single crystalline substrate was used as an oxide target and 

was ablated by focused UV pulses from a KrF excimer laser (λ=248 nm). The fluence and 

repetition rate of the excimer laser were adjusted to set the deposition rate to ~60 nm/h; 

typical parameters were 1.3 J cm−2 shot−1 and 2 Hz, respectively. The deposition was 

conducted under O2 gas (1 × 10−3 Torr). Typical film thickness of the TiO2 film was 10 nm, 

evaluated using a stylus profiler. Next, substrate temperature (TS) was raised to 700 °C using 

an infrared lamp to form polycrystalline anatase TiO2 via solid phase crystallization. Finally, a 

TaON film was fabricated by NPA-PLD with the same condition as the epitaxial thin film of 

anatase TaON described above. TS was kept at 700 °C. The deposition was conducted under 

N2 gas (1 × 10−5 Torr) activated by a radio-frequency (RF) wave plasma source with an 
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output power of 300 W.  

The crystal structures and crystallinities of the films were examined by X-ray 

diffraction (XRD) analysis using Cu-Kα radiation and a four-axis diffractometer. Crystal 

structure and orientation of the films grown on glass substrates were analyzed by simulation 

software. Typical film thicknesses were 40−55 nm, evaluated using a stylus profiler. The 

oxygen and nitrogen contents of the TaON thin films were evaluated using an energy 

dispersive X-ray spectroscope equipped with a scanning electron microscope (SEM-EDX). 

The samples had an almost stoichiometric chemical composition within the experimental 

error of ~10% unless otherwise noted. Absorption coefficient of the anatase TaON films 

grown on glass substrates was determined by ultraviolet-visible spectroscopy (UV-Vis 

spectroscopy) in a spectral range of 1.5-4 eV. 

 

 

Figure 6.1 Schematic diagram of processes for growth of anatase TaON on 

fused silica substrates with polycrystalline anatase TiO2 seed layer. 
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6.3 Results and discussion 

6.3.1 Low temperature epitaxial growth of anatase TaON 

Figure 6.2(a) shows θ-2θ XRD patterns of the TaON films grown on various 

single-crystal substrates at 750 °C. The epitaxial growth of anatase TaON was apparently 

affected by the substrate lattice parameter: A strong 004 diffraction peak of anatase TaON 

was observed at ~35° with no impurity peak on NSTO, KTO, and MAO substrates as well as 

on the LSAT substrate. In contrast, TaON film grown on LSAO exhibited a very weak 

anatase 004 peak with impurity peaks. This degradation in crystallinity probably originated 

from the very large lattice mismatch between the (001)-plane of LSAO and that of anatase 

TaON. On the basis of the lattice parameters of bulk anatase TaON [72], which corresponds 

well to the value predicted by first-principles calculation [70], abulk=3.92 Å, the lattice 

mismatch between anatase TaON and LSAO is −4.5%, which is much larger than the 

mismatches for LSAT, NSTO, KTO, and MAO substrates (−1.33, −0.38, +1.75, and +3.10%, 

respectively). I note that anatase TaON thin film on KTO had a slightly nitrogen-rich 

chemical composition (N/Ta ~1.1). This off-stoichiometry was considered to not affect the 

epitaxial growth of the film, because the lattice parameters of the film were almost the same 

as those of the fully relaxed TaON film grown on the MAO substrate. TaON thin films were 

also deposited at a lower temperature of 700 °C on LSAT, NSTO, KTO, and MAO substrates. 

Notably, these films show much less intense anatase TaON 004 diffraction than those 

fabricated at 750 °C, as shown in Fig. 6.2(b). However, there is no significant difference in 

the peak area of 004 diffraction (Fig. 6.3). From these results, I considered that these 

substrates are not effective in reducing the growth temperature of anatase TaON; the 

reduction of growth temperature is less than 50 ºC, as seen from Fig. 6.3. 
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Figure 6.2 θ-2θ XRD patterns of TaON films grown on various substrates at (a) 

TS=750 °C and (b) TS=700 °C. Asterisks and filled diamonds represent 

diffractions from substrates and impurity phases, respectively. 

Figure 6.3 Peak area of 004 diffraction of anatase TaON on various substrates 

and anatase TiO2 seed layer plotted as functions of TS. The peak area was 

normalized by film thickness and scaled by that of the film grown at 750 °C on 

LSAT. 
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To discuss the effect of lattice mismatch on the epitaxial growth of anatase TaON, 

the lattice parameters and crystallinity of the anatase TaON grown at 750 °C were 

investigated (Fig. 6.4). The in-plane lattice parameters (a-axis length) of the TaON films on 

LSAT and NSTO substrates agreed well with those of the substrates themselves. In contrast, 

the a-axis lengths of the TaON films on the KTO and MAO substrates were smaller than the 

lattice parameters of the substrates and almost the same as abulk. This relaxation of epitaxial 

Figure 6.4 In-plane (top panel) and out-of-plane (middle panel) lattice 

parameters of the anatase TaON films grown on various substrates. The black 

dashed line represents the lattice parameter fully locked to the substrate. 

FWHMs of the rocking curves of 004 diffraction are also plotted in the bottom 

panel. 
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strain for the anatase TaON thin films on KTO and MAO substrates was caused by the large 

lattice mismatch. Indeed, the FWHMs of the rocking curves of these relaxed films were 

much larger than those of the films grown on LSAT and NSTO substrates, reflecting the 

defects introduced by lattice relaxation. Note that the anatase TaON film grown on NSTO 

exhibited a broader rocking curve than the film on LSAT despite the smaller lattice 

mismatch. I speculate that oxygen diffusion from the NSTO substrate [101] deteriorated the 

crystallinity of the film. These results are indicative of the difficulty in reducing the growth 

temperature of anatase TaON merely by adjusting lattice matching. 

Thus, to decrease the growth temperature, I attempted to stabilize anatase TaON by 

introducing an epitaxial thin film of anatase TiO2 (a=3.78Å) as a seed layer. The anatase 

structure consists of a network of edge-shared MX6 octahedra, while the perovskite structure 

is composed of corner-shared MX6 octahedra. The introduction of an anatase TiO2 seed layer 

would reduce the instability originating from the difference between these octahedral 

networks. Before the deposition of TaON, a ~5-nm-thick (001)-oriented anatase TiO2 seed 

layer was epitaxially grown on (001)-plane LSAT single-crystal substrates by conventional 

PLD. The anatase TiO2 seed layers were grown at TS = 600 °C under a partial O2 gas pressure 

of 1 × 10−4 Torr. A single-crystal plate of rutile TiO2 was used as the target. The excimer 

laser fluence and repetition rate were adjusted to 1.4 J cm−2 shot−1 and 2 Hz, respectively. 

Partial relaxation of the in-plane lattice constant of the seed layer (a ~3.81 Å) from the LSAT 

substrate (a/2=3.868 Å) was observed by reflection high-energy electron diffraction. The 

growth conditions of the TaON films were the same as those described in the previous 

sections unless otherwise noted. Figure 6.5 shows the θ-2θ XRD patterns of the TaON films 

grown on LSAT substrates at low temperature with and without an anatase TiO2 seed layer. 

The intensity of the 004 diffraction of anatase TaON was apparently enhanced by the 

presence of the anatase TiO2 seed layer, and phase-pure anatase TaON was obtained even at 



82 

 

Ts=650 °C. I note that anatase TaON thin films grown at the lower temperature showed a 

slightly nitrogen-rich composition. Thus, I compared films with almost the same chemical 

composition (N/Ta ~1.1) in Fig. 6.5. Then, I again plotted the peak area of the 004 diffraction 

against TS (Fig. 6.3). By introducing the seed layer, the peak area was clearly increased at 

Ts=650 and 700 °C, and became comparable to that at Ts=750 °C without the seed layer. The 

reduction of the growth temperature is roughly estimated to be 50–100 °C, which is much 

larger than those attained by changing the substrate. Considering the fact that the partially 

relaxed anatase TiO2 seed layer had a larger lattice mismatch with anatase TaON (−2.8%) 

than that of the LSAT substrate (−1.33%), the seed layer and film having the same MX6 

octahedral network were the main contributors to the reduction in the growth temperature. 

 

Figure 6.5 θ-2θ XRD patterns of TaON films grown on LSAT substrate (a) with 

and (b) without anatase TiO2 seed layer (TS= 600, 650, and 700 °C). The filled 

diamond represents diffraction from an impurity phase. 
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I also grew anatase TaON on NSTO and LSAO substrates seeded with anatase TiO2, 

where NSTO was lattice matched to anatase TaON and LSAO to anatase TiO2. In particular, 

lattice matching between the substrate and the seed layer has often been argued to be 

effective for the reduction of the film growth temperature [102]. However, θ-2θ XRD patterns 

of the TaON films with an anatase TiO2 seed layer indicated almost the same intensity of the 

004 diffraction on NSTO, LASO, and LSAT substrates (Fig. 6.6). This indicates that the 

growth temperature of anatase TaON is not sensitive to the lattice constants of the substrates 

even with the seed layer, which supports the fact that the MX6 octahedral network of the seed 

layer was the main contributor to the reduction in the growth temperature. 

 

 

Figure 6.6 θ-2θ XRD patterns of TaON films grown at TS=650 °C on NSTO, 

LSAT, and LSAO substrates with anatase TiO2 seed layer. Asterisks represent 

substrate diffractions. 
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6.3.2 Growth of anatase TaON thin film on glass substrate  

θ-2θ XRD patterns of the TaON films are shown in Fig. 6.7. The TaON thin film 

directly grown on fused silica substrate showed diffraction peaks of baddeleyite phase, which 

is the most thermodynamically stable phase of TaON. In contrast, by introducing the seed 

layer, peaks originated from baddeleyite phase disappeared and new peaks appeared at 2θ ~ 

24.0º, 35.0º and 36.8º. The diffraction pattern of this film obtained by an area detector 

consists of arches with finite broadening along χ direction, representing preferred orientation 

of the film (Fig. 6.8). To determine the crystal structure and orientation of the film, analysis 

Figure 6.7 θ-2θ XRD patterns in (a) χ = 67.5-113.5° and (b) χ = 0-45° of the 

TaON films grown on fused silica substrate with and without anatase TiO2 seed 

layer. Labels “A” and “B” represent anatase and baddeleyite, respectively. 
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using simulation software was carried out. As a result, I concluded that the obtained film was 

(112)-oriented anatase TaON of which [112] axis was tilted by ~6º from the surface normal 

(Fig. 6.9a) because simulated results with this crystal structure and orientation reproduced the 

XRD result very well, as shown in Fig. 6.9b. Thus, I successfully fabricated anatase TaON on 

glass substrate with anatase TiO2 seed layer.  

 

Figure 6.8 Area detector image of XRD pattern of the TaON film grown on fused 

silica substrate with anatase TiO2 seed layer. The center of the detector was set 

at 2θ=28º and χ=90º. 

Figure 6.9 (a) Schematic diagram of the orientation of (112) surface tilted by 

~6º. (b) Simulated area detector image of XRD pattern of the TaON film with 

(112) orientation tilted by ~6º. 

(b)  (a)  
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It should be noted that the anatase TiO2 seed layer was polycrystalline, as 

confirmed by the two-dimensional XRD image (Fig. 6.10) revealing a perfect ring with 

infinite broadening along χ direction. On the other hand, the anatase TaON thin film on the 

seed layer indicated (112)-preferred orientation. This may be related to the fact that the (112) 

surface is considerably stable in anatase structure. Actually, (112)-preferred oriented anatase 

TiO2 thin films were synthesized on glass substrate [103].  

 

 

Lattice constants calculated from the diffractions were a=0.391 nm and c=1.007 

nm, which well correspond to the values of bulk polycrystalline anatase TaON (a= 0.392 nm 

and c=1.011 nm) [72]. The chemical composition of the anatase TaON thin film was 

evaluated as TaO1.07±0.1N0.95±0.09 by using SEM-EDX, which is almost stoichiometric within 

the experimental error of ~10%. Lower sheet resistance of the obtained thin films (R ~ 25 

kΩ/sq.) than non–doped anatase TiO2 and TaON (R > 100 kΩ/sq.) suggests the mixing of Ti 

and Ta at the interface, because anatase TiO2 doped with Ta indicates low resistance down to 

Figure 6.10 Area detector image of XRD pattern of the TiO2 film grown on fused 

silica substrate. The center of the detector was set at 2θ=28º and χ=90º. 
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10-4 Ωcm order [39].  

Finally, the band gap of anatase TaON thin films is briefly mentioned. Figure 6.11 

shows the absorption coefficient of the anatase TaON film grown on fused silica substrate 

determined by UV-Vis spectroscopy. It showed an abrupt increase around 2.2 eV. As same as 

anatase TaON epitaxial thin film, Eg was determined to be 2.22 eV from (αhν)1/2 vs hν plot 

(inset of Fig. 6.11). This Eg value is comparable to that of anatase TaON epitaxial thin film 

described in Chapter 3 (2.37 eV). The slight differences in the Eg values might be due to the 

difference in lattice parameters [104].  

 

 

 

6.4 Summary 

Phase-pure anatase TaON thin films were epitaxially grown on (001)-plane NSTO, 

KTO, and MAO single-crystalline substrates as well as on LSAT. However, the growth 

temperatures of anatase TaON on these substrates were almost the same as that on LSAT, 

which indicates that the reduction of growth temperature by improving the mismatch of 

Figure 6.11 Absorption coefficient α of the anatase TaON thin film. (Inset) 

Optical band gap of the anatase TaON thin film determined under an assumption 

that anatase TaON is an indirect transition semiconductor. 
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lattice parameters is difficult. On the other hand, the growth temperature was reduced by 

50–100 ºC by introducing a seed layer of a thin anatase TiO2 epitaxial film, which has the 

same network of edge-shared MX6 octahedra as anatase TaON. These matching edge-shared 

networks enhanced the epitaxial growth of the anatase TaON thin films. The enhanced 

epitaxial stabilization of anatase TaON on the anatase TiO2 seed layer is expected to enable us 

to develop a synthetic route for anatase TaON that does not require single-crystal substrates 

or additives. For example, epitaxial growth on a polycrystalline anatase TiO2 template on a 

glass substrate or ammonolysis of anatase TiO2-Ta2O5 core-shell particles may become 

possible.  

I also demonstrated the synthesis of anatase TaON thin films even on glass substrate 

by introducing a polycrystalline anatase TiO2 seed layer. This anatase TaON thin film 

indicated (112) preferred orientation, even though the anatase TiO2 seed layer was 

polycrystalline. This might be related to the stability of the anatase (112) surface. 
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Chapter 7 

General conclusion 

 

 

In this thesis, I studied synthesis, characterization, and functionalization of an 

oxynitride semiconductor, anatase TaON in thin film form.  

 

High-Mobility Electron Conduction in Oxynitride: Anatase TaON 

By using epitaxial force from lattice matched substrates, metastable anatase TaON 

epitaxial thin films were successfully fabricated with nitrogen-plasma-assisted pulsed laser 

deposition (NPA-PLD) without any impurity doping. The obtained anatase TaON films 

showed band gap (Eg) of 2.37 eV and refractive index (n) of ~3.0 in visible light region. 

Transport measurements revealed that the anatase TaON films fabricated at 800°C can be 

categorized as a degenerated semiconductor with Hall mobility (μH) of ~17 cm2V-1s-1, which 

is comparable to that of anatase TiO2 used as photoelectrodes and transparent electrodes in 

various electric devices.  

 

Tuning of optical properties in solid-solution of anatase (TiO2)x(TaON)1-x 

Tunable optical properties of anatase TaON, refractive index n and band gap Eg, was 

achieved by making solid-solution with anatase TiO2: (TiO2)x(TaON)1-x, which were 

fabricated by controlling the nitrogen amounts in (TiO2)x(TaON)1-x thin films with oxygen 

partial pressure. Eg systematically changed from visible light region (~2.4 eV) to ultraviolet 

region (> 3.2 eV) in accordance with ratio of TaON and TiO2, x. Moreover, n in visible light 

region was also controllable from 3.2 (TaON side) to 2.7 (TiO2 side). These imply that 
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(TiO2)x(TaON)1-x could be optimized for wide applications from visible light active 

photoelectrode and transparent electrode by adjusting x. 

 

Carrier doping to anatase TaON 

Transport properties of anatase TaON were controlled by the carrier doping with Li 

insertion, which was conducted by soft-chemical Li insertion with n-butyllithium solution. Li 

insertion was confirmed by the lattice expansion and composition analysis. The concentration 

of n-butyllithium solution largely affected on both Li amount and carrier density in anatase 

TaON, suggesting that inserted Li generated conduction electrons. The lowest resistivity of 

Li-doped anatase TaON was ~6.7×10-4 Ωcm, which was enough low for transparent electrode 

applications. Considering the failure of carrier doping by W substitution, it can be said that 

soft chemical Li insertion is a powerful tool for carrier doping into materials in which 

conventional cation substitution technique cannot be used due to charge compensation.  

 

Stabilization of anatase TaON by using anatase TiO2 seed layer 

Considering practical applications, low-cost and large-area fabrication is favorable. 

Thus, I established the process to synthesize anatase TaON at lower growth temperature and 

without expensive single crystalline substrates by using anatase TiO2 seed layer, which 

stabilized anatase TaON with the same crystal structure as anatase TiO2. 

 

By the synthesis and characterization of anatase TaON, I demonstrated the 

possibility of anatase TaON as an electronic material applicable to photoelectrode and  

transparent electrode. Towards these applications, the optical and transport properties of 

anatase TaON were precisely controlled by fabricating solid-solution with anatase TiO2 and 

carrier doping associated with Li insertion, respectively, which considerably widened the 
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range of application of anatase TaON. As another approach towards practical uses, low-cost 

and large-area fabrication of anatase TaON was conducted by introducing anatase TiO2 seed 

layer. From these results, I concluded that anatase TaON is a promising electronic material, 

which has the potential in solving problems in existing oxides such as no visible light 

absorption in photoelectrode and low refractive index in transparent electrode. 
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