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 This thesis focuses on structure-property relationships in indium and zinc-based 

oxides, including (Ga, Bi and La)-doped In2TeO6, (Nb and Ta)-doped In4Sn3O12 and Cl-

doped ZnO for applications in transparent conductors and photocatalysis. 

In2-xMxTeO6 (M = Ga0−0.4
3+ , Bi0−0.5

3+  and La0−0.2
3+ ) were successfully synthesised by 

solid state reactions. While substituting In with Bi3+, Ga3+ and La3+ fails to improve the 

electronic conductivity of In2TeO6, detailed investigations have led to more 

understanding on crystal structure, electronic structure and optical properties of the 

compound. Crystallographic data, including bond lengths and bond angles, suggest no 

significant distortion of M-O6 octahedra for all doped samples; however, the stereoactive 

6s2 lone-pair electrons in Bi cause the In/Bi cation in In/Bi-O6 octahedra to shift toward 

one edge of the octahedra. The band structure calculation clarified that the fundamental 

band gap energies of all samples originate from the direct allowed transition. 

Interestingly, Bi greatly influences the conduction band dispersion and Bi 6s state 

additionally contributes at the valence band maximum, while the valence band of other 

M-doped and un-doped samples are mainly O 2p and In 4d in character.  

In4+xSn3-2xMxO12( Mx = Nb0.5
5+ and Ta0.5

5+  )were also successfully synthesised by     
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CHAPTER I 

INTRODUCTION 

 

1.1 Significance of the study 

 Oxide materials play a crucial role in human’s lives as they have been used 

extensively in various aspects, e.g., electronic, magnetic, optical and catalytic 

applications. A variety of specific uses are attractive such as energy-related, energy 

storage, dielectric, ferroelectric, optoelectronic, piezoelectric, spintronic and bio-medical 

materials. The oxide materials can function by their one or more inherent properties, 

which is versatile for a variety of applications. Two applications are the main focuses of 

this work: transparent conductors and photocatalysts. 

 

 1.1.1  Transparent Conducting Oxides (TCOs) 

  In this modern day, new age electronic devices, for example, liquid crystal 

displays (LCDs), touch panel screens, E-papers, defrosting windows, electrochromic 

windows and mirrors, photovoltaics, flexible electronics and invisible security circuits, 

play an essential role in our daily life (Gordon, 2000; Ginley and Perkins, 2011). Their 

essential component is made of materials called transparent conductors (TCs). TCs have 

been studied extensively as their demand is rapidly increasing every day. TC materials 

show the unique coexistent properties of optical transparency and electrical conductivity 

that contribute to these applications. In case those TCs are made of oxides, it can be 

called transparent conducting oxides or TCOs. Sn-doped In2O3, which is known as 

‘ITO’, is one of the most famous TCOs and has been used commercially in the thin-film 
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form because it has good electrical properties  ( ~10-4 .cm) (Gordon, 2000) with 

excellent transparency (>80%) (Granqvist and Hultåker, 2002).  

  Besides the optical and electronic properties, other factors, e.g., physical, 

chemical and thermal durability, toxicity and cost, are crucial and should be taken into 

account to produce good TCOs as well. Although ITO has good TCO properties and has 

been widely used, other doped oxides of binary systems such as ZnO, SnO2, CdO and 

ternary systems such as In4Sn3O12, Zn2In2O5 and Zn2SnO4 are also investigated as they 

are expected to be alternative materials for TCOs (Minami, 2008). A significant number 

of oxides with a variety of structures and compositions have been studied widely to meet 

the requirements for real applications. 

 

 1.1.2  Photocatalysts 

  Concerning environmental issues, photocatalysis plays an important role in 

many aspects because the solar light is a plentiful and green energy source in the 

reaction. Photocatalysts can degrade hazardous pollutants especially in sewage water 

and produce H2 fuel by water splitting (Pawar and Lee, 2015). 

  Tremendous reports on photocatalysis have made a relatively long history. 

TiO2 is the most well-known photocatalytic oxide because of its many advantages, such 

as chemical stability, low toxicity, water insolubility, hydrophilicity and low cost 

(Hernández-Ramírez and Medina-Ramírez, 2015). Moreover, outstanding photocatalytic 

properties are also discovered in some other metal oxides such as ZnO, Fe2O3, Nb2O5 

and Ta2O5 (Candal and Martínes-de la Cruz, 2015). 

  Research on oxides has resulted in various improved properties as well as 

more detailed understandings. Various methods are utilised to approach better 

photocatalytic activity, catalytic kinetics and catalyst stability. Furthermore, many works 
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aim to clarify reaction mechanisms, electronic band structures and other properties such 

as photoluminescence relating to the photocatalytic performance. Further development 

of photocatalytic oxides is still crucial in the field of materials science. 

 

1.2  Background of the study 

 This thesis focuses on investigation of the synthesised materials for transparent 

conductive and photocatalytic applications. Understanding the relationship between 

structure and the obtained properties is a key point of the study. The background of 

structure refinement is crucial to obtain crystal structure of solids. Optical and electrical 

properties are important to consider materials as TCOs. Photocatalytic properties are 

used to display self-cleaning properties of thin films. 

 1.2.1 Crystal structure  

  1.2.1.1 Structure containing stereochemically active lone-pair 

electrons 

   Lone-pair electrons profoundly influence the stereochemistry of 

inorganic compounds. They cause the structure to be different from that containing bond 

pairs (Wells, 1974; Hyde and Andersson, 1988). Sidgwick and Powell presented the 

simple electrostatic theory, which explains that electron-pair repulsions, will be 

minimised in the most stable shape. Thus, the exact shape of the molecule can be 

approximated (Sidgwick and Powell, 1940). The geometrical arrangement of many small 

molecules, e.g., H2O, NH3, SF4, SnCl2, was successfully explained by this theory, which 

is called Valence Shell Electron Pair Repulsion (VSEPR) (Gillespie and Nyholm, 1957). 

In many solid oxides, the bond angle is distorted in the presence of lone pair electrons 
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and cations with the lone pair electrons are often off-centered in the polyhedra (Hyde 

and Andersson, 1988). 

   The lone pair will be stereochemically active when s and p orbital 

of cations are hybridised. Even though their parities are different, sufficient energy can 

induce the hybridisation and break the symmetry (Orgel, 1959). For example, -SnWO4 

with active lone pair electrons of Sn2+ has the strong Sn 5s-O 2p bonding characteristic 

which destabilises the structure symmetry. It results in the asymmetric Sn2+ environment 

which appears as an off-centering cation (Figure 1.1(a)). Subsequently, Sn 5p orbitals 

are additionally mixed and the band originates from Sn 5s, Sn 5p and O 2p hybridisation 

is generated. In some cases, it further creates the dipole moment associating with the 

non-centrosymmetric crystal structure (Stoltzfus et al., 2007). The lone-pair 6s2 

electrons of Te4+ are also active in generating asymmetric cation environment in some 

compounds (Halasyamani, 2004). Furthermore, the bonding strength of the anion is 

reported as the factor affecting the structural symmetry in Tl-containing compounds. The 

change of Tl+ environment from closely ideal (TlNO3) to highly distorted (Tl3BO3) is 

responsible for the change of structure from highest to the lowest symmetry (Brown, 

2002). An unshared electron pair is not always active if a cationic s state is too narrow 

and not likely to admix with an anionic p orbital. This effect is called ‘inert pair’. It was 

suggested that heavier cations or anions reduce the overlap efficiency of cationic s 

orbitals and anionic p orbitals (Waghmare et al., 2003). Pb2+ in Scheelite-type PbWO4 

(Figure 1.1(b) (Stolzfus et al., 2007)) and other ternary oxides are examples of inert lone 

pair system (Vegard and Refsum, 1927; Stoltzfus et al., 2007). The interaction of Pb 6s 

orbitals to oxygen is reduced by the relativistic effect of Pb; consequently, the structure 

is stabilised at high symmetry and electron lone pairs are inactive (Stoltzfus et al., 2007). 
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The lone pair of Pb2+ in PbO, however, is apparently active (Leciejewicz, 1961; Hill, 

1985). Bi3+ in BiVO4 behaves differently depending on the structure, fergusonite or 

scheelite. Fergusonite phase is found at room temperature and it is transformed to 

scheelite phase above 566 K. For fergusonite structure, Bi3+ site adopts lower symmetry 

because of the strong Bi 6s-O 2p interaction. The hybridisation of Bi 6s and 6p orbitals 

are allowed; correspondingly, lone-pair electrons become stereochemically active and 

Bi3+ is then off-centered. In contrast, symmetric Bi3+ site of the scheelite-type structure 

is obtained because the Bi 6s states are thermodynamically stabilised by weak Bi-O 

bonding. The cation-anion bonding interaction, which is frequently cation ns-O 2p 

character, implies that the cation environment symmetry is the key to consideration of 

lone pair behavior (Stoltzfus et al., 2007). The effects of these stereoactive lone-pair 

cations influence the electronic band structure, specifically the position of conduction 

band and valence band and thus band gap energy. 

   The off-centered cations with stereoactive electron pairs or the 

compounds with ns2np0 cationic electron configuration commonly exhibit novel 

properties. They have significant impacts for extensive interesting applications, such as 

ferroelectric, piezoelectric, multiferroic materials, actuators, non-linear optical materials, 

ionic conductors and high-refractive index materials (Sidgwick and Powell, 1940; 

Gillespie and Nyholm, 1957; Orgel, 1959; Walsh et al., 2011). For example, the 

distorted structures of Tl+ and Pb2+ compounds are accompanied by large dielectric 

constant (Orgel, 1959). Multiferroics can be found in ABO3 perovskite (Atou et al., 

1999; Seshadri and Hill, 2001) such as BiMnO3 (Baettig et al., 2007). In this case, Bi 

has active lone-pairs and Mn is magnetic which show ferroelectricity and 

ferromagnetism, respectively. 
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Figure 1.1 The structure and cation environment of (a) -SnWO4 and (b) Scheelite 

PbWO4, where the black spheres, the dark grey spheres and the light-grey spheres 

represent transition metal ions, oxygen ions and the p-block cations, respectively 

(Stoltzfus et al., 2007). 

 

  1.2.1.2  Structure refinement 

   Structural refinement is a method used to determine the 

crystallographic information, e.g., atomic coordinates, atomic occupancy, lattice 

parameters, bond length and bond angle, from XRD patterns. The technique allows us to 

gain an understanding of structural details of the synthesised materials. 

 

 

 

(a) 

(b) 
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Figure 1.2 Schematic diagram demonstrating the obtained sample and structural 

information relating to XRD data (adapted from Dinnebier, 2001). 

 

   Structure refinement approaches, which are in common usage at 

the present, include ‘Rietveld refinement’ and ‘Le Bail refinement’. Rietveld refinement 

is also called ‘whole-profile refinement’ (Rietveld, 1969). Le Bail refinement is 

sometimes called a ‘structure-free approach’ (Le Bail et al., 1988). For the Le Bail 

method, the refinement deals with peak position using only hkl or space group giving 

lattice parameters. The Rietveld method is applied to deal with all structural parameters, 

which mainly include space group, atomic positions, thermal or atomic displacement 

parameter, atomic occupancy, peak intensity and peak profile (peak shape, FWHM). Full 

structural details are obtained beyond lattice parameters, for example, bond length and 

angle.  
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   The principle of refinement is based on least square method. The 

equation used to explain is as follow: 

   Sy = ∑ 𝑤𝑖[𝑦𝑖(𝑜𝑏𝑠) − 𝑦𝑖(𝑐𝑎𝑙𝑐)]
2

𝑖           [1] 

where Sy is the weight difference between the observed intensity [𝑦𝑖(𝑜𝑏𝑠)] and 

calculated intensity [𝑦𝑖(𝑐𝑎𝑙𝑐)] at step i of a diffraction pattern and 𝑤𝑖 = 1 𝑦𝑖⁄ . 

   The process is to achieve a best fit between raw pattern and 

calculated pattern derived from structural model with the convergence approach. The 

structural model generally used is crystallographic information file (CIF). The optimum 

match observed when Sy is minimised. This can be evaluated by a parameter called the 

weight-profile R value or Rwp, which is defined as: 

   Rwp = {∑ 𝑤𝑖[𝑦𝑖(𝑜𝑏𝑠) − 𝑦𝑖(𝑐𝑎𝑙𝑐)]
2

𝑖 ∑ 𝑤𝑖[𝑦𝑖(𝑜𝑏𝑠)]
2

𝑖⁄ }1 2⁄        [2] 

   Another important term is Rexp, which is the value reflecting the 

quality of original data collected from XRD, i.e., the counting statistics. The high quality 

XRD pattern is obtained by collecting a good number of data points gradually to 

overcome errors from counting statistics. Rexp is described as: 

   Rexp =[(𝑁 − 𝑃) ∑ 𝑤𝑖𝑦𝑖(𝑜𝑏𝑠)
2𝑁

𝑖⁄ ]1 2⁄           [3] 

where N and P is the number of observation and parameters, respectively. Rwp is ideally 

required to be equal to Rexp, which is explained in term of GOF (goodness of fit) or chi-

square (2) as: 

   2 = Rwp/Rexp             [4] 

(McCusker et al., 1999). 

   Both free and licensed softwares for structure refinement are 

available. Examples of widely used freeware are GSAS (Generalized Structure Analysis 

System) (Larson and Dreele, 2004), Fullprof (Rodriguez-Carvajal, 1993) and RIETAN 
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(Li et al., 2010). In case of licensed software, Expert High Score Plus is commonly used. 

Recently, another attractive refinement package is TOPAS from Bruker. It is a graphical 

based profile analysis program, which supports both graphical user interface (GUI) and 

launch modes. The program has the advantage of convenient use with the stable, fast and 

accurate operation, and many powerful features are added. Moreover, quantitative 

analysis is supported to provide phase composition; the precision of processing has led it 

to becoming the industrial standard for industrial areas, such as the cement and mining 

industries (Bruker AXS, 2008). 

 

 1.2.2 Optical properties 

  1.2.2.1  Interactions of UV-Visible light and solids 

   The interactions between UV-Visible light and solids can be 

absorption, emission, scattering and reflection (Figure 1.3). Solids usually reflect light 

on their surfaces and with no energy loss, this phenomenon is called ‘diffuse reflection’ 

(West, 2014). Diffuse reflectance spectra of solid materials are obtained from the 

interaction of light with a flat surface of specimen (Dann, 2000). The color of many 

solids mainly originates from both absorption and emission. Materials absorb the 

specific energy range of the electromagnetic spectrum corresponding to the band gap 

energy. At the same time, the emission and the reflectance of the residual energy range 

generate the emitted visible light (West, 2014). 

   The interaction of light and atoms is used to investigate the optical 

properties of solids (Tilley, 2013). The energy in UV-Visible causes the excitation of 

valence electrons, which can be between sub-levels of partially-filled bands or valence 

band and conduction band and thus gives the electronic transition details (Cox, 1987). If 

the photon energy equal to or greater than the energy gap between filled and empty 
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levels, the photon will be absorbed (Figure 1.4(a)). Otherwise, it may be scattered. At 

the excited state, the excited electrons may go back to the ground state by releasing the 

absorbed photons. This step is called ‘spontaneous emission’ (Figure 1.4(b)). The color 

is observed in the case of the allowed transition within the energy separation such as d-d 

transition (Tilley, 2013). The starting point in the absorption spectra could be used to 

simply estimate band gap energy according to the band structure (Cox, 1987). The 

quantitative analysis can be obtained from the intensity, which attributes to the 

probability of the transition (Atkins et al., 2014). 

 

 

Figure 1.3 The interactions between the incident light and solids (West, 2014). 

 

 

Figure 1.4 Absorption (a) and spontaneous emission (b) of light radiation (Tilley, 2013). 



 
11 

 

 As mentioned earlier, the band gap energy is significant to 

determine the electronic and optical properties. The diffuse reflectance UV-Vis spectra 

obtained from solids can be used to extract band gap energy (Gibbs et al., 2013; 

Dolgonos et al., 2014) using the theory proposed by Kubelka and Munk (Kubelka and 

Munk, 1931). The model originates from the concept of light traveling inside a light-

scattering specimen. In a real situation, however, the particle size of most samples is 

higher than the wavelength of incident light. The Kubelka-Munk (K-M) equation [5] is 

applied to an infinite-thick sample at any wavelength. 

𝐾

𝑆
= 

(1−𝑅∞)
2

2𝑅∞
 ≡ 𝐹(𝑅∞)            [5] 

where R = reflectance, R∞ = Rsample/Rstandard, F(R∞) is a K-M function, K and S are the 

absorption and scattering coefficients, respectively (Torrent and Barrón, 2002). In the 

band structure, bandgap and absorption coefficient are related (Smith, 1978) and thus the 

K-M function is expressed as equation [6]: 

   [F(R∞)hν]1/n = C(hν - Eg)            [6] 

where C is a proportionality constant and n = 1/2 and 2 for direct and indirect allowed 

transition, respectively and Eg is band gap energy. The extrapolation of the highest slope 

on the horizontal axis in the plot of [F(R∞)hν]1/n with the corresponding n against hν 

gives the estimated band gap energy (Pal et al., 2012]. 

   Another technique widely used to extract band gap energy is Tauc 

method (Tauc, 1968). The principle is based on absorption or transmission phenomena. 

This method is rather standard in thin films (Hamberg and Granqvist, 1986; Amanullah 

et al., 1995; Granqvist and Hultåker, 2002; Torkaman et al., 2010). The transmission 

spectra are used to produce band gap energy with the following relation (Tauc, 1974): 
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   (𝛼ℎ𝜈)1 𝑛⁄ =  𝛽(ℎ𝜈 − 𝐸𝑔)          [7]. 

 is a constant value called band tailing parameter. n is valued corresponding to the type 

of transition similarly mentioned above in K-M relation.  is absorption coefficient, 

which can be calculated from %transmission (%T). %T must be converted to absorbance 

(A) by the equation: A = 2  log10%T. The absorption coefficient  is then calculated 

from  = A/t where t is thickness (metre, SI unit for length). Thickness is a crucial factor 

used to determine band gap energy in thin films as thicker films are more strongly 

absorbing due to bulk absorbance. Finally, band gap energy can be obtained by using the 

extrapolation on the steepest section of the curve onto x axis from the plot between 

(hν)1/n and hν. 

   On the other hand, the accuracy of band gap determination of 

degenerately doped semiconductor has been recently addressed by Dolnogos et al. 

(2016). Doping produces electron-electron and electron-impurity scattering, which 

narrow a fundamental band gap as a result of the fundamental band gap renormalisation 

(∆𝐸𝑔
𝑅𝑁) (Berggren and Sernelius, 1981). In contrast, band gap can be widened by Moss-

Burstein shift (∆𝐸𝑔
𝐵𝑀) (Moss, 1954; Burstein, 1954). With heavily doping, electron 

carrier density surpasses conduction band edge density of state-leads to the raise of 

Fermi level (EF) to higher energy level lying inside the conduction band. Band gap 

energy is then referred to the energy difference between the top of valence band and the 

unoccupied energy states in the conduction band (Figure 1.5). Therefore, the 

consideration for several band alterations is critical. 

 



 
13 

 

Figure 1.5 Diagram explaining the effect of Moss-Burstein shift in degenerately doped 

semiconductors (Dixon et al., 2016). 

 

   The corrected Tauc plot was proposed to get accurate band gap 

energy (Dolnogos et al., 2016). In degenerately doped materials, high electron density 

leads to increased collision and therefore scattering of electrons in both the initial and 

final stages of photon absorption. This can be quantified by broadening parameter  in 

the following relationship: 

   𝛼2 ∝  1 − 
𝜋Γ

4
(𝐸𝑔 − ℎ𝜈)           [8] 

However, this method is applicable only for direct band gap while it is still a matter of 

uncertainty to correct indirect band gap. 

   In oxides of cations containing d orbitals, the electronic structures 

can be explained primarily based on the ‘crystal-field’ theory and the applied molecular 

orbital theory, ‘ligand-filed’ theory. Ligand-field splitting parameter and valence 

electrons are the factors determining the energy of electronic transition hence the color 

of those metal oxides (Atkin et al., 2014). 
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Figure 1.6 The corrected Tauc plot method for degenerately doped semiconductors. The 

band gap is obtained from the broadening parameter /4 added to the x axis (Dolnogos 

et al., 2016). 

 

 1.2.2.2 Luminescence spectroscopy 

   Solids can illuminate by the emission of radiation after the energy 

absorption (Figure 1.7). The materials that show luminescence property are known as 

phosphors. The main components of the phosphor are host and activator. Activator is the 

ion that can absorb and emit light at a specific wavelength. In oxides, doping ions are an 

activator. Besides, extra dopants can be added to function as a sensitiser (Atkins et al., 

2014; Ronda, 2008) when the activators have weak absorption because of some reasons; 

for example, the transition is forbidden. The sensitiser acts as the photon acceptor and 

later transfers the energy to the activator (Ronda, 2008). 

  The phenomena can be divided based on spin multiplicity and timescale. 

Fluorescence occurs when the excited and ground state have the same spin thus it is fast 

to radiate with the delay time less than 10-8 s. Conversely, phosphorescence has the spin 

hν 
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forbidden mechanism. It requires the flip of spin during a 

radiative decay process. This can happen via intersystem 

crossing with the occurrence of spin-orbit coupling but it takes 

longer time. Typically, the emitted energy is lower because of 

non-radiative relaxation like thermal vibration (Atkins et al., 

2014). The shift to lower energy of emission peaks or red 

shift, which is called ‘Strokes shift’, is due to ‘Frank-Condon’ 

effect. The amount of absorbed energy is slightly less than 

band gap energy; therefore, the highest-energy luminescent 

peak is often referred to ‘near band-edge emission’. 

Nonetheless, the shift to higher energy or blue shift may 

happen through two possible phenomena: the non-radiative 

relaxation of the extra energy caused by some vibrational 

energy absorptions in the lattice and the multiple photon 

absorptions called ‘up-conversion’ (Kitai, 2008; Shinde et al, 

2013).  

   

  The luminescence can be specifically named regarding the source of 

energy. When light is the source of energy, it is called photoluminescence; 

Luminescence with electricity and electron beams as the source would name electro-

luminescence and cathodoluminescence, respectively. In general, photoluminescence of 

solids is the absorption of photons usually in UV region and the emission in the visible 

region (Atkins et al., 2014). 

Figure 1.7 The energy level diagram coupled with 

absorption and emission spectra (Atkins et al., 2014). 
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 1.2.3 Electrical properties and band structures 

In any solid, a band structure is built of frontier atomic orbitals. The degree 

of overlap affects the bandwidth as well as the band gap; the better atomic overlap, the 

wider band and band gap. The band gap energy, which is generally the separation 

between valence band and conduction band, determines the electrical properties of 

solids: metals, semiconductors and insulators (Atkins et al., 2014; West, 2014). It refers 

to the energy required for electrons to move from valence band to conduction band 

(West, 2014). The filling level of electrons in the band also predicts the electronic 

properties (Dann, 2000). The highest occupied energy level at T = 0 K, which is defined 

as Fermi level, is another crucial component in the band structure. The density of states 

(DOS) is defined from the concentration of states within the band (Atkins et al., 2014). 

 

Figure 1.8 The band structure of metals (Atkins et al., 2014; Dann, 2000). 

 

Materials can be divided into three types based on their electronic 

properties. In metals, electrons are partially filled in the band (Figure 1.8(a)) hence they 

need minimal energy to move to higher energy level. As a consequence, metals are 

conducting and the conductivity is greater than semiconductors and insulators but the 
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conductivity decreases with increasing temperature (Figure 1.9) (Atkins et al., 2014; 

Dann, 2000). As the temperature increases, the electron-phonon collisions play a role to 

obstruct the electrons movement and suppress the conductivity (West, 2014). The band 

structure of metals can also be illustrated as shown in Figure 1.8(b) when the energy 

levels of the bands are very close thus they start to overlap (Dann, 2000). The main 

attractive point of metals is that most electrons are delocalised and move freely for the 

entire structure (West, 2014).  

 

Figure 1.9 The plots of conductivity vs. 1/T for metals, semiconductors and insulators 

(West, 2014). 

 

The band structure of semiconductors can be differentiated depending on 

the related behavior, intrinsic or extrinsic type. An intrinsic or natural semiconductor 

(Figure 1.10(a)) has small thermal activation energy; therefore, some electrons can be 

promoted to the next conduction band level leaving holes in the valence band. The 

conduction comes from both electrons and holes and the thermal energy raises the 
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conductivity (Atkins et al., 2014). The substitution using other heterovalent atoms to 

introduce excess carriers of electrons or holes produces extrinsic semiconductors. The 

semiconductivity is divided into n- and p-type, when n and p correspond to the negative 

and positive charge carriers, respectively. Their band structures show the presence of 

extra bands; filled donor bands lay below the conduction band (n-type) (Figure 1.10(b)) 

whereas empty acceptor bands lay over the valence band (p-type) (Figure 1.10(c)) 

(Atkins et al., 2014). The materials are insulating or have a small conductivity at low 

temperature. They can electrically conduct when the temperature is high enough to meet 

the minimum energy (band gap energy) required for electrons to jump across the gap to 

the conduction band. The electrical conductivity is a function of temperature (Figure 1.9) 

(Atkins et al., 2014; Dann, 2000) as can be explained by the Arrhenius equation [9]: 

σ =  σ0𝑒
−𝐸𝑎 𝑘𝑇⁄                              [9] 

when σ = neμ where n = carrier concentration, e = electrical charge and μ = carrier 

mobility. Ea is defined as the activation energy of mobile carriers which is equal to the 

energy gap between the donor levels and the conduction band (or valence band to 

acceptor levels) (West, 2014). 

   

Figure 1.10 The band structures of (a) intrinsic and extrinsic semiconductors of (b) n-

type and (c) p-type (Atkins et al., 2014). 
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In case that electrons are filled in the valence band and the band gap is 

large, the band structure is of insulators (Figure 1.11) (Atkins et al., 2014). Their 

electronic behaviors (Figure 1.9) are similar to that of semiconductors but the gap energy 

needed for conducting is much greater (Dann, 2000). Few electrons in valence band can 

be promoted to conduction band; therefore, minimal conductivity is observed for 

insulators (West, 2014). 

 

Figure 1.11 The band structure of insulators (Atkins et al., 2014). 

 

  In metal oxides, M d orbitals and O 2p orbitals usually overlap and 

generate bonding and antibonding molecular orbitals (Figure 1.12). The energy change 

of bands as a function of wavevector (k), called a ‘band dispersion’, depends on the bond 

interaction. Large dispersion is a result of strong bonding interaction. In a real situation, 

a three-dimensional model is applicable and the direction of electrons is considered. The 

band structure of RuO2 is displayed as an example in Figure 1.13(a). The x-axis is the 

label of ‘k vector’ or ‘k-space’. For example, Γ stands for the position k = (0,0,0). Figure 

1.13(b) presents different k-space in the first Brillouin zone, which is the primitive cell 

in the reciprocal lattice (Cox, 2010). On the other hand, the band structure calculation is 
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commonly performed by the augmented plane wave (APW) method when Schrödinger’s 

equation is numerically integrated to produce crystal orbitals. Example of the calculated 

density of states (DOS or N(E)) is shown in Figure 1.14 (Cox, 2010).  

  Besides, the calculated electronic band structure can distinguish the type of 

band gap (Figure 1.15). If the conduction band minimum and the valence band 

maximum are at the same position in k-space, the transition is direct and the band gap is 

called ‘direct band gap energy’. In case these two positions are different, the momentum 

change is needed in the transition and the band gap is called ‘indirect band gap energy’ 

(Cox, 1987). In summary, the band structure gives information for the analysis of 

bonding interaction, the type of band gap and finally the electronic properties (Cox, 

1987; Cox, 2010). 

 

 

Figure 1.12 One-dimensional band structure resulted from bonding and antibonding of 

M-O (Cox, 2010). 
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Figure 1.13 (a) The electronic band structure of RuO2 (b) the first Brillouin zone for 

tetragonal rutile lattice of RuO2 displaying different k-space (Cox, 2010). 

 

 

Figure 1.14 The calculated density of states of RuO2 for total contribution and from 

atomic orbitals contribution of Ru 4d and O 2p (Cox, 2010). 

(a) 

(b) 
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Figure 1.15 Band gap types: (a) direct and (b) indirect (Cox, 1987). 

 

1.3  Transparent Conducting Oxides (TCOs) 

 TCOs have the extraordinary feature of simultaneous transparency and 

conductivity. TCOs are generally defined as heavily doped wide band gap oxides 

(Sleight, 2010). Large band gap energy, which is defined as greater than 3 eV (Hautier et 

al., 2014), is desirable in oxide host materials in order to have no or weak visible light 

absorption. The ability to be doped to generate low resistivity (<10-2 .cm) are required 

for TCO properties (Dixon et al., 2016). The strategies to improve the electrical 

properties are to enhance carrier concentration and mobility. Doping is a strategy to 

introduce carrier density into the parent oxide materials. However, doping always cause 

some optical absorption. This can be understood from the relationship between 

absorption coefficient () and the density of free electrons (n) as: 

  = n                          [10] 

where  = the absorption cross section. The optical absorption could be observable with 

heavily doping which causes the number of free electrons (Peelaers et al., 2012). Good 

TCOs are then further achieved by the high carrier mobility where high conductivity can 
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be obtained with maximum transparency (Sleight, 2010). In addition, carrier mobility is 

considered as an important factor to improve conductivity when carrier density is low 

compared with that in metals (Shanthi et al., 1999). The band produced by s orbitals, 

called s band, has high carrier mobility or low effective mass (Sleight, 2010). In the band 

structure, these conduction band will have large dispersion and high curvature (Ganose 

and Scanlon, 2016; Edwards et al., 2004). Conduction band minimum made of s-

character orbitals thereby normally create n-type TCOs. Conversely, it is challenging to 

produce p-type TCOs as valence band is scarcely made of s band and high mobility is 

not obtained in other bands such as d bands (Sleight, 2010). Furthermore, open d-shell 

transition metals are an inappropriate choice of TCOs as the d-d transition often 

generates color materials (Sleight, 2010). 

 

 

Figure 1.16 The simple band structures of (a) stoichiometric In2O3, (b) slightly doped 

In2O3 and (c) heavily doped In2O3 (Fan and Goodenough, 1977). 

 

 The most famous TCOs is Sn-doped In2O3 which is well known as ‘ITO’. ITO’s 

simple band structure is a good example to understand the TCO properties (Figure 1.16). 

~3.75 eV 

≥3.5 eV 

~0.03 eV 

(a) (b) (c) 
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Stoichiometric In2O3 is an insulator with large band gap energy (Eg ~3.75 eV) (Figure 

1.16(a)). The introduction of defects, usually either Sn (heterovalent atom) and/or 

oxygen vacancy, into the host lattice can be viewed as the insertion of donor states into 

the band structure (Figure 1.16(b)). This reduces the activation energy hence the 

conductivity of the doped In2O3-x is raised. At the point where the defect content is high 

enough, their impurity levels can overlap and form the impurity bands below the 

conduction band (Figure 1.16(c)). If this extra band is wide enough to overlap with the 

conduction band, the final conduction band covers the energy range where the Fermi 

level lies and the compound becomes metallic. Eventually, the doped In2O3-x can 

electrically conduct while the transparency is maintained because band gap energy is 

still larger than the visible light energy (Fan and Goodenough, 1977).  

 

1.4  Photocatalysis 

 Photocatalysis is composed of two processes: photoreaction and catalysis. 

Catalysis is the process to accelerate reactions where a catalyst participates in but is not 

consumed. The catalyst has an important role in reducing the activation energy by 

modifying the reaction pathway and enhancing the rate of reaction. Therefore, 

photocatalysis is the photoreaction containing the catalyst called ‘photocatalyst’ (Ohtani, 

2011). The classification of the photocatalysts is the same as that of general catalysts. If 

the phase of reactants and photocatalysts are the same, the reaction is known as 

‘homogeneous photocatalysis’. In contrast, ‘heterogeneous photocatalysis’ is used when 

they have different phases. 

 The reaction occurs on the surface of catalysts as depicted in Figure 1.17 (Aditya 

et al., 2015). The UV and/or visible light with the energy equal to or higher than 

bandgap (hν ≥ Eg) initiates the excitation of electrons and then electrons (e-) and holes 
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(h+) are generated as the pairs of electron-hole. The redox reaction is further progressed 

otherwise the recombination of electrons and holes will take place. The competition 

between these two events implies the photocatalytic efficiency. The photocatalytic 

activity is defined as the capability of created electron-hole pairs participated in the 

redox reaction (Pawar and Lee, 2015). 

 Semiconducting metal oxides have promising photocatalytic properties as they can 

create charge carriers. Here, applications of photocatalysts for pollutant degradation are 

discussed. 

 

Figure 1.17 A schematic diagram of a photocatalytic process (Aditya et al., 2015). 

  

 In photocatalytic reactions, electrons and/or holes generated by the photocatalysts 

react through the reduction and/or oxidation process with the target chemicals. In 

pollutant degradation, O2 is reduced to O2
- anions while OH- anions are oxidised and 

transformed to OH radicals. Thus, electrons and holes act as a reducing and oxidising 

agent, respectively. The OH radicals and O2
- anions then react with pollutants to 
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decompose or transform them to less-toxic byproducts. The details of the mechanism are 

proposed as follows (Pawar and Lee, 2015). 

Semiconductor + hν  h+ + e-                       [11] 

h+ + H2O  OH + H+                        [12] 

h+ + pollutant  (pollutant)+                          [13] 

e- + O2  O2
-                          [14] 

O2
- + H+  OOH                           [15] 

OOH  O2 + H2O2                           [16] 

H2O2 +O2
-  OH + OH- + O2                        [17] 

H2O2 + hν  2(OH)                          [18] 

Pollutant + (OH, h+, OOH or O2
-)  pollutant degradation                   [19] 

 In the redox reaction, the generated electrons and holes participate in reduction 

and/or oxidation depending on the band edge potential of conduction band and valence 

band comparing to that of reaction (Ohtani, 2011). Reduction can occur in case the 

reactant is anionic species such as methyl orange (MO) (Wang et al., 2007), Eosin 

yellow (EY) (Laid et al., 2015) and nitrophenol (Aditya et al., 2015) while cationic 

species such as methylene blue (MB) (Houas et al., 2001; Xiang et al., 2013; Fan et al., 

2011), Malachite green oxalate (MG) (Laid et al., 2015) and RhodamineB (RhB) (Xing 

et al., 2016) acts as a reactant in oxidation. 

 In case of film application, the photocatalytic degradation of stearic acid was 

purposed as an example of dirt or pollutant. The efficiency was investigated in terms of 

formal quantum efficiency (FQE), which is the number of stearic acid molecules 

degraded per incident photon. The photocatalytic degradation reaction can be described 

as:  CH3(CH2)16CO2H + 26O2 
(ℎ𝑣≥𝐸𝑔)
→      18CO2 + 18H2O                    [20] 



 
27 

1.5  Material syntheses 

 1.5.1 Solid State reaction 

  Solid state reaction has high potential to prepare a wide range of materials 

including oxides, sulfides, nitrides, etc. Primarily, it is the basis of the most frequently 

used procedures for preparing oxides in a great number of industries because of ease and 

low cost of production and apparatus. None or fewer solvents and residual left after the 

reaction greatly benefit for reducing the time and cost to remove byproducts or waste, 

which make the method environmentally friendly.  

  The solid state reaction is defined as the reaction between two or more 

solids. The preparation can be done by mixing all powder reactants according to 

stoichiometric ratio and then thoroughly grinding to achieve a homogeneous mixture of 

reactants. For manual mixing of small quantities, usually an agate mortar and pestle are 

employed. Sufficient amount of some volatile organic liquid, such as acetone or alcohol, 

is sometimes added to the mixture to aid homogenisation. In case of a large portion of 

precursors (> 20 g), a grinder called ball mill was used for preparation. The well-mixed 

powder is sometimes pressed into pellets or some other shapes such as bar and then 

heated in a furnace to assist subsequent chemical reaction. According to Tamman’s rule, 

the optimal reaction temperature is suggested to be two-thirds of the melting point of 

lower melting precursors. Commonly, the obtained pellets are reground and reheated for 

several times to complete the reaction of all precursors.  

  The solid state reaction can proceed well or not depending on some factors. 

First, contact area between reacting solids is considered as one important factor. The use 

of high surface area precursors or making a pellet of mixed precursors increases intimate 

contact between crystallites. Second, diffusion rate is another crucial factor, which can 

be increased by increasing reaction temperature or using reactants that decomposed 
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easily either before or during reaction such as nitrates and carbonates. Third, using the 

starting reagents that have the crystal structure similar to that of the product can 

maximise nucleation rate of product phase. This is described as ‘topotactic 

transformation’, which means the lattice in the initial and final state are related (West, 

2014). 

 

 1.5.2 Aerosol Assisted Chemical Vapour Deposition (AACVD) 

  Chemical vapour deposition (CVD) is a solid film fabrication process with 

the principle of use of volatile precursors to deposit on the solid substrate via inert 

carrier gas or vacuum. CVD is useful for wide variety of applications such as glass/steel 

coating and small-scale coating, i.e., microelectronics (Jones and M. L. Hitchman, 

2009). This technique benefits good quality of films: pure, uniform, high-dense, 

excellent-coverage, well-adhered and robust film, which are desirable for production in 

industrial scale (Marchand et al., 2013; Choy, 2003). 

  Aerosol Assisted CVD is the expansion of classical CVD that based on the 

solution precursors. The advantages of AACVD are addressed in many points. The most 

important benefit is that it enlarges the number of choice of precursors other than 

volatile precursors and thus a film material by use of solvent-soluble precursors. It is 

possible to reduce the cost production of a film by using other starting materials rather 

than volatile precursors (Hou and Choy, 2006). The precursor delivery process of 

aerosol from a precursor solution is simple and inexpensive, which is a crucial 

consideration for material production in industrial scale (Hou and Choy, 2006). Mass 

transport rate of precursors by aerosol route is high (Choy, 2003) compared to classical 

CVD providing a high deposition rate (Hou and Choy, 2006) Furthermore, AACVD can 

be conducted under low/atmospheric pressure or open atmosphere, which simplifies and 
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lowers the cost of film deposition process (Choy, 2003; Marchand et al., 2013). 

Interestingly, crystal structure and film morphology can be controlled by deposition 

condition such as deposition temperature and rate (Jones and Hitchman, 2009; Choy, 

2003), types of precursors, solvents, substrates, growth period and additives (Marchand 

et al., 2013). 

  The AACVD process can be described in Figure 1.18. First, (a) the 

‘aerosol’ is produced from soluble precursors in solvents by an aerosol generator such as 

ultrasonicator via the atomisation/vapourisation process. Then, they are transported to 

the CVD reactor by use of an inert carrier gas such as nitrogen or argon. Second, (b) the 

aerosol precursors diffuse over the heated substrate, the solvents are evaporated and the 

precursors are vapourised leaving gas-phase reactant. Third, (c) weak physisorption of 

gas molecules onto substrate occurs which leads to film deposition (including nucleation 

and film growth) via heterogeneous reaction. In some cases, gas-phase intermediates are 

formed prior to the adsorption. Finally, (d) byproducts and solvents are removed out of 

the reactor through exhaust by the gas flow. Another possible reaction, often in case the 

substrate temperature is too high, is homogeneous reaction occurred in the vapour phase 

giving fine solid particle and if they are adsorbed on the substrate, porous films are 

produced (Choy, 2003; Hou and Choy, 2006). 

  Some factors are needed to take into an account to get the optimum film 

deposition, e.g., precursors, solvents and carrier gas. Starting materials can be varied 

from a liquid or a solid dissolved in a suitable solvent, which has a low vapour pressure, 

low viscosity and yields high solubility of solid in solution precursors (Hubert-Pfalzgraf 

and Guillon, 1998). A carrier gas is necessary to assist aerosol to have enough pressure 

and is transported to the reaction chamber. The gas flow rate has to be optimised to 

maximise the deposition rate (Marchand et al., 2013). Nitrogen and argon are the most 
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common inert carrier gas used. Some gases can be functioned as both carrier and 

synthesis gas: compressed air is used to deposit oxide films and H2 can be acted as 

reducing agent. Sometimes H2 is introduced together with an inert gas like argon to 

assist the reaction (Hou and Choy, 2006; Glerup et al., 2003). 

 

 

Figure 1.18 The schematic diagram of Aerosol Assisted Chemical Vapour Deposition 

(AACVD) (Marchand et al., 2013). 

 

1.6 Scope and limitations of the study 

 This thesis focuses on Indium-based oxides (In2TeO6 and In4Sn3O12) and Zinc 

oxide (ZnO). Solid state synthesis was used to synthesise In2-xMxTeO6 (M = Ga, Bi, La) 

and In4+xSn3-2xMxO12 (Mx = Nb0.5, Ta0.5) polycrystalline powders. Aerosol assisted 

chemical vapour deposition was used to prepare Cl-doped ZnO thin films. 

 Various techniques were utilised to characterise synthesised materials. To identify 

the phase purity, X-ray diffraction (XRD) was used. Both Rietveld refinement using 

TOPAS software and Le Bail refinement using GSAS were utilised to gain 

crystallographic information of synthesised materials. To get the chemical composition, 

(a) 
(b) 

(c) 

(d) 
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X-ray photoelectron spectroscopy (XPS), X-ray absorption near-edge spectroscopy 

(XANES) and Energy dispersive spectroscopy (EDS) were used. To obtain surface 

morphology and topology, Scanning electron microscopy (SEM) and Atomic force 

spectroscopy (AFM) were used, respectively. To determine the optical properties, UV-

Vis spectrometer and photoluminescence (PL) measurement were used. DFT calculation 

was performed to provide band structure, which is useful to understand optical and 

electrical properties.  

 To investigate the electrical properties, four-probe point method and Hall effect 

measurement were used. Transparent conducting oxides (TCO) properties including 

optical and electrical properties are studied in term of transparency and conductivity (or 

resistivity). The degradation of stearic acid under UVA light is used to determine the 

photocatalytic performance of materials. 
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CHAPTER II 

LITERATURE REVIEWS 

 

2.1  In2TeO6-based oxides 

 In2TeO6 has hexagonal Na2SiF6-type structure (P321). The structure consists of the 

three-dimensional corner sharing network of InO6 octahedra (Figure 2.1). The octahedral 

units of Te do not connect with each other but connect to InO6 units by edge-sharing 

(Redman et al., 1971; Siritanon et al., 2011). 

 

 

Figure 2.1 (a) The structure of In2TeO6 where In3+ and Te6+ octahedra are represented  

in turquoise and black, respectively (b) Corner shared octahedral network of In3+O6 

(Siritanon et al., 2011). 

 

 Indium tellurium oxide was first prepared from In2O3 and H6TeO6 by solid state 

reaction (Natansohn, 1968). Redman et al. (Redman et al., 1971) later found that 

(a)               (b) 
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In2TeO6 is formed after heating In2Te3O9 at a temperature higher than 650 °C in air. Two 

space groups have been reported for In2TeO6; P321 (Frit B, 1975) and P3̅m1 (Shannon et 

al., 1977). 

 There are only a few reports on electronic properties of In2TeO6 related 

compounds. While stoichiometric In2TeO6 are an insulator (Shemirani and Koffyberg, 

1992), oxygen-deficient In2TeO6-x behaves as a degenerate semiconductor (Shannon et 

al., 1977). In2Te6-xRexO6 is also reported to be semiconductor but with lower 

conductivity (Shannon et al., 1977). 

 Few elements have been used to substitute In in In2TeO6 in an attempt to create 

extrinsic semiconductors. Only Sn and Zr-doped In2TeO6 have been reported to show n-

type semiconducting behavior. On the other hand, there is no known p-type doped 

In2TeO6 and Zn-doped In2TeO6 in insulating (Shemirani and Koffyberg, 1992). After 

that, compositionally controlled metal-insulator transition was observed in Tl2-xInxTexO6 

solid solution (Siritanon et al., 2011). 

 As the optical band gap of Sn-doped In2TeO6 is large (2.93 eV) and some 

compounds in this family have been reported to show semiconducting behavior, it might 

be possible to design transparent conductors based on In2TeO6. 

 Recently, the calculation study derived from the density functional theory (DFT) 

suggests that In2TeO6 has the capability to be good n-type TCOs. The overlap of In s-

character orbital and oxygen generates a wide conduction band which results in highly 

mobile carriers with low effective mass. This implies that the material could have high 

conductivity. On the other hand, the band gap enrgy of slightly smaller than 3 eV could 

result in little absorption in the visible region. Further computational analysis of doped 

In2TeO6 has not been done yet (Hautier et al., 2014). 
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2.2  In4Sn3O12-based oxides 

 In4Sn3O12 adopts a rhombohedral unit cell (hexagonal basis) in a trigonal space 

group (R3̅). The structure (Figure 2.2(a) (Choisnet et al., 2007)) consists of two distinct 

sites of octahedra (3a) and seven-fold polyhedra (18f) which are labeled as M1 and M2, 

respectively. One-seventh of M1 cation site is occupied by Sn while the rest of Sn and 

all In are in the remaining M2 sites (Nadaud et al., 1998; Choisnet et al., 2007). In 

another side of view, its structure derives from M7O12-type oxygen-deficient fluorite 

structure (Figure 2.2(b)) (Pitschke et al., 2000). 

 

      

Figure 2.2 (a) The structure of M7O12 when black and blue areas are octahedra and 

seven-fold unit, respectively (Choisnet et al., 2007) (b) Shaded space represents 

octahedra and non-shaded one is seven-coordinated polyhedral (Pitschke et al., 2000). 

 

In 1986, Bates et al. first discovered the electrical conductivity of In4Sn3O12 (120 

S/cm at 1200 K) (Bates et al., 1986). It was then prepared as the highly conductive 

transparent thin film as the new TCOs candidate. The film was reported with desirable 

electronic and optic properties, which are high conductivity in the order of 104 S/cm and 

(a)       (b) 
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visible transmittance of greater than 80%. Moreover, the high carrier mobility of 20 

cm2V-1s-1 was obtained (Minami et al., 1997). The preparation conditions for a thin film 

such as O2 partial pressure and location on substrate strongly influence the obtained 

electrical properties. Besides, the thin film thickness is one of the factors (Minami et al., 

1997; Minami, 1999). By annealing in Ar, the oxygen-deficient In4Sn3O12-δ was obtained 

with an n-type degenerate semiconducting behavior (Behr and Krabbes, 1996). 

Many researchers found the formation of In4Sn3O12 phase during the 

investigation of In2O3-SnO2 solid solution. Nadaud et al. revealed the minimum Sn 

doping content (6 at%) for the synthesis at 1550 °C (Naduad et al., 1998). Ohya et al. 

found that a hexagonal phase begins to form at 1335-1345 °C (Ohya et al., 2000) which 

is consistent with the temperature range of 1325-1350 °C reported by Heward and 

Swenson (Heward and Swenson, 2007). It was suggested that the non-linearity of lattice 

constant with higher content of Sn in In2O3-SnO2 solid solution may come from two 

possible reasons; first, the loss of oxygen and second, the reducing atmosphere (Ohya et 

al., 2000). González et al. utilised the Synchrotron-based high-energy XRD as an in situ 

probe to determine the formation kinetics and crystal structure. The phase transformation 

of In2O3 and SnO2 under the isothermal heat at 1335-1400 °C can be explained using 

JMAK (Johnson-Mehl-Avrami-Kolmogorov) and JMAK-like models. The first grains 

began to form at 1345 °C. At 1400 °C, In4Sn3O12 phase increases while ITO and SnO2 

phases decrease as a function of time (González et al., 2008). 

The extensive structural details were given and the attempt to explain the 

relationship between M cations environments and electrical properties was presented. 

Apart from structure refinement results mentioned above, the M-O bond length in the 

first shell obtained from EXAFS later supports the crystallographic data (Naduad et al., 

1998). By considering isoelectronic cations of Sn4+, Sb5+ and Te6+, new indium tellurate 
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In6TeO12 was synthesised to expand the scope of the study and the insight of 

crystallographic structure and structure-bonding anisotropy for all compounds were 

provided (Choisnet et al., 2007). 

The thermodynamic stability of In4Sn3O12 was suggested by an atomistic 

simulation method. A phase can be predicted using the ionic ratio of 𝑟𝐴3+/𝑟𝐵4+ when 

C.N. = 8 and 6, respectively. The trends are as follows: disordered fluorite < 1.21 <  

phase or defected fluorite < 1.42-1.44 < pyrochlore < 1.78-1.83 < monoclinic pyrochlore 

< 1.92 (Starnek et al., 2009). Moreover, the artificial intelligent techniques in 

computational engineering were used to predict the physical properties of the solid 

solution of In4Sn3O12 and In6WO12 (Bizo and Anghel, 2010). 

The introduction of some cations for In4Sn3O12 was studied. Pitschke first 

introduced either Y or Ti into In4Sn3O12-δ, with the formula (In1-xYx)4Sn3O12-δ and               

In4(Sn1-xTix)3O12-δ, respectively. These dopants did not increase carrier conductivity but 

enhance Seebeck coefficient and hence thermoelectric properties (Pitschke et al., 2000). 

Later, In4Sn3O12 was doped by Ga but the samples contain some impurities although 

they are beneficial for thermoelectric properties (Zhou et al., 2011). The conductivity 

improvement was carried out by Sb displacement in In4+xSn3-2xSbxO12 (x = 0-1.5). A 

semiconductor turns to be a semi-metallic with Sb doping and the sample with x = 1 

(In5SnSbO12) enhances the conductivity by one order of magnitude while the optical 

bandgap only slightly increases. It was assumed that the position of conduction band 

energy level contributed from Sb empty orbital as well as the contribution of Sb over 3a 

and 18f sites might be the reason (Choisnet et al., 2004). After this work, the electronic 

band structures of In4Sn3O12 and In5SnSbO12 investigated by the first-principle DFT 

calculations elucidate that Sb doping increases conduction band dispersion, which could 

be the explanation of the observed high electrical conductivity. The effective mass was 
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also estimated for the prediction. The clarification, nevertheless, has been still of interest 

and progressing (Ren et al., 2006). 

The electronic structure of the In4Sn3O12 thin film was investigated more by both 

experimental and computational methods. The valence band photoemission spectra were 

reported. The occupied state at Fermi level was observed at conduction minimum of 

around 0.45 eV when calculated from a simple free electron model. This was further 

used to estimate the fundamental band gap energy, 2.7 eV, whereas the extrapolation on 

the optical absorption gives the value of 3.3 eV. The DFT electronic band structure 

accompanied with DOS agreed with experimental data (O’Neil et al., 2010a). Structure, 

optical and electrical properties were further reported by O’Neil et al. (2010b). The 

calculated crystallographic information and electronic band structure were additionally 

probed to elucidate cationic distribution at 18f sites (Zhang and Wang, 2011). 

Another studied topic is gas-sensing properties. Nanocrystalline In4Sn3O12 shows 

thermal and chemical stability, which has a potential ability to be employed as gas 

sensors (Kemmler et al., 2012). Very recently, the composite of In4Sn3O12/TeO2 

nanoparticle was investigated for CO gas-sensing performance (Mirzaei et al., 2016). 

To the best of my knowledge, the origin of high electrical conductivity in 

In4Sn3O12 has not been clarified. The intrinsic oxygen vacancy might be one of the 

answers. As this phase is prepared at high temperature, it might be possible to lose 

oxygen because non-stoichiometric oxygen-deficient In2O3 was found at high 

temperatures (De Wit, 1977). The interesting point is that the calculated electronic band 

structures of In4Sn3O12 (Figure 2.3(a)) (Zhang and Wang, 2011) is similar to that of 

famous TCOs, Sn-doped In2O3 mentioned earlier (Chapter 1, section 1.3, Figure 1.14). 

Regarding DOS of In4Sn3O12, the bottom of conduction band is primarily constructed by 
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the mix states of In 5s, Sn 5s and O 2p orbitals whereas the top of valence band is 

mainly constituted by In 4d, Sn 4d and O 2p orbitals (Figure 2.3(b)). 

 

               

Figure 2.3 (a) The calculated electronic band structure and (b) DOS of In4Sn3O12 

(Zhang and Wang, 2011). 

 

2.3 ZnO-based oxides 

 In general, ZnO can be crystallised into two primary forms of wurtzite (hexagonal) 

(Figure 2.4(a)) and zinc blende (cubic) (Figure 2.4(b)). Wurtzite is the most common 

form which is most thermodynamically stable at ambient conditions while zinc blende 

can be crystallised by using a substrate coated with cubic structure compound (Fierro, 

2005). Besides, ZnO rocksalt exists but it is rather uncommon because it can be formed 

only under a relatively high pressure of about 10 GPa (Özgür et al., 2005). ZnO with 

hexagonal wurtzite structure adopts space group P63mc (Moore and Wang, 2006). 

 

(a)        (b) 
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Figure 2.4 Crystal structures of ZnO: (a) hexagonal wurtzite, (b) cubic zinc blende and 

(c) cubic rocksalt. 

 

 A hexagonal wurtzite ZnO is widely investigated for many properties because of 

its attractive advantages, e.g., inexpensive, environmentally friendly (Schmidt-Mende 

and MacManus-Driscoll, 2007), high chemical and thermal stability. Moreover, its 

characteristics are varied which are useful for a wide range of applications. ZnO is well-

known as an intrinsic n-type semiconductor. This makes it appealing to electrical 

applications. Moreover, it has wide direct band gap energy of 3.37 eV; this is useful for 

optical applications (Janotti and Van De Walle, 2009; Reynolds et al., 1999; Chen et al., 

1998). 

 The combination of both electrical and optical characteristics produces unique 

materials named transparent conducting oxides (TCOs), which is a crucial component in 

the field of optoelectronic devices. The good orbital overlap between Zn and O results in 

a large conduction band dispersion (Figure 2.5), which provides low carrier effective 

mass and thus high carrier mobility (Hautier et al., 2004). ZnO shows a potential to be 

good TCOs and it has been extensively studied with doping, form/shape-modified like 

(a)        (b)    (c) 
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nanostructures such as nanowires, nanorods, nanobelts, etc. (Shrama et al., 2014; 

Schmidt-Mende and MacManus-Driscoll, 2007). 

 

Figure 2.5 Band structure of ZnO calculated using HSE hybrid functional (Dixon et al., 

2017). 

 

 Furthermore, ZnO is widely investigated as a candidate in the field of 

photocatalysis. Its direct band gap energy is similar to that of TiO2 (Eg = 3.2 eV), which 

is advantaged for the capability to absorb a wide scale of sunlight (Lee et al., 2016). 

However, the band gap is too wide to have strong visible light absorption. This causes 

fast photo-generated charge recombination rate and thus lowers photocatalytic efficiency 

(Gomez-Solís et al., 2015). Therefore, many approaches were attempted to improve 

photocatalytic properties of ZnO, for example, doping with cations/anions and mixing 

with other oxides (Subramanian et al., 2001; Asahi et al., 2001; Padmanabhan et al., 

2007; Mane et al., 2005). These methods introduce impurity levels to ZnO band 

structure, which leads to the reduction of a band gap and consequently the inhibition of 

electron-hole recombination. The role of a cation and an anion in developing carrier 

charge separation is proposed as a mechanism described in Figure 2.6. Oxygen 
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deficiency was reported to be a critical factor to increase the photocatalytic activity 

(Gomez-Solís et al., 2015). Furthermore, a polar plane plays a dramatic impact on 

enhancing the properties as it enriches the formation of oxygen vacancy (Li et al., 2008). 

Interestingly, nanostructured ZnO has become attractive because of short diffusion 

pathway and low reflectivity, which produce superior charge transfer performance and 

substantially improve photocatalytic performance (Wang et al., 2010). 

 

 

 

Figure 2.6 The proposed photocatalytic mechanism by (a) a cation and (b) an anion 

dopant on ZnO surface (Lee et al., 2016). 

(a) 

 

 

 

 

 

 

 

 

(b) 
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CHAPTER III 

INVESTIGATION ON CRYSTAL STRUCTURES,  

OPTICAL PROPERTIES AND BAND STRUCTURE  

CALCULATIONS OF In2-xMxTeO6 (M = Ga, Bi, La) 

 

3.1  Abstract 

 The study of structure, optical properties and band structure of M substituted-

In2TeO6 (M = Ga3+, Bi3+, La3+) is presented. Solubility limit of each cation is different 

varying from 10% for La3+ to 20% for Ga3+ and 25% for Bi3+. Both XANES and XPS 

confirm the oxidation states of Bi3+ and Te6+. Crystallographic data of bond lengths and 

bond angles suggest no significant distortion of M-O6 octahedra for all samples; 

however, the stereoactive 6s2 lone-pair electrons in Bi cause In/Bi cation in In/Bi-O6 to 

shift toward one edge of the octahedra. The band structure calculation was useful to 

clarify that the fundamental band gap energies of all series originate from the direct 

allowed transition. Interestingly, Bi greatly influences the conduction band dispersion 

and Bi 6s state additionally contributes at the valence band maximum, while the valence 

band of other M-doped and un-doped samples are mainly O 2p and In 4d in character. 

All compounds similarly exhibit photoluminescence properties. The strong PL peak 

mainly originated from the near band edge transition and the broad peak from Te6+-O 

charge transfer are observed in all samples. 
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3.2  Introduction 

 Ternary metal tellurates with the general formula M2TeO6, when M is a trivalent 

cation, crystallise in different crystal structures: trirutile (P42/mnm), Na2SiF6-type (P321) 

and orthorhombic La2TeO6-type (P212121). The size of M3+ in M2TeO6 plays an 

important role in its crystal structure. Trirutile structure is formed when M, such as Cr, 

Fe, Rh (Bayer, 1969), Ga (Berand and Range, 1994; US patent. 6 124 057, 2000) and Al 

(US patent. 6 124 057, 2000), has ionic radii in the range of 0.5-0.7 Å. The bigger M 

cations (r = 0.745-0.87 Å) like In(Malone et al., 1969), Lu (Malone et al., 1969; Kasper, 

1969) and Sc (Höss and Schleid, 2007; Pankajavalli et al., 2013) prefer Na2SiF6-type 

structure. The even bigger M cation (>0.87 Å), such as Gd, La, Sm and Y (Llanosa et 

al., 2009), usually form La2TeO6-type structure. Nevertheless, there are some 

exceptions. Na2SiF6-type structure is also formed for Tl3+ (0.885 Å) (Bernard et al., 

1975), although the size of Tl3+ drops into the last category. Both Na2SiF6-type and 

La2TeO6-type structure could be formed with Yb3+ as its size (0.868 Å) is in the 

borderline (Natansohn, 1968; Tröemel et al., 1987). Additionally, Bi2TeO6 prefers a 

layered structure with orthorhombic lattice (Cmca) (Udovic et al., 2004) because of the 

constituent 6s stereoactive lone-pair electrons. 

  Indium tellurium oxide (In2TeO6) was first prepared from In2O3 and 

H6TeO6 by solid state reaction (Natansohn, 1968). Redman et al. later found that 

In2TeO6 is formed after heating In2Te3O9 at temperature higher than 650 °C in air 

(Redman et al., 1971). Two space groups have been reported for In2TeO6 as P321 (Frit, 

1975) and P3̅m1 (Shannon et al., 1977). There are only few reports on electronic 

properties of In2TeO6 related compounds. Here, the stoichiometric In2TeO6 is insulator 

(Shemirani and Koffyberg, 1992), oxygen-deficient In2TeO6-x behaves as a degenerate 

semiconductor (Shannon et al., 1977). In2Te6-xRexO6 is also reported to be a 
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semiconductor having lower conductivity (Shannon et al., 1977). Few elements have 

been used to substitute In in In2TeO6 in attempt to create extrinsic semiconductors. Only 

Sn and Zr doped In2TeO6 have been reported to show n-type semiconducting behaviour. 

On the other hand, Zn-doped In2TeO6 is insulating and there is no report of p-type 

semiconducting behaviour for doped-In2TeO6 samples (Shemirani and Koffyberg, 1992). 

Recently, compositionally controlled metal insulator transition was observed in          

Tl2-xInxTexO6 solid solution (Siritanon et al., 2011). As the optical band gap of In2TeO6 

is large and some compounds in this family have been reported to show semiconducting 

behaviour, it might be possible to design transparent conducting oxides (TCOs) based on 

In2TeO6. In addition, the theoretical study, derived from the density functional theory 

(DFT), suggests that In2TeO6 has the capability to be a good n-type TCO considering its 

low effective mass, which result in high carrier mobility. On the other hand, the 

relatively large Eg (slightly lower than 3 eV) could result in little light absorption 

(Hautier et al., 2014). Information on the structure, electronic and optical properties of 

the related compounds are, therefore, the important keys to develop these materials for 

future applications. 

  In the article, we report the preparation, structural studies, optical 

properties and electronic band structure calculations of Ga, Bi and La-doped In2TeO6. 

The Rietveld refinement is carried out to solve the crystallographic information 

including cell parameters, cell volumes, bond lengths and occupancies. Oxidation states 

of cations are investigated by X-ray absorption near-edge spectroscopy (XANES) and 

X-ray photoelectron spectroscopy (XPS) technique. In addition, scanning electron 

microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS) is used to 

study morphology, particle size and elemental composition of the samples. The optical 

properties are studied via UV-Visible spectroscopy and photoluminescence (PL) 
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experiment to explore the absorption and re-emitting phenomena. Additionally, the 

electronic band structure calculation supplies more information about electronic 

structure of the compounds. The obtained results are used to explain the relationships 

between structure, composition and properties of the materials. 

 

3.3 Experimental 

 Pure phase of all polycrystalline samples were obtained by conventional solid state 

reaction. High purity of In2O3 (Sigma-Aldrich, 99.99%), TeO2 (Sigma-Aldrich, 99+%), 

Bi2O3 (Acros organic, 99.9%), Ga2O3 (Sigma-Aldrich, 99.99%) and La2O3 (Acros 

organic, 99.99%) were used as starting materials. La2O3 was preheated at 850 °C prior to 

weighting. In the procedure, the stoichiometric mixtures were heated at 700 °C with 

different holding time and atmosphere. In2-xBixTeO6 (x = 0, 0.1, 0.2, 0.3, 0.4, 0.5),      

In2-xGaxTeO6 (x = 0, 0.1, 0.2, 0.3, 0.4) and In2-xLaxTeO6 (x = 0, 0.1, 0.2) were heated for 

12 hours in air, 12-24 hours in air and 4 hours in O2, respectively. To solve the issue of 

Te volatilisation in In2TeO6 and In2-xGaxTeO6, extra TeO2 was added and the samples 

were washed with hot 50% v/v HCl to remove the excess TeO2 after heating. 

 To identify the phase purity, powder X-ray diffraction (XRD) measurement was 

carried out by a Bruker D2 Phaser diffractometer with Cu Kα radiation (λ = 1.5406 Å). 

High quality XRD patterns were collected in the 2-theta range of 12-120° with an 

increment of 0.02° by a scan rate of 2s/step. Rietveld refinement, using TOPAS 

software, was applied to collect crystallographic data. Scanning electron microscopy 

(SEM) images were taken using a FEI quanta 450 SEM with a magnification of 24,000, 

operated with the accelerating voltage of 20 kV and working distance of 9.9 mm. Energy 

dispersive X-ray spectroscopy (EDS), using the Oxford instrument (model X-Max 50 

mm) was utilised with area analysis. X-ray absorption near-edge structure (XANES) and 
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X-ray photoelectron spectroscopy (XPS) were performed at the SUT-NANOTEC-SLRI 

XAS Beamline (BL5.2) and the SUT-NANOTEC-SLRI XPS Beamline (BL5.1), the 

SUT-NANOTEC-SLRI joint research facility, Synchrotron Light Research Institute 

(SLRI), Thailand (electron energy of 1.2 GeV, beam current of 80-120 mA). XANES 

spectra of Bi M5-edge and Te L3-edge were obtained by using InSb (111) and Ge (220) 

crystal, respectively. The spectra were normalised by the ATHENA program prior to the 

data analysis. XPS spectra of Bi 4f7/2, Te 3d5/2 and O 1s were recorded by a PHI5000 

VersaProbe II XPS instruments (ULVAC-PHI, Japan) with monochromatic X-ray of Al 

Kα (1486.6 eV). The C 1s peaks at 284.8 eV were used as a reference for binding energy 

calibration. Optical diffuse reflectance spectroscopy (DRS) was probed by an Agilent 

UV-Vis-NIR spectrophotometer (model Cary 5000). The scan wavelength range of 200-

800 nm with the double beam mode was used to collect diffuse reflectance (%R) spectra. 

Photoluminescence measurement was carried out utilising an AVANTES AvaSpec-

2048TEC-USB2-2 spectrometer with the excitation LED light source of 255 nm. 

Electronic structures were calculated based on density functional theory (DFT) by using 

the VASP code (Kresse and Furthmüller, 1996). The Perdew, Burke, Ernzerhof (PBE) 

(Perdew et al., 1996) exchange-correlation function implemented with the projector 

augmented wave method (PAW) (Blöchl, 1994; Kresse and Joubert, 1999) was 

employed. The 2×2×1 supercell, comprising of 108 atoms, was used to study              

In2-xMxTeO6 where Mx = Ga0.417, La0.250 and Bi0.500. The compounds with different 

compositions were modeled by placing a number of M atoms randomly on In-site (24 

sites) according to the specified concentration. The cutoff energy was set at 520 eV and 

a  -centered 2×2×9 Monkhorst-Pack k-mesh was used for the Brillouin zone 

integrations. Structural relaxation was performed until the force on each ion is below 

0.01 eV/Å. The optimised lattice parameter a and c of In2TeO6 are 9.07 Å and 4.93 Å 
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which are in good agreement with the cell parameters reported in Figure 3.3. The 

electronic structures, obtained from supercell calculations, were unfolded onto the high 

symmetry paths as defined in the first Brillouin zone of the primitive cell (Tomić et al., 

2014). 

 

3.4 Results and discussion 

 3.4.1 Crystal structure 

  In2TeO6 has hexagonal Na2SiF6-type structure (P321). The structure mainly 

consists of the three-dimensional corner sharing network of InO6 octahedra (Figure 3.1). 

The octahedral units of Te are not connected with each other but connected to InO6 units 

by edge sharing. 

 

Figure 3.1 Crystal structure of ideal In2TeO6. 
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  Only Sn and Tl have been reported to substitute In (Shemirani and 

Koffyberg, 1992; Siritanon et al., 2011) in In2TeO6. In this work, In has been 

successfully substituted by Ga, Bi and La. XRD diffraction patterns of entire series 

confirm the formation of solid solutions, as all diffractions can be indexed as In2TeO6 

phase (PDF77-2044) (Figure 3.2). Elemental compositions, obtained from EDS study, 

agree well with the nominal ones. The solubility limits of solid solutions In2-xMxTeO6 

with different M are different; In2-xGaxTeO6 (x = 0-0.40), In2-xBixTeO6 (x = 0-0.50) and 

In2-xLaxTeO6 (x = 0-0.20) single phase can be obtained and the samples with higher x 

content contain some impurities. Therefore, the solubility limits of Ga, Bi and La are 

20%, 25% and 10%, respectively. The incomplete solid solution is expected as Ga2TeO6, 

Bi2TeO6 and La2TeO6 are known to have different structures. 

 

 

Figure 3.2 X-ray diffraction patterns of (a) In2-xGaxTeO6 (x = 0-0.40), (b) In2-xBixTeO6 

(x = 0-0.50) and (c) In2-xLaxTeO6 (x = 0-0.20). 
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Figure 3.2 X-ray diffraction patterns of (a) In2-xGaxTeO6 (x = 0-0.40), (b) In2-xBixTeO6 

(x = 0-0.50) and (c) In2-xLaxTeO6 (x = 0-0.20) (Continued). 
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  Cell parameters of the samples vary linearly with doping content, as shown 

in Figure 3.3. Ga3+ (r = 0.62 Å) is smaller than In3+ (r = 0.80 Å) thus the cell parameters 

decrease when Ga content is increased. On the other hand, substituting Bi and La in 

In2TeO6 increase the cell parameters. La is well known to be La3+ (r = 1.032 Å) in oxides 

which is larger than In3+. On the other hand, Bi can be in both +3 and +5 state in oxides 

(Udovic et al., 2004; Egorysheva et al., 2015; Fujimoto, 2010). Nevertheless, the larger 

cell parameters in Bi-substituted samples suggest that it is in 3+ (r
Bi

3+ = 1.03 Å) rather 

than 5+ (r
Bi

5+ = 0.76 Å) in this case (Shannon and Prewitt, 1969; Shannon, 1976). 

 

 

Figure 3.3 Cell parameters a, c and cell volume of In2-xGaxTeO6 (red circle),              

In2-xBixTeO6 (black square) and In2-xLaxTeO6 (blue triangle). 
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  In additions, X-ray peak broadening is observed in all cases. In general, a 

peak broadening is a result of crystallite size or crystallite strain when instrumental error 

is ignored (Murty et al., 2013). The broadening resulted from the first factor usually 

occurs with a crystallite size in nanoscale (<100 nm). In our cases, SEM images, as 

shown in Figure 3.4, confirm that the particle size of the samples are large so that the 

broadening should come mostly from crystallite strain. While the crystal lattice can 

contain both homogeneous and inhomogeneous strain, the homogeneous strain only 

causes the peak position to shift without changing the peak profile. On the other hand, 

inhomogeneous or lattice strain is produced when atoms with very different sizes occupy 

the same site resulting in lattice plane distortion (Li et al., 2011). This lattice strain is 

reasonable in our samples as the difference in ionic size between each dopant and In3+ is 

greater than 20%. This effect becomes more obvious in heavily doped samples. 

 

 

Figure 3.4 SEM image of In1.90Bi0.10TeO6. 
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  In additions, X-ray peak broadening is observed in all cases. In general, a 

peak broadening is a result of crystallite size or crystallite strain when instrumental error 

is ignored (Murty et al., 2013). The broadening resulted from the first factor usually 

occurs with a crystallite size in nanoscale (<100 nm). In our cases, SEM images, as 

shown in Figure 3.4, confirm that the particle size of the samples are large so that the 

broadening should come mostly from crystallite strain. While the crystal lattice can 

contain both homogeneous and inhomogeneous strain, the homogeneous strain only 

causes the peak position to shift without changing the peak profile. On the other hand, 

inhomogeneous or lattice strain is produced when atoms with very different sizes occupy 

the same site resulting in lattice plane distortion (Li et al., 2011). This lattice strain is 

reasonable in our samples as the difference in ionic size between each dopant and In3+ is 

greater than 20%. This effect becomes more obvious in heavily doped samples. 

  The refined parameters and crystallographic data are summarised in Table 

3.1 and 3.2, respectively. In addition, the examples of Rietveld refinement plot are given 

in Figure 3.5. In the refinement, the modified Thompson-Cox-Hastings pseudo-Voigt 

"TCHZ" peak type is utilised for Bi and La-doped samples, while PearsonVII peak type 

is used to refine the Ga-dopes series. Anisotropic refinement model is applied in lattice 

strain peak broadening but no preferred orientation is included. Although there are two 

distinct crystallographic sites for In in In2TeO6, both Bi and La prefer to occupy In1 site. 

Attempts to refine Bi and La in In1 and In2 sites simultaneously result in zero or slightly 

negative occupancies at In2 thus all Bi and La are fixed at In1 site. On the other hand, 

Ga occupancies were refined on both sites and the refined occupancies indicate that Ga 

was distributed in both In1 and In2. In all cases, the overall occupancies of substituting 

cations were fixed at the nominal values, which are confirmed based on the EDS 
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technique. The equivalent isotropic thermal parameters, Beq., are fixed to the values 

obtained from crystallographic information file (CIF). Attempts to refine the thermal 

parameters result in negative values in some cases as the parameters are strongly 

correlated with each other (Ozawaa et al., 2004). 

 

 

Figure 3.5 Rietveld refinement plots of (a) In2TeO6, (b) In1.60Ga0.40TeO6, (c) 

In1.50Bi0.50TeO6 and (d) In1.80La0.20TeO6. 
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Figure 3.5 Rietveld refinement plots of (a) In2TeO6, (b) In1.60Ga0.40TeO6, (c) 

In1.50Bi0.50TeO6 and (d) In1.80La0.20TeO6 (Continued). 
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Table 3.1 Rietveld refinement parameters of In2-xGaxTeO6 (x = 0, 0.20, 0.40),             

In2-xBixTeO6 (x = 0, 0.10, 0.30, 0.50) and In2-xLaxTeO6 (x = 0, 0.10, 0.20). 

 a (Å) c (Å) V (Å3) %Rexp %Rp %Rwp 

In2TeO6 8.88211(5) 4.82304(4) 329.529(5) 2.73 7.68 9.91 

In1.80Ga0.20TeO6 8.8332(2) 4.8025(2) 324.52(2) 3.158 9.222 14.632 

In1.60Ga0.40TeO6 8.7943(4) 4.7830(3) 320.36(4) 3.177 8.571 11.164 

In1.90Bi0.10TeO6 8.8958(2) 4.8499(1) 332.38(2) 2.659 7.149 9.591 

In1.70Bi0.30TeO6 8.9278(3) 4.9149(3) 339.26(3) 2.61 7.563 10.126 

In1.50Bi0.50TeO6 8.9581(5) 4.9941(4) 347.07(5) 2.491 6.569 8.581 

In1.90La0.10TeO6 8.8863(4) 4.8550(3) 332.02(3) 3.103 11.559 15.71 

In1.80La0.20TeO6 8.9012(5) 4.9096(4) 336.88(5) 3.113 10.987 15.141 

 

Table 3.2 Crystallographic data of In2-xGaxTeO6 (x = 0, 0.20, 0.40), In2-xBixTeO6 (x = 0, 

0.10, 0.30, 0.50) and In2-xLaxTeO6 (x = 0, 0.10, 0.20). 

Atom Site x y z Occupancy Beq. (Å2) 

In2TeO6 

In1 3e 0.6305(2) 0 0 1 0.49 

In2 3f 0.2943(2) 0 1/2 1 0.44 

Te2 2d 1/3 2/3 0.5023(28) 1 0.25 

O1 6g 0.0906(33) 0.8744(37) 0.7707(15) 1 0.93 

O2 6g 0.4584(40) 0.5835(42) 0.7494(20) 1 2.43 

O3 6g 0.2142(31) 0.7620(27) 0.2723(19) 1 1.04 

In1.80Ga0.20TeO6 

In1/Ga 3e 0.6316(3) 0 0 0.854(16)/0.146(16) 0.49 

In2/Ga 3f 0.2939(4) 0 1/2 0.946(16)/0.054(16) 0.44 

Te2 2d 1/3 2/3 0.5162(14) 1 0.25 

O1 6g 0.1072(41) 0.8751(42) 0.7933(30) 1 0.93 

O2 6g 0.4681(52) 0.5914(52) 0.7713(37) 1 2.43 

O3 6g 0.2286(50) 0.7669(33) 0.2620(33) 1 1.04 
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Table 3.2 Crystallographic data of In2-xGaxTeO6 (x = 0, 0.20, 0.40), In2-xBixTeO6 (x = 0, 

0.10, 0.30, 0.50) and In2-xLaxTeO6 (x = 0, 0.10, 0.20) (Continued). 

Atom Site x y z Occupancy Beq. (Å2) 

In1.60Ga0.40TeO6 

In1/Ga 3e 0.6302(4) 0 0 0.846(13)/0.154(13) 0.49 

In2/Ga 3f 0.3004(4) 0 1/2 0.754(13)/0.246(13) 0.44 

Te2 2d 1/3 2/3 0.5106(18) 1 0.25 

O1 6g 0.0933(39) 0.8604(40) 0.7755(24) 1 0.93 

O2 6g 0.4576(51) 0.5643(45) 0.7519(28) 1 2.43 

O3 6g 0.2430(43) 0.7562(29) 0.2301(30) 1 1.04 

In1.90Bi0.10TeO6 

In1/Bi 3e 0.6293(2) 0 0 0.9/0.1 0.49 

In2 3f 0.2932(2) 0 1/2 1 0.44 

Te2 2d 1/3 2/3 0.5090(17) 1 0.25 

O1 6g 0.0933(30) 0.8828(40) 0.7778(21) 1 0.93 

O2 6g 0.4537(33) 0.5771(46) 0.7506(27) 1 2.43 

O3 6g 0.2126(35) 0.7632(26) 0.2934(24) 1 1.04 

In1.70Bi0.30TeO6 

In1/Bi 3e 0.6283(2) 0 0 0.7/0.3 0.49 

In2 3f 0.2917(3) 0 1/2 1 0.44 

Te2 2d 1/3 2/3 0.5106(20) 1 0.25 

O1 6g 0.1013(25) 0.8854(39) 0.7699(32) 1 0.93 

O2 6g 0.4574(27) 0.5739(42) 0.7544(37) 1 2.43 

O3 6g 0.2136(29) 0.7620(27) 0.3145(38) 1 1.04 

In1.50Bi0.50TeO6 

In1/Bi 3e 0.6255(2) 0 0 0.5/0.5 0.49 

In2 3f 0.2921(3) 0 1/2 1 0.44 

Te2 2d 1/3 2/3 0.5122(22) 1 0.25 

O1 6g 0.1065(27) 0.8868(32) 0.7641(40) 1 0.93 

O2 6g 0.4677(26) 0.5821(38) 0.7505(46) 1 2.43 

O3 6g 0.2261(27) 0.7731(24) 0.3221(45) 1 1.04 
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Table 3.2 Crystallographic data of In2-xGaxTeO6 (x = 0, 0.20, 0.40), In2-xBixTeO6 (x = 0, 

0.10, 0.30, 0.50) and In2-xLaxTeO6 (x = 0, 0.10, 0.20) (Continued). 

Atom Site x y z Occupancy Beq. (Å2) 

In1.90La0.10TeO6 

In1/La 3e 0.6340(3) 0 0 0.9/0.1 0.49 

In2 3f 0.2874(3) 0 1/2 1 0.44 

Te2 2d 1/3 2/3 0.5249(12) 1 0.25 

O1 6g 0.0906(26) 0.8685(28) 0.7750(37) 1 0.93 

O2 6g 0.4497(35) 0.5760(39) 0.7497(45) 1 2.43 

O3 6g 0.2231(33) 0.7718(35) 0.3122(41) 1 1.04 

In1.80La0.20TeO6 

In1/La 3e 0.6314(4) 0 0 0.8/0.2 0.49 

In2 3f 0.2880(4) 0 1/2 1 0.44 

Te2 2d 1/3 2/3 0.4818(14) 1 0.25 

O1 6g 0.1058(42) 0.8840(47) 0.7635(34) 1 0.93 

O2 6g 0.4542(54) 0.5969(52) 0.7257(39) 1 2.43 

O3 6g 0.2187(40) 0.7799(36) 0.3060(43) 1 1.04 

Beq. = equivalent isotropic thermal parameters 
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Figure 3.6 Schematic diagram of an M-O6 octahedron for In2-xMxTeO6 when Mx = 

Ga0.40, Bi0.50 and La0.20. 

 

  The refined crystallographic data is used to calculate bond lengths as 

summarised in Table 3.3. In Bi and La series, the average In1-O bond length, where Bi 

and La atoms reside, is extended by the corresponding fractions indicating that the 

average octahedral units are enlarged. On the other hand, the average In2-O bond length 

tends to shrink to maintain the crystal structure stability. Changes of bond lengths in Ga 

substituted samples depend on the Ga content. In2-xGaxTeO6 samples with x  2 show an 

increase in both In1-O and In2-O distances. On the other hand, the trend is not as clear 

in samples with x > 0.2. Using the refined crystallographic data, figures depicting the 

environment of cation(s) in In1 sites are created (Figure 3.6). In general, the size of the 

octahedron represents its contents. The smaller substituting cation results in a smaller 

octahedron and the bigger substituting cation results in a larger one. Although both Bi 

and La are bigger than In, the local environment of these two cations are different. The 

metal cation in Bi doped samples clearly shifts from the prior position toward one edge 
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of the octahedron. This is most probably a result of Bi 6s2 electrons which can now 

occupy more space on the opposite edge of the octahedron. The similar phenomenon is 

also reported in some works (Retuerto et al., 2013; Singh et al., 2012; Park and 

Woodward, 2000). The same electrons are also responsible for a layered structure in 

Bi2TeO6 and other unique structures in several oxides (Cheng et al., 2004; García-

Munoz et al., 2003; Hervieu et al., 1999; Lalitha, 2010; Seshadri and Hill, 2001). 

Additionally, only slight deviation of M-O-M bond angles from the value in In2TeO6 is 

observed, which suggests insignificant octahedral distortion in the system. 

 

Table 3.3 Bond lengths and average bond lengths of In-O and Te-O. 

Mx In2TeO6 Ga0.2 Ga0.4 Bi0.1 Bi0.3 Bi0.5 La0.1 La0.2 

In1-O1 (Å) 2.195(27) 2.115(30) 1.900(29) 2.250(30) 2.300(29) 2.355(25) 2.116(23) 2.274(33) 

In1-O2 (Å) 2.049(29) 2.031(36) 2.064(29) 2.006(32) 1.980(29) 2.038(28) 2.031(29) 2.231(36) 

In1-O3 (Å) 2.118(19) 2.163(31) 2.153(29) 2.184(21) 2.275(20) 2.400(21) 2.302(22) 2.285(28) 

In2-O1 (Å) 2.050(18) 2.025(22) 2.080(21) 2.052(18) 1.989(17) 1.961(20) 2.001(18) 1.922(24) 

In2-O2 (Å) 2.251(26) 2.239(34) 2.205(32) 2.298(22) 2.309(20) 2.245(21) 2.359(24) 2.279(33) 

In2-O3 (Å) 2.163(20) 2.166(26) 2.332(24) 2.108(20) 2.085(22) 2.017(21) 2.028(26) 1.979(33) 

Te1-O1 (Å) 2.003(32) 2.036(40) 2.083(30) 1.950(33) 2.017(31) 2.072(29) 2.084(27) 2.067(41) 

Te2-O2 (Å) 2.005(37) 2.038(44) 2.079(44) 2.002(36) 2.065(33) 2.087(32) 1.935(34) 1.909(49) 

Te2-O3 (Å) 1.991(28) 1.987(39) 1.917(30) 1.977(30) 1.925(29) 1.910(27) 1.953(34) 1.957(35) 

 



75 

 

 

Figure 3.7 (a) Normalised Bi M5-edge XANES spectra and (b) Pre-edge region of Bi 

M5-edge XANES spectra of In2-xBixTeO6 (x = 0.06, 0.10, 0.30 and 0.50). 

 

  X-ray absorption near edge structure (XANES) gives more understanding 

about the local structure. The edge position and pre-edge features are related to the 
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valence state of absorbing atoms (Berghöfer and Reinen, 1993). In this work, the 

chemical state of Bi is probed at Bi M5 edge region. Normalised XANES spectra are 

shown in Figure 3.7(a). Bi2O3 and NaBiO3 were used as references containing Bi3+ and 

Bi5+, respectively. Considering XANES spectra of all compositions, features and 

position of the pre-edge clearly distinguish the oxidation state of Bi absorbing atom. Pre-

edges characteristic of all Bi-doped In2TeO6 samples (Figure 3.7(b)) are similar to that 

of Bi2O3, therefore it can be concluded that Bi is in +3 state. The pre-edge at M5-edge 

region indicates the electronic transition from 3d core states to unoccupied 6p states 

(Berghöfer and Reinen, 1993; Ozkendir and Bozgeyik, 2010) because of its relatively 

low energy even though the transition to empty f states is also possible according to 

dipole selection rule (Berghöfer and Reinen, 1993). As the energy levels of 6p states are 

close to that of 6s states, they have strong coupling which results in spin-orbit splittings 

and the hybridised sp states are generated and bonded with O 2p. This results in the 

multiple peaks of broad absorption above the edge energy (Ozkendir and Bozgeyik, 

2010). In general, the intensity of the white line peaks is related to the symmetry. In this 

case, lower white line intensity is observed with increasing Bi content indicating a 

lowering of symmetry in the crystal (Ozkendir and Bozgeyik, 2010). Te valence state in 

Bi-doped In2TeO6 is determined at L3-edge region. Figure 3.8 illustrates normalised Te 

L3-edge XANES spectra of all samples comparing to TeO2 and Te(OH)6 reference which 

contain Te4+ and Te6+, respectively. Features of both pre-edge and edge energy of all 

samples indicate the presence of Te6+ (Singh et al., 2014). The pre-edge and white line 

can be denoted to the transition from 2p3/2 to the empty 5s and from 2p3/2 to 5d, 

respectively (Ibanez et al., 1994). The similar XANES spectra confirms the same local 

structure of Te in all samples. 
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Figure 3.8 Normalised Te L3-edge XANES spectra of In2-xBixTeO6 (x = 0.06, 0.10, 0.30 

and 0.50). 

 

  X-ray photoelectron spectroscopy is utilised to confirm the oxidation state 

of all component cations in the compounds and reflect their contents at the surface. The 

high-resolution XPS spectra of Bi 4f7/2, Te 3d5/2 and O 1s for In2-xBixTeO6 series           

(x = 0.06, 0.10, 0.30 and 0.50) are shown in Figure 3.9. The symmetric peaks of Bi 4f7/2 

state were observed at 159.1-159.3 eV corresponding to Bi3+-O bonds (Figure 3.9(a)) 

(Di et al., 2015; Reddy Singh et al., 2012). The Bi 4f7/2 peak intensity also increases 

with the Bi content in the samples. The Te 3d5/2 peaks at 576.2-576.4 eV (Figure 3.9(b)) 

are attributed to Te6+-O bond (Moulder et al., 1992; Holmberg et al., 2006; Millet et al., 

2002). The O 1s peak (Figure 3.9(c)) can be deconvoluted into three main peaks using 

Gaussian-Lorentzian profile fitting and Shirley background subtraction. The first peak 

(OI) at 530.2 eV corresponds to the lattice oxygen (O2-) in the structure. The second peak 
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(OII) at 531.2 eV could be attributed to C-O bond due to the surface contamination. The 

third peak (OIII) at 533.0 eV can be assigned to surface adsorbed oxygen such as surface 

hydroxyls and oxygen-contained organic species (He et al., 2003; Song et al., 2001). 

The oxidation states of all elemental components from XPS are consistent with XANES 

results. 

 

 
Figure 3.9 XPS spectra of (a) Bi 4f7/2, (b) Te 3d5/2 and (c) O 1s for In2-xBixTeO6 series  

(x = 0.06, 0.10, 0.30 and 0.50). 
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Figure 3.9 XPS spectra of (a) Bi 4f7/2, (b) Te 3d5/2 and (c) O 1s for In2-xBixTeO6 series  

(x = 0.06, 0.10, 0.30 and 0.50) (Continued). 

 

 3.4.2 Optical properties and band structure calculation 

  The absorbance UV-Visible spectra are shown in Figure 3.10(a). Based on 

the sharpness of absorption spectra, the samples may be divided into two groups. The 

first group includes Bi-doped samples exhibiting sharp absorption edge, while 

absorption edge of un-doped, Ga-doped and La-doped samples clearly show two 

different slopes. To obtain band gap energy of the samples, Kubelka-Munk function, 

F(Rα), was applied. The relation is as follows: F(Rα) = (1-Rα)
2/2Rα, where R is 

reflectance and Rα = Rsample/Rreference. The plots of [F(Rα)hυ]1/n vs. hυ when n = 1/2 

corresponding to direct allowed transition are shown in Figure 3.10(b). Extrapolation on 

the highest slope onto the x axis (when F(Rα) = 0) provides Eg. 
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Figure 3.10 Absorbance UV-Visible spectra (a) and Kubelka-Munk plots (b) of              

In2-xMxTeO6 when Mx = Ga0.2, Ga0.4, Bi0.1, Bi0.3, Bi0.5, La0.1 and La0.2 according to direct 

allowed transition. 

  The calculated electronic structures of In2TeO6, In1.58TeO6Ga0.42, 

In1.75TeO6La0.25 and In1.5TeO6Bi0.5 are shown in Figure 3.11. To compensate for the DFT 

underestimation, a rigid shift is applied to the conduction band to match the calculated 

optical band gap with the experimental observations (Walsh et al., 2008). The 

conduction band is shifted by 0.8 eV for In2TeO6, 0.9 eV for In1.58TeO6Ga0.42 and 

In1.5TeO6Bi0.5 and 0.6 eV for In1.75TeO6La0.25. The band structure of In2TeO6 in Figure 

3.11(a) shows that valence bands are dominated by O 2p and In 4d characters while the 

conduction bands are mainly dominated by s-character of In 5s and O 2s. For Ga-doping 

(Figure 3.11(b)), the character of conduction bands is barely changed and crystal 

symmetry is preserved. On the other hand, valence bands are much disturbed due to Ga 

d-characters although the intensity of main characters of valence bands still presented. 

For La, the valence bands are reasonably changed, while conduction bands are fairly 
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changed due to La 6s electrons, as shown in Figure 3.11(c). The parabolic dispersion of 

CBM at   is still observed. In the case of Bi-doping, band structure in Figure 3.11(d) 

indicates much larger change due to incorporation of Bi into In site. The parabolic 

dispersion is lifted and s-bands of Bi 6s electrons are introduced into the previous 

In2TeO6 band gap. 

  Since the optical transition operator between two states is proportional to 

the momentum operator ( i h ), the transition from valence state 
v  to the conduction 

state 
c  is obtained from c v   (Gajdoš et al., 2006). The quantity of 

2

c v   

is calculated where 
c  and 

v  are restricted to the conduction band minimum (CBM) 

state and the valence band states at  , respectively. In all compounds, the top of valence 

band exhibits very little dispersion or nearly flat dispersion. The direct optical transitions 

at   from the valence band maximum (VBM) to the CBM are very low (Figure 3.11) 

which can only make a very weak contribution to photon absorption under the influence 

of thermal vibrations. This indicates that this transition is forbidden. Similar forbidden 

transition from VBM and CBM is observed in several In containing oxides (Walsh et al., 

2008; Koffyberg and Benko, 1980). The strong transitions occur from valence bands, 2 

eV below the VBM for undoped, Ga and La-doped In2TeO6. The transition from VBM 

to CBM might be the origin of the less steep absorption at low energy region in UV-Vis 

spectra for these samples while the strong transitions from 2 eV below VBM is the 

origin of the steeper absorption edge at higher energy. Similar results are obtained for 

Bi-doped sample but the strong transition originates from 0.8 eV below VBM. However, 

VBM is mainly Bi 6s in character which have very weak or zero contribution to photon 

absorption as shown in the spectrum of transition strength. Therefore, there is only one 

sharp absorption observed in UV-Vis spectra of Bi-doped samples. 
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Figure 3.11 The calculated orbital-projected electronic structures of In2TeO6, 

In1.58TeO6Ga0.42, In1.75TeO6La0.25 and In1.5TeO6Bi0.5 along -M-K- -A   high symmetry 

directions. The s, p and d-band characters are indicated by red (black), blue (grey) and 

dark blue (dark grey), respectively. The thickness of bands indicates the spectral weight. 

The spectrum of 

2

c v 
 for all compounds is shown next to corresponding band 

structure plot and their magnitudes are given in arbitrary units. The transition strength 

contributed to prominent peaks is highlighted by yellow (white) dot on the band 

structure plot. 

 

  Photoluminescence (PL) spectra (Figure 3.12) of all samples covers range 

of wavelengths varying from about 350 to 600 nm resulting in the white light emission. 

It is noted that the utilised excitation source of 255 nm (4.86 eV) has higher energy than 

the band gap energy of all samples (Eg = 2.78-3.66 eV). Similar to the UV-Vis spectra, 

PL spectra can be categorised into two groups. PL spectra of the un-doped In2TeO6, Ga-

doped and La-doped samples show two strong bands at 3.02 and 2.60 eV. The emission 

peak in UV region (~410 nm or ~3.02 eV) corresponds to near band edge transition, 

where the excited electrons go through non-radiative transitions from the bottom of 

conduction band to the sub-band or surface state first. Radiative transition of excited 

electrons in the said states to the valence band later occurs which leads to PL. The 
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energy of this emission peaks is therefore slightly lower than the band gap energy 

(Liqiang et al., 2006; Zhang et al., 2011). The obtained results do not allow us to 

completely rule out the defect-originated luminescence. However, it is interesting to note 

that these samples were prepared under different conditions, which should have effects 

on type or concentration of the defect (Liqiang et al., 2006; Studenikin et al., 1998; Li et 

al., 2004; Ahn et al., 2009; Shinde and Dhoble, 2012). The fact that the strong 

luminescence peak at 2.60 eV is not significantly different from samples to samples led 

us to believed that this transition is either intrinsic or related to some deep defect levels. 

Possible mechanism includes the presence of the energy level within the band.  

 

 

Figure 3.12 Photoluminescence spectra of In2-xMxTeO6 (Mx = Ga0.2, Ga0.4, Bi0.1, Bi0.3, 

Bi0.5, La0.1 and La0.2). 
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  PL spectra of Bi-doped series show less number of peaks. As these samples 

have lower band gap energy, the absence of high energy peak is expected. Similar peaks 

at about 2.60 eV are observed in all Bi-doped samples, but they seem to be slightly 

broader. We believed that two mechanisms are related to this peak; the near band edge 

transition and, similar to the first group, the transition from an inter band to valence 

band. It should be noted that the peaks show a slight blue-shift when Bi content 

increases, which is consistent with the trend in band gap energy. The very broad 

shoulder is observed in PL spectra of all samples centering at ~2.95 eV. This could 

originate from the charge transfer of Te6+-O. Similar observations are reported in many 

oxides containing d10 cations including In3+, Ga3+, Sb5+ and Te6+ (Blasse, 1990; De Bruin 

et al., 1993). 

 

3.5 Conclusions 

 Ga, Bi and La-doped In2TeO6 have been successfully synthesised with the general 

formula In2-xGaxTeO6 (x = 0, 0.20, 0.40), In2-xBixTeO6 (x = 0, 0.10, 0.30, 0.50) and     

In2-xLaxTeO6 (x = 0, 0.10, 0.20). The chemical formula of In2-xMx has been confirmed by 

EDS. The oxidation state of Bi and Te, confirmed by synchrotron-based techniques, 

XANES and XPS, are +3 and +6, respectively. The linear relationship between the cell 

parameters and the composition leads us to conclude that the trivalent cations displace 

In. XRD peak broadening and SEM image imply the occurrence of internal lattice strain 

after cation substitution. Doping of Ga, Bi and La cause the size of MO6 octahedra to 

change corresponding to the ionic radius of dopants. Additionally, the appearance of 

stereochemically active lone-pair 6s2 electrons causes the shift of Bi3+ center within the 

octahedra. UV-Visible spectroscopy and the electronic structure calculation 

accompanying with the optical transition operator indicate that undoped-, Ga, Bi and La-
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doped In2TeO6 possess direct allowed transition. In most samples, conduction band 

dominantly arises from In 5s and O 2s orbitals, while O 2p and In 4d orbitals mainly 

form valence band. However, the interaction between Bi 6s states and O 2p states 

additionally influence the valence band and conduction band of Bi doped samples. 

Photoluminescence property of In2TeO6-based samples is reported. All PL peaks are 

broadened over the visible region thus the samples luminate the visual white light. PL is 

most probably originated from the near band transition and the presence of the inter-

band level. 
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CHAPTER IV 

UNDERSTANDING STRUCTURE, OPTICAL AND 

ELECTRICAL PROPERTIES OF M-DOPED  

In4Sn3O12 (M = Nb, Ta) 

 

4.1  Abstract 

 The current research aims to investigate transparent conducting properties of 

In4Sn3O12 related compounds. Undoped and M-doped In4Sn3O12 with the formula 

In4+xSn3-2xMxO12 (Mx = Nb0.5, Ta0.5) have been successfully synthesised by solid state 

reaction as confirmed by powder X-ray diffraction. Interestingly, only the composition 

with x = 0.5 could be achieved without impurity. With the substitution of Nb/Ta, the In/Sn 

mol ratio increases and thus resulted in the enlargement in cell parameters a, c and cell 

volume. The oxidation states of all elements were identified by X-ray photoelectron 

spectroscopy to be In3+ ,Sn4+and Nb5 +/Ta5+. The larger optical band gap energies were 

obtained in doped samples, coresponding to their pale green colour compared to the light 

green of undoped sample. that utational calculations indicateWhile the results from comp  

Nb and Ta substitutions do not significantly change the band structure, they have large 

effects on the sample electronic properties. Although the conductivity of In4Sn3O12 is 

relatively high, those of the In4.5Sn2Nb0.5O12 and In4.5Sn2Ta0.5O12 are much lower. To 

investigate the conduction mechanism, the conductivity of the sample after heat 

treatment in N2 was studied. The improved conductivity after such annealing along 
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cantlynd Ta substitutions do not signifiNb a change the band structure, they have large 

effects on the samp 

 

4.2  Introduction 

 In4Sn3O12 becomes an attractive candidate for transparent conducting oxides 

(TCOs) since it was discovered with the high electrical conductivity (RT ~ 2 × 10-2 

ohm.cm) (Bates et al., 1986). This less-indium containing oxides interest researchers as 

an alternative TCOs to the famous ITO (Sn-doped In2O3), which has the large conductivity 

((RT ~ 1 × 10-4 ohm.cm) (Ginley and Perkins, 2011). The electrical properties were 

improved by the preparation conditions e.g. annealing in Ar (Behr and Krabbes, 1996), 

optimum O2 partial pressure (Minami et al., 1997) and by Sb substitution (Choisnet et al., 

2004). The extensive structural details of In4Sn3O12
 (Choisnet et al., 2004; Nadaud et al., 

1998; Pitschke et al., 2000; Choisnet et al., 2007; O’Neil et al., 2010; Zhang and Wang, 

2011) and the relationship between In/Sn cations environments and electrical properties 

were investigated (Nadaud et al., 1998). Moreover, the DFT band structure calculation of 

In4Sn3O12 (O’Neil et al., 2010; Zhang and Wang, 2011; Ren et al., 2006) and Sb-doped 

In4Sn3O12 (Ren et al., 2006) has been performed to try to understand their electrical 

properties. To the best of our knowledge, the origin of high electrical conductivity in 

In4Sn3O12 has not been clarified. An interesting point is that the calculated electronic band 

structure of In4Sn3O12
 (Zhang and Wang, 2011) is similar to that of famous TCOs, Sn-

doped In2O3 (Mryasov and Freeman, 2001). 

 Here, M-doped In4Sn3O12, when M = Nb and Ta, have been investigated with the 

formulas of In4+xSn3-2xMxO12 (Mx = Nb0.5 and Ta0.5). The obtained samples are 

characterised using X-ray diffraction (XRD) to study the phase purity. Rietveld 

with the results from X-ray photoelectron spectroscopy suggest that the major charge 

carriers are electrons created from oxygen vacancies in the lattice. 
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refinement method is used to get the crystallographic information including cell 

parameters, cell volume, cation occupancy, and bond length. X-ray photoelectron 

spectroscopy (XPS) is utilised to confirm the oxidation state of all cations in the 

compounds. The optical properties, which are probed by both UV-Vis diffuse reflectance 

spectroscopy and Photoluminescence (PL) spectroscopy, provide the band gap energy (Eg) 

and absorption and re-emitting phenomena. The computational study is used to gain 

understandings about the optical properties from the calculated band structure and 

electrical properties, which is used to explain the origin of conductivity in In4Sn3O12. 

 

4.3 Experimental 

 All polycrystalline samples were synthesised using solid state reaction. In2O3 

(Sigma-Aldrich, 99.99%), SnO2 (Acros Organics, 99.9%), Nb2O5 (Acros Organics, 

99.99%), Ta2O5 (Acros Organics, 99.99%), Sc2O3 (Sigma-Aldrich, 99.9%), and ZrO2 

(Carlo Erba, 99%) were used as precursors. The reaction was performed at 1400-1450 C 

in air for 24-36 hours with several intermediate grindings. Post annealing of N2 was 

performed at 900 C for 3 hours to investigate the electrical properties. 

 The phase identification was studied by powder X-ray diffraction (XRD) using a 

Bruker D2 Phaser diffractometer with Cu K radiation ( = 1.5406 Å). The 

crystallographic information was obtained by Rietveld refinement using TOPAS software 

(V4.2.0.2) from high quality XRD patterns, which were collected in the 2-theta range of 

10-120 with an increment of 0.02 by a scan rate of 2s/step. Different peak shape types 

were applied; PV_TCHZ function matches In4Sn3O12 while PV_MOD peak types matches 

the rest of samples. X-ray photoelectron spectroscopy (XPS) was performed at the SUT-

NANOTEC-SLRI XPS Beamline (BL5.1), the SUT-NANOTEC-SLRI joint research 
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facility, Synchrotron Light Research Institute (SLRI), Thailand (electron energy of 1.2 

GeV, beam current of 80-120 mA). Optical diffuse reflectance spectroscopy (DRS) was 

performed using an Agilent UV-Vis-NIR spectrophotometer (model Cary 5000). The 

diffuse reflectance (%R) spectra were collected in the scan wavelength range of 200-800 

nm with the double beam mode. Photoluminescence measurement was carried out 

utilising an AVANTES AvaSpec-2048TEC-USB2-2 spectrometer with the excitation 

LED light source of 255 nm. 

 

4.4 Calculation details 

 All calculations reported herein were carried out on the basis of spin-polarised 

density functional theory (DFT) with periodic model as implemented in the Vienna ab 

initio simulation package (VASP 5.3) (Kresse and Furthmüller, 1996a; Kresse and 

Furthmüller, 1996b; Kresse and Hafner, 1993). The exchange and correlation functional 

was approximated using the Perdew–Burke–Ernzerhof functional based on the 

generalised gradient approximation (Xiao et al., 2013). We chose the ultra-soft 

pseudopotential with projector augmented-wave (PAW) method (Blöchl, 1994; Joubert, 

1999) to describe the nuclei and core electronic states. The valence electrons considered 

are In 4d5s5p, Sn 4d5s5p O 2s2p, Nb 4s4p4d5s, and Ta 5p5d6s. Their wave functions 

were expanded in plane-wave with a cutoff energy of 500 eV. A Gaussian smearing ( = 

0.05 eV) was used during structural relaxations in which the calculated energies were 

extrapolated to zero smearing width. The ion positions were optimised using the 

Monkhorst-Pack (MP) approach (Monkhorst and Pack, 1976) with a k-point sampling of 

2×2×2. The optimisation was ceased when the calculated residual forces were lower than 

0.02 eV/Å.  
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 To explore the stability of oxygen vacancies in the stoichiometric and doped 

In4Sn3O12 structures, we used the hexagonal unit cell of In4Sn3O12 as a model. The 

In4Sn3O12 unit cell contains 12 In cations, 9 Sn cations, and 36 O anions which 

corresponds to three In4Sn3O12 formula units (In12Sn9O36). Sn and In cations are 

statistically distributed at the 18f sites which yield nonequivalent lattice configurations 

with different total energies. For simplicity, we considered only the configuration depicted 

in Figure 4.1a to represent the In4Sn3O12 structure. While the other lower energy 

configurations may exist, it is expected that the overall stability of oxygen vacancies 

remains unchanged since these oxygen vacancies are connected with various Sn and In 

cations throughout the lattice. In addition, the considered structural configuration was 

successfully used to describe the electronic structure of In4Sn3O12. The doped structures 

were created based on the experiments carried out in this study where one Sn ion in the 

unit cell was replaced by a doping metal ion (Nb or Ta). Substitution of Sn(IV) by a higher 

valent cation, Nb(V) or Ta(V), yields an extra electron in the lattice. To compensate the 

extra charge, an adjacent Sn ion to the doped metal ion was replaced by an In ion as shown 

in Figure 4.1b. As a result, the doped structures maintain their charge neutrality where no 

additional charge carriers were created which is consistent with that obtained from our 

synthesised samples. 

 To explore the electronic structures of the stoichiometric and doped In4S3O12 

systems, we computed their band structures and projected density of states (PDOS) 

employing the tetrahedral smearing method with Bloch corrections. A denser k-point of 

5×5×5 was necessary to achieve converged electronic structures. 
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Figure 4.1 Unit cell of a) pure In4Sn3O12 and b) metal (Nb, Ta) doped In4Sn3O12. Pink, 

grey and red spheres represent In, Sn and O ions, respectively. The green sphere denotes 

the position of the doping ions (Nb or Ta). 

 

4.5 Results and discussion 

 4.5.1 Crystal structure 

   In4Sn3O12 adopts a rhombohedral lattice (hexagonal basis) in a trigonal 

space group (R3̅H) (Nadaud et al., 1998). The ideal structure (Figure 4.2) consists of two 

distinguishable sites in octahedra (3a) and seven-fold coordination environment (18f), 

which are labeled as M1 and M2, respectively. All M1 site are occupied by Sn while the 

rest of Sn and In occupy M2 (Nadaud et al., 1998; Choisnet et al., 2007). The structure 

derives from M7O12-type oxygen-deficient fluorite structure (Pitschke et al., 2000). The 

oxygen atoms and anionic vacancies are periodically ordered in this structure (Choisnet 

et al., 2007). 
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Figure 4.2 Crystal structure of ideal In4Sn3O12. 

 

 

Figure 4.3 XRD patterns of In4Sn3O12 and In4+xSn3-2xMxO12 (M = Nb0.5, Ta0.5). 
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  In this work, undoped and M-doped In4Sn3O12 with the formula           

In4+xSn3-2xMxO12 (Mx = Nb0.5 and Ta0.5) have been successfully synthesised. Their XRD 

patterns (Figure 4.3) can be indexed based on In4Sn3O12 (PDF 08-0773), no impurity 

phase was detected. It is found that Nb and Ta doped samples form single phase with only 

one composition (x = 0.5). In2O3 and/or SnO2 are detected as impurities for the 

compositions with lower doping content and InMO4 (M = Nb and Ta) phase appears for 

the compositions with higher M loading. 

  The structural analysis was further performed by Rietveld refinement and 

the plots are shown in Figure 4.4. The full pattern analysis fitting was well obtained as the 

convergence was reached easily, resulting in the good confident values indicating the good 

agreement between the observed and the calculated patterns. The refined parameters and 

crystallographic information are reported in Table 4.1 and 4.2. In the refinement, the 

modified Thompson-Cox-Hastings pseudo-Voigt “TCHZ” peak type is applied for 

undoped In4Sn3O12 sample, while the diffraction peak profile of M-doped samples is fitted 

with the “PV_MOD” peak type. Regarding the compounds with the formula 

In4.5Sn2M0.5O12 (M = Nb, Ta), Nb and Ta were refined over both the Sn1 (3a) and Sn2/In 

(18f) sites. Nb distributes over both sites while Ta mostly occupies at Sn1(3a) site. 
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Figure 4.4 Rietveld refinement plots of (a) In4Sn3O12, (b) In4.5Sn2Nb0.5O12 and (c) 

In4.5Sn2Ta0.5O12. 
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Table 4.1 Rietveld refinement parameters of In4Sn3O12 and In4+xSn3-2xMxO12 (Mx = Nb0.5, 

Ta0.5). 

 a (Å) c (Å) V (Å3) %Rexp %Rp %Rwp GOF 

In4Sn3O12 9.4634(89) 8.8567(10) 686.90(15) 3.75 9.68 12.83 3.42 

In4.5Sn2Nb0.5O12 9.4666(71) 8.8751(88) 688.80(12) 3.87 10.85 13.67 3.53 

In4.5Sn2Ta0.5O12 9.4671(70) 8.8736(84) 688.75(12) 3.17 7.73 10.22 3.22 

 

  The cell parameters a, c and cell volume (Table 4.1) of Nb and Ta-

substituted samples are slightly larger than that of undoped sample. Note that the oxidation 

states of Nb and Ta are 5+ as confirmed by XPS. The ionic radii of Nb5+/Ta5+ (ri = 0.64 

Å, C.N. = 6) are less than that of Sn4+ (ri = 0.69 Å, C.N. = 6) and In3+ (ri = 0.80 Å, C.N. = 

6) (Shannon, 1976). According to the formula In4+xSn3-2xMxO12 (Mx = Nb0.5, Ta0.5), as the 

M (Nb/Ta) cations increases, the Sn content decreases while the In content increases with 

the mol ratio of 2:1 to balance the charge neutrality of compounds (2Sn4+   M5+ + In3+). 

Therefore, it can be concluded that the cell parameters slightly increase because of the 

addition of a larger In3+. 

   In spite of the same ionic radii, Nb and Ta have dissimilar atomic number 

and X-ray scattering power. This should affect their peak intensity in the XRD patterns; 

nonetheless, the difference in peak intensity was not observed as only small amount of Nb 

and Ta are in the lattice.  It should be noted that no peak broadening is observed in all M-

doped compounds because the difference in ionic radii of M cations and the parents 

cations are less than 20% thus causing only little strain in the lattice.  

 

 



 

103 

Table 4.2 Crystallographic data of In4Sn3O12 and In4+xSn3-2xMxO12 (Mx = Nb0.5, Ta0.5). 

Atom Site x y z Occupancy Beq. (Å2) 

In4Sn3O12 

Sn1 3a 0 0 0 1 2.249(73) 

Sn2 18f 0.2525(15) 0.2145(13) 0.3504(14) 1/3 2.056(26) 

In 18f 0.2525(15) 0.2145(13) 0.3504(14) 2/3 2.056(26) 

O1 18f 0.1978(11) 0.1748(16) 0.1141(88) 1 1.930(29) 

O2 18f 0.1895(16) 0.9756(15) 0.3862(87) 1 2.040(26) 

In4.5Sn2Nb0.5O12 

Sn1/Nb 3a 0 0 0 0.821(35)/0.179(35) 2.130(10) 

Sn2/Nb 18f 0.2531(16) 0.2155(14) 0.3516(15) 0.1966(58)/0.0534(58) 1.653(32) 

In 18f 0.2531(16) 0.2155(14) 0.3516(15) 0.75 1.653(32) 

O1 18f 0.1913(12) 0.1759(18) 0.1113(92) 1 1.190(27) 

O2 18f 0.1954(16) 0.9772(15) 0.3765(96) 1 1.450(26) 

In4.5Sn2Ta0.5O12 

Sn1/Ta 3a 0 0 0 0.510(17)/0.490(17) 2.846(81) 

Sn2/Ta 18f 0.2520(14) 0.2150(12) 0.3510(12) 0.3317(28)/0.0016(28) 2.199(30) 

In 18f 0.2520(14) 0.2150(12) 0.3510(12) 2/3 2.199(30) 

O1 18f 0.1986(11) 0.1727(15) 0.1150(80) 1 2.360(25) 

O2 18f 0.1888(13) 0.9754(13) 0.3862(78) 1 2.700(25) 

Beq. = equivalent isotropic thermal parameters 

 

  X-ray photoelectron spectroscopy is performed to confirm the oxidation 

states of the elements. The high-resolution XPS spectra of In 3d5/2, Sn 3d5/2, O 1s, Nb 3d5/2 

and Ta 4f7/2 are shown in Figure 4.5. For undoped, Nb0.5-doped and Ta0.5-doped In4Sn3O12 

samples, In 3d5/2 (Figure 4.5(a)) observed at ~444.49 eV corresponds to In3+ (Bertrand, 
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1981; Lin et al., 1977; Song et al., 2001) and Sn 3d5/2 (Figure 4.5(b)) observed at ~486.47 

eV is assigned to Sn4+ (Ansell et al., 1977; Fan and Goodenough, 1977). O 1s spectra  

 

 

 

Figure 4.5 High-resolution XPS spectra of (a) In 3d5/2, (b) Sn 3d5/2, (c) O 1s, (d) Nb 3d5/2 

and (e) Ta 4f7/2 of In4Sn3O12, In4.5Sn2Nb0.5O12 and In4.5Sn2Ta0.5O12. 
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(Figure 4.5(c)) can be deconvoluted into three peaks. The first OI peak at ~530.02 eV can 

be indexed as O2- in lattice. The second OII peak at ~531.78 eV is assigned as oxygen 

vacancy and oxygen in C-O bond from surface contamination during sample preparations 

for the measurement. The OIII peak at ~532.97 eV can be identified as loosely bound 

oxygen species such as adsorbed O2, -OH or O-contained organic species (Song et al., 

2001; Gan et al., 2013; Hoch et al., 2014; Park et al., 2015; He et al., 2013). In case of 

doped samples, Nb 3d5/2 peak of 206.96 eV (Figure 4.5(d)) (Nefedov et al., 1974) and Ta 

4f7/2 peak of 26.39 eV (Figure 4.5(e)) (Sarma and Rao, 1980) are interpreted as Nb5+ and 

Ta5+, respectively. 

 

 4.5.2 Optical properties 

  Figure 4.6a shows the UV-Vis absorption spectra of all samples, which 

exhibit sharp absorption edge. The DFT band structure calculation suggests that the direct 

allowed transition is observed for In4Sn3O12 (Ren et al., 2006; Zhang and Wang, 2011). 

The UV-Visible diffuse reflectance (%R) spectra (not shown here) of all samples were 

collected and Kubelka-Munk function F(Rα) = (1-Rα)
2/2Rα, where R is reflectance and Rα 

= Rsample/Rreference, is used to obtain the band gap energy. The plots of [F(Rα)hυ]1/n vs. hυ 

when n = 1/2 corresponding to direct allowed transition and the direct Eg are shown as 

Figure 4.6b. The band gap energy of In4Sn3O12 is 2.89 eV. By the substitution with Nb 

and Ta, the band gap energies become larger (3.02 eV and 3.08 eV, repectively). This is 

evidenced from the color as well; the undoped sample is light green while the doped 

samples are pale green. 

  The emission peak at around 2.6 eV is observed from the photoluminescence 

spectra (Figure 4.7) for all samples. This corresponds to the near band edge transition, 

which is the emission of excited electrons from the sub-bands or surface state near the 
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conduction band to the highest energy state an electron can exist in the valence band. The 

emitted energy is slightly lower than their band gap energies because of non-radiative 

relaxation like thermal vibration, which can be ascribed as Strokes shift due to Franck-

Condon effects (Liqiang et al., 2006; Zhang et al., 2011). Furthermore, two shoulders 

observed over two regions. The fist shoulder covered the area of 2.2-2.4 eV could be 

attributed to oxygen vacancy (Zhou et al., 1999; Papageorgiou et al., 2011; Alberto Ramos 

Ramón et al., 2015). The second shoulder seen at around 3 eV appears apparently for 

doped samples could be the charge transfer of In3+-O (De Bruin et al., 1993) and Sn4+-O 

(Gu et al., 2004; Lai et al., 2009). 

 

  

Figure 4.6 UV-Vis absorption spectra (a) and Kubelka-Munk plots (b) of In4Sn3O12 and 

In4+xSn3-2xMxO12 (M = Nb0.5, Ta0.5). 
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Figure 4.7 Photoluminescence spectra of In4Sn3O12 and In4+xSn3-2xMxO12 (M = Nb0.5, 

Ta0.5). 

 

 4.5.3 Electrical properties 

  In4Sn3O12 prepared in this work has the resistivity of 3.24 × 10-2 Ω.cm, which 

is similar to those reported in other works (Choisnet et al., 2004; Nadaud et al., 1998; 

Pitschke et al., 2000). The substitution of Nb5+ and Ta5+ for In4Sn3O12 with the formula 

In4+xSn3-2xMxO12 (M = Nb and Ta) should not create any extra charger carriers. 

Nevertheless, such small substitutions significantly affect the resistivity of substituted-

compounds (Table 4.3). 

  To the best of our knowledge, the semiconducting behavior in In4Sn3O12 has 

not been clarified. One possible explanation is the intrinsic oxygen vacancy. As this phase 

is prepared at high temperature, it might be possible to lose oxygen because non-

stoichiometric oxygen-deficient In2O3 was also found at high temperatures (De Wit, 

1977). In addition, it was found that the resistivity of all samples decreases after N2 

annealing at 900 C for 3 hours (Table 4.3). Since no impurity was detected in XRD 
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patterns of the annealed samples (not shown here), the conductivity must come from the 

major phase whose structure remain unchanged. Although the conductivity is related to 

both the carrier density and the carrier mobility, such dramatic changes in the numbers 

indicate that the first factor plays more important role here.   

  It is unlikely that In, Sn, Ta, or Nb have mixed valency, therefore, the 

electronic conductivity most likely stems from the presence of oxygen vacancies. It should 

be noted that the highest intensity of OII peak in O XPS spectra which implies the oxygen 

vacancy content is observed in the most conducting sample.  

 

Table 4.3 Electrical resistivity of In4Sn3O12 and In4+xSn3-2xMxO12 (Mx = Nb0.5, Ta0.5) 

before and after N2 annealing at 900 C for 3 hours. 

Samples 

Resistivity (Ω.cm) 

Before N2 annealing After N2 annealing (3 h) 

In4Sn3O12 3.24 × 10-2 1.07 × 10-2 

In4.5Sn2Nb0.5O12 1.31 × 105 6.01 × 102 

In4.5Sn2Ta0.5O12 1.62 × 103 1.85 × 10 

  

 4.5.4 Calculation studies 

  The electronic structures of pure and doped systems were further examined 

using DFT calculations. As shown in Figure 4.8a, the calculated band structure of pure 

In4Sn3O12 along the high-symmetry directions of the Brillouin zone exhibits a direct band 

gap of 1.01 eV at the  point which is consistent with other calculated PBE values (1.12 

eV and 1.2 eV) but significantly lower than that of the experimental value (2.89 eV). Such 

a large underestimation originates from the use of approximate exchange-correlation 
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functional which fails to cancel exactly the self-interaction energy. The conduction band 

minimum (CBM), centered at the  point, lies rather low in energy compared with the 

average energy of the band edge across the Brillouin zone resulting in a relatively high 

band-edge curvature and a light effective mass.  

 

 

Figure 4.8 Calculated band structures along the high symmetry points in the Brillouin 

zone of a) pure, b) Nb-doped and c) Ta-doped In4Sn3O12. 

 

 The band structures of the doped systems display similar features to that of the pure 

In4Sn3O12 system, as shown in Figure 4.8 panel b and c. Nevertheless, their CBM are 

flatter than that of the pure system leading to larger effective masses for Nb-doped and 

Ta-doped systems. The calculated results indicate that Nb and Ta doping lower the 

electron mobility in the material which could be one factor that diminishes the electronic 

conductivity of the doped samples. 
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 To obtain insight into the bonding properties of pure and doped In4Sn3O12, we 

computed and analysed their total and projected density of states (DOS). As shown in 

Figure 4.9a, the calculated DOS of pure In4Sn3O12 exhibits semiconducting behavior with 

a band gap of 1.01 eV. The valence band develops its overall character from O 2p states. 

At the bottom of the valence band, energy ranges from -6.9 eV to -5.4 eV, significant 

hybridisation between cation s states and O 2p states occurs. Non-negligible metal 4d 

states were also found to strongly hybridise with O 2p states at the top of the valence band. 

The conduction band is predicted to be relatively diffuse since it mainly comprises the 

admixture of the cation 5s states and O 2p with a rather large bandwidth of 5.2 eV. 

 

 

Figure 4.9 Calculated total and projected density of states of a) pure, b) Nb-doped and c) 

Ta-doped In4Sn3O12. 
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 Introduction of Nb or Ta dopant into the In4Sn3O12 lattice does not generate any 

charge carriers since they are compensated by a higher In/Sn ratio in the samples as 

previously discussed. Hence, the DOS of the doped systems maintain their 

semiconducting character where the main features of the DOS are similar to that of the 

pure system. The only key distinct is the established Nb 4d and Ta 5d states at the bottom 

of the conduction band as shown in Figure 4.9 panel b and c, respectively. The 

contributions of relatively localised d states from the metal dopants may reduce the 

mobility of conducting electrons which reflects through the heavier effective masses 

obtained from the calculated band structures. 

 

4.6 Conclusions 

 Undoped and M-doped In4Sn3O12 with the formula In4+xSn3-2xMxO12) Mx = Nb0.5 

and Ta0.5 (have been successfully prepared by solid state reaction at 1400-1450 C in air . 

 The obtained XRD patterns of all samples confirms the pure phase formation of In4Sn3O12

related structure.  The substitution of In and Sn by Nb / Ta results in the increase of the mol 

ratio of In/Sn, which illustrates through the increase in cell parameters a ,c  and cell 

volume. The oxidation states of all elements were determined by XPS: In3+ ,Sn4+and  

Nb5+/Ta5+ .In case of O ,the O 1s XPS spectra can be deconvoluted to three components 

of O-lattice ,O vacancy/O-C )contamination (and adsorbed O species such as O ,2-OH 

and O-contained organic compounds. The optical band gap energy of doped samples were 

larger than that of undoped samples. This can be seen by their colours: ed The undop

sample was light green while those of doped samples were pale green. The observed 

photoluminescence spectra reveal the possible defects in samples, which can be oxygen 

 Undoped and M-doped In4Sn3O12 with the formula In4-xSn3-2xMxO12 (Mx = Nb0.5 

and Ta0.5) have been successfully prepared by solid state reaction at 1400-1450 oC in air. 

The obtained XRD patterns of all samples confirms the pure phase formation of In4Sn3O12 

related structure. The substitution of In and Sn by Nb/Ta results in the increase of the mol 

ratio of In/Sn, which illustrates through the increase in cell parameters a, c and cell 

volume. The oxidation states of all elements were determined by XPS: In3+, Sn4+ and 

Nb5+/Ta5+. In case of O, the O 1s XPS spectra can be deconvoluted to three components 

of O-lattice, O vacancy/O-C (contamination) and adsorbed O species such as O2, -OH and 

O-contained organic compounds. The optical band gap energy of doped samples were 

larger than that of undoped samples. This can be seen by their colours: the undoped sample 

was light green while those of doped samples were pale green. The observed 

photoluminescence spectra reveal the possible defects in samples, which can be oxygen 
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ciency and charge transfer of Indefi -O and Sn-O components. yThe electrical resistivit 

obtained in undoped compound was lower than that in Nb-doped and Ta- doped 

compounds. Oxygen vacancy defect was proposed to be  the main cause of electrical 

conduction. ed to gain deep understanding accordinglye computational study was utilisTh . 

lated energy of oxygen vacancy formation was higher in case of doped systemsThe calcu . 

Moreover, the DFT band structures were investigated and no significant difference was 

obtained after Nb/Ta doping. Flatter CBM observed in doped samples suggests the 

ier mobility could be obtained and thus heighten the electrical resistivitysmaller carr . 

However, the great difference resistivities obtained between doped and undoped systems 

suggests that the main factor affecting the resistivities was carrier density. The projected 

DOS provides additional data on bonding contributions; cation 4 d states were strongly 

admixed with O 2 ation of cationp states at VBM and the hybridis 5 s states and O 2p was 

found at CBM.  
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CHAPTER V 

PHOTOCATALYTIC AND ELECTRICALLY 

CONDUCTIVE TRANSPARENT Cl-DOPED ZnO THIN 

FILMS via AEROSOL-ASSISTED CHEMICAL  

VAPOUR DEPOSITION 

 

5.1  Abstract 

 A simple, economical and effective solution-based chemical vapour deposition 

(CVD) technique, aerosol-assisted CVD, has been successfully applied to produce 

inexpensive Cl-doped ZnO films using Zn acetate dihydrate and FeCl3. X-ray 

photoelectron spectroscopy and the increase in cell parameters from powder X-ray 

diffraction determined that Cl had been doped into the wurtzite ZnO lattice. The Cl-

doping had a significant effect on the morphology of the thin films synthesised and 

resulted in an improvement in the visible light transmission and lower electrical 

resistance (typical resistivities of doped films ~10-2 .cm). The highest transmittance 

(%T) of 85% was obtained when 7 mol% FeCl3 was used in the precursor solution and 

the lowest resistivity of 4.28±0.41  10-2 .cm was obtained with 5 mol% FeCl3. The 

greatest photocatalytic activity of stearic acid degradation under UVA irradiation was 

obtained on using 10 mol% FeCl3, resulting in the highest formal quantum efficiency 

(FQE) of 3.0±0.1  10-4 molecule/photon. These films, therefore, display transparent 
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conducting oxide and photocatalytic properties, giving multifunctional characteristics 

and promising applications. 

 

Figure 5.1 Cl-doped ZnO films, grown via aerosol-assisted CVD, are shown to have 

potential application as both TCOs and photocatalysts. 

 

5.2  Introduction 

 Transparent conducting oxide (TCO) materials have the unique coexistent 

properties of high optical transparency and high electrical conductivity that contribute to 

various electronic devices such as liquid crystal displays (LCDs), touch panel screens, E-

paper, defrosting windows, electrochromic windows and mirrors, photovoltaics, flexible 

electronics and invisible security circuits (Gordon, 2000; Ginley and Perkins, 2011). 

Semiconducting oxides with large band gap energies (>3.1 eV) and the ability to be 

doped to generate low resistivity (<10-2 .cm) are required for TCO properties (Dixon et 

al., 2016) Even though Sn-doped In2O3 (ITO) and F-doped SnO2 (FTO) are the most 
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widely used TCOs because of their excellent properties of low electrical resistivity with 

high transparency (Gordon, 2000; Granqvist and Hultåker, 2002; Bhachu et al., 2011; 

Lin et al., 2009), In2O3 has the disadvantages of high cost of extraction and processing, 

as well as concern over the relative scarcity of indium ores. Sn also has also suffers from 

price fluctuations compared to others elements, such as Zn (U.S. Department of the 

Interior and U.S. Geological Survey, 2017). 

 Zinc oxide (ZnO) is a promising candidate for TCOs because it is well known as 

an intrinsic n-type semiconductor with a wide band gap of ca. 3.37 eV; moreover, it has 

high thermal stability (Hu and Gordon, 1992), is inexpensive, earth abundant and 

relatively nontoxic compared to ITO and FTO (Hu and Gordon, 1992; Ghandhi et al.,  

1980; Hollingsworth et al., 2010; McNally et al., 2012; Waugh et al., 2008). Doping is a 

strategy to enhance the electrical conductivity of TCO materials. Cation dopants such as 

Al3+, Ga3+, In3+ (Manzi et al., 2016; Kuprenaite et al., 2015; Potter et al., 2016; Ponja et 

al., 2014; Potter et al., 2018; Howard et al., 2017; Howard et al., 2016), Sc3+ (Dixon et 

al., 2017), Si4+ (Potter et al., 2017; Howard et al., 2017) and Cu (Walters and Parkin, 

2009) and anion dopants such as F- (Ponja et al., 2014; Yates et al., 2015; Xu et al., 

2005), Cl- (Rousset et al., 2009) and N3- (Yang et al., 2009) have all been successfully 

incorporated into ZnO thin films. Anion doping is considered to be a superior route to 

obtain high carrier concentration and mobility while maintaining high transparency, 

because the conduction band is less perturbed by the dopant and thus the scattering of 

electrons in the conduction band is minimised (Gordon, 2000). F-doping has been 

extensively studied and the resulting materials show excellent properties (Bhachu et al., 

2011; Mohri et al., 2012; Hu and Gordon, 1991). Investigations on the use of other 

anions, such as Cl, are relatively limited. However, there have been some reports on the 

electrical, optical and photoelectrochemical properties of Cl-doped ZnO, which show the 
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potential of Cl doping (Lee et al., 2013; Chikoidze et al., 2008; Choi et al., 2015; Lee et 

al., 2012; Chikoidze et al., 2008; Rousset et al., 2011). Therefore, we were interested in 

exploring further the novel properties of ZnO:Cl, in particular the film deposition 

method which has been shown to play a key role in modifying the film properties. 

Aerosol-assisted chemical vapour deposition (AACVD) is an effective technique to 

control the morphology and simultaneously the properties of the deposited films 

(Marchand et al., 2013). Moreover, it is a simple, sustainable and scalable deposition 

film fabrication technique (Powell and Carmalt, 2017) that allows for the use of a variety 

of precursors with appropriate solubility in a suitable solvent (Waugh et al., 2008) In the 

procedure, soluble halide precursors can be utilised which are generally cheaper than 

metal-organic precursors (Yan and Xu, 2010). 

In general, TCO films have poor photocatalytic activity and photocatalytic films 

show poor TCO properties (Kafizas et al., 2014). For example, W-doped TiO2 and Nb-

doped TiO2 films are good photocatalysts and electrically conductive (resistivities were 

6.3  10-1 – 6.3  10-2 .cm and 5.8  10-2 – 1.3  10-3 .cm, respectively) but they are 

coloured (Sathasivam et al., 2015; Bhachu et al., 2014), P-doped TiO2 films are also 

good photocatalysts but their conductivity (resistivities were 1.69-6.49 .cm) as well as 

transparency (%T is less than 80%) have not yet passed the requirement to be considered 

good TCO materials (Sotelo-Vazquez et al., 2015). In general, multifunctional properties 

are not commonly observed in most films. The ability to synthesise films that display 

both good electrical and photocatalytic properties whilst being transmissive of visible 

wavelengths would therefore be of benefit for multifunctional devices. 

 Here, the Cl-doped ZnO films were prepared by a simple, economical and 

potential film deposition, AACVD technique for the first time. Photocatalytic properties 
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of ZnO:Cl films are first observed. Self-cleaning transparent conducting Cl-doped ZnO 

thin films are described as promising materials for sustainable applications. 

 

5.3 Experimental 

 5.3.1 Film synthesis 

  All films were synthesised via aerosol assisted chemical vapor deposition 

(AACVD). Zn(II) acetate dihydrate, Zn(OAc)2•2H2O, (≥98%, Sigma-Aldrich) and Ferric 

chloride anhydrous, FeCl3, (98%, Aldrich) were used as the Zn and Cl precursors 

respectively. All precursors were used as received without further purification. Methanol 

(99.9%, Fisher Scientific) was used as the solvent. Nitrogen gas (99.99%, BOC) was 

used as the carrier gas.  

  In a typical deposition, the precursor solution was prepared by dissolving 

Zn(OAc)2•2H2O (0.50 g, 2.28 mmol) in methanol (20 mL). FeCl3 was dissolved in 

methanol and then added to the zinc acetate solution in the corresponding mol% of 0, 1, 

3, 5, 7, 10 and 15. Each precursor was stirred until separately for ca. 5 minutes and then 

mixed by stirring to give the final precursor solution. A glass substrate, coated with a 50 

nm SiO2 barrier layer (NSG Pilkington Ltd), with the dimension of 3.2 mm  45 mm  

100 mm was used. The SiO2 barrier layer is important to prevent leeching of ions 

between the substrate and the film. Prior to depositing, the substrate was cleaned by 

detergent, isopropanol and acetone, respectively. The AACVD apparatus is illustrated in 

Figure 5.2. The substrate was placed on a carbon heating block, which was enclosed in a 

quartz tube. The top plate of stainless steel of 4.8 cm  15 cm was suspended over the 

substrate approximately 8 mm to assist the laminar flow of the aerosol. In the deposition, 

the obtained precursor solution was atomised using a ‘Liquifog’ piezo ultrasonic 
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humidifiers (Johnson Matthey). The aerosol or mist was generated and transported to the 

heated substrate through the baffle via nitrogen carrier gas with a flow rate of 1.5 L/min. 

The deposition temperature was 500 ºC for all samples. A typical deposition would take 

15-20 minutes in order to for all of the solution to aerosolise, after which the substrate 

was left to cool under a continuous flow of nitrogen gas and removed when the 

temperature of reactor was below 100 ºC. The film was cut into pieces of 1  1 cm2 prior 

to the characterisations. 

 

 

Figure 5.2 The schematic illustration of aerosol assist chemical vapour deposition 

(AACVD) apparatus. 

 

 5.3.2 Film characterisations 

  X-ray photoelectron spectroscopy (XPS) spectra of Zn 2p, Fe 2p, Cl 2p and 

O 1s were investigated to confirm the oxidation states as well as compositions of 

constituent elements. A Thermo Scientific K-alpha spectrometer with a monochromatic 

Al Kα radiation, a dual beam charge compensation system and constant pass energy of 

50 eV were utilised. The collected spectra were fitted using CasaXPS software. The C 1s 
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peaks at 284.5 eV were used as reference for binding energy calibration. X-ray 

diffraction (XRD) measurement, using a Bruker-Axs D8 X-ray diffractometer with 

parallel beam optics equipped with a PSD LynxEye silicon strip detector, was performed 

to check the phase purity of the films. Monochromatic Cu Kα1 and Kα2 X-rays (λ = 

1.54056 Å and 1.54439 Å, respectively), with the intensity ratio of 2:1, were generated 

using a voltage of 40 kV and a current of 40 mA. The incident beam angle was kept at a 

grazing setup of 1. XRD patterns were collected with 2θ range of 10-66 with a step 

size of 0.05 by a scan rate of 4s/step. Le Bail refinement using GSAS and EXPGUI 

software (Larson and Von Dreele, 2004; Toby, 2001) was done to get the cell 

parameters. Scanning electron microscope (SEM) images and side-on SEM images were 

gained to study the surface morphology and film thickness, respectively, using a JEOL 

JSM-6301F Field Emission instrument with an operated acceleration voltage of 10 kV. 

UV/Vis transmittance spectra were measured to obtain the optical properties by using a 

Perkin Elmer Lambda 950 UV/Vis/NIR Spectrophotometer. Surface topology and 

roughness (root mean squared, Rq) were characterised using an atomic force microscope 

(AFM, Bruker Multimode 8). The tips were used in the ScanAsyst tapping mode to scan 

the area of 1.0 µm × 1.0 µm, respectively, with 512 scans.  

  Hall effect measurement with the Van der Pauw method was carried out on 

an Ecopia HMS-3000 to investigate the electrical properties: resistivity (), carrier 

concentration (n) and carrier mobility (µ). A magnetic field of 0.58 T and an input 

current of 1 µA - 1 mA were applied for the measurement. 

  To determine the photocatalytic properties, the test of stearic acid 

degradation was studied. A thin layer of stearic acid was coated on films by dipping in a 

0.05 M stearic acid solution in chloroform using a bespoke dip coating apparatus, which 

withdraws the substrate at a fixed rate vertically from the stearic acid solution. Fourier 
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transform infrared (FTIR) spectra were collected in the absorbance mode in the range of 

2700-3000 cm-1, using a Perkin Elmer RX-I instrument, to monitor the C-H bond 

decomposition under UVA (λ = 365 nm) light exposure. A 2  8 W blacklight-bulb 

(BLB) UVA lamps (Vilber-Lourmat) with the irradiation of ~0.5 mW cm-2, as measured 

by a UVX meter (UVP), were used in the test. The linear regression of the initial 30-40% 

degradation steps (zero-order kinetics) with a conversion factor (1 cm-1 ≈ 9.7 x 1015 

molecule of stearic acid/cm2) (Mills and Wang, 2006) was utilised to determine the 

photocatalytic activity rates as formal quantum efficiency (FQE) value. 

 

5.4 Results and discussion 

 5.4.1 Film synthesis 

  In the synthesis, the precursors Zn(OAc)2•2H2O and FeCl3 were dissolved 

in methanol. At low concentrations (below 5 mol%) of FeCl3 the solution was clear and 

colourless.  However, at higher concentrations (>5 mol% of FeCl3) some white colloid 

was observed in the mixed solution. The undoped ZnO films deposited were typically 

darker in hue than the doped films. This was attributed to higher carbon contamination 

in the undoped films, which was confirmed by the presence of C 1s XPS spectra in the 

bulk of films. The prepared films become more transparent with increasing the amount 

of FeCl3. Figure 5.3 shows a photograph of the most transparent films prepared using 7 

mol% FeCl3 in the solution precursor (right) compared with bare glass (left). The 15 

mol% FeCl3-loaded precursor solution resulted in the deposition of a hazy film and 

hence it was not further characterised for optical and electrical properties.  
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Figure 5.3 Photograph of bare glass (left) and 7 mol% FeCl3 loaded ZnO film (right). 

 

  All the films had good adhesion to the substrate, passing the Scotch tape 

test and steel scalpel scratch test. The films showed good stability after six months 

storage under ambient condition and they were stable to common solvents such as 

methanol, isopropanol, acetone and chloroform. All films were deposited at 500 °C, 

since this temperature resulted in films with the optimum appearance, good coverage 

and the best electrical properties, in comparison to films deposited at 400 °C and 550 °C. 

 

 5.4.2 Elemental analysis 

  The chemical components and their oxidation states were studied by X-ray 

photoelectron spectroscopy (XPS) which indicated that Cl-doped ZnO thin films had 

been dsposited. XPS core level spectra for Zn 2p, Fe 2p, Cl 2p and O 1s were performed. 

No Fe was observed in any of the samples (both surface and depth profiling). It has been 

previously reported that Fe can substitute at the Zn site in ZnO films, which can be in the 

form of either Fe2+ (Chen et al., 2006; Saha et al., 2012; Kafle et al., 2016) or Fe3+ 

(Singh et al., 2015; Ariyakkani et al., 2017; Gorzkowska-Sobas et al., 2010; Santhosh et 

al., 2014) or mixed Fe2+/Fe3+ (Yadav et al., 2016; Rambu et al., 2013). However, no Fe 

substitution was observed in these films deposited via AACVD. This could be a result of 
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side reactions occurring in the solution, such as a ligand exchange, yielding iron acetate. 

Indeed, after some AACVD depositions, a red precipitate was observed in the bubbler 

which may be iron acetate as this is insoluble and has been described previously as a red 

solid if impure (Paul et al., 1978; Laurikenas et al., 2016). Furthermore, this would result 

in Zn2+ and Cl- being present in higher concentrations in the precursor solution. 

However, other reactions are also possible, for example anhydrous FeCl3 undergoes 

hydrolysis to produce HCl and iron hydroxide and the presence of HCl could result in 

Cl-doping.  

  Zn2p and O1s spectra of all films show similar features; therefore the Cl-

doped ZnO films formed using 10 mol% FeCl3 has been chosen as a representative 

example and is shown in Figure 5.4(a) and 5.4(b). The Zn 2p3/2 peak, observed at 1020.6 

(±0.2) eV, was assigned to Zn2+-O bond (Figure 5.4(a)) (Mar et al., 1993; Deroubaix and 

Marcus, 1992). The O 1s spectrum (Figure 5.4(b)) can be deconvoluted into two peaks; 

the peak at 529.5 (±0.2) eV, corresponds to O2- in the lattice and the peak at 531.4 (±0.2) 

eV can be attributed to oxygen vacancies or loosely bound oxygen species, such as 

adsorbed O2 and -OH. This oxygen is related to chemisorption on the surface and at the 

grain boundaries of the polycrystalline films (Chen et al., 2000; Park et al., 2015; Islam 

et al., 1996; Xue et al., 2009). The Cl 2p XPS spectra of all the Cl-doped films are 

shown in Figure 5.4(c), indicating that Cl was introduced into the films. The Cl 2p3/2 

peak at around 198.4 (±0.2) eV corresponds to Cl-Zn bond. All XPS values quoted 

correspond to those observed in the literature (Lee et al., 2013; Choi et al., 2015; Lee et 

al., 2012). 
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Figure 5.4 High-resolution XPS spectra of (a) Zn 2p3/2 (b) O 1s of the Cl-doped ZnO 

film formed from 10mol% FeCl3 and (c) Cl 2p for all films. 
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  The calculated at.% of Cl in the bulk by depth profile was lower than that 

at the surface (see appendix). This suggests that the Cl concentration in the bulk was 

considerably lower due to preferential sputtering of Cl during the etching process, when 

Ar+ ion bombardment was performed, as it is light element similar to F (Ponja et al., 

2014), O (Simpson et al., 2017) and S (Baker et al., 1999). 

 

 5.4.3 Crystal structure 

  XRD patterns of all films (Figure 5.5) can be indexed as the single phase of 

hexagonal Wurtzite ZnO (space group: P63mc). The preferred orientation illustrates 

itself through differences in peak intensity from sample to sample. This generally occurs 

during the film growth in order to minimise the internal stress and surface energy (Bao 

et al., 1998). ZnO films have the preferred orientation of (002) plane along the c-axis 

which is normally observed in ZnO films as a result of film growth mechanism resulting 

in the most densely-packed and thermodynamically-favourable plane in the wurtzite 

structure (Ko Park and Lee, 2004). The preferred orientation changed to the (101) plane 

for the Cl-doped ZnO films formed using 1-5 mol% FeCl3 and then back to the (002) on 

increasing the amount of FeCl3 (7-15 mol%). It is worth noting that the (101) plane 

preferred orientation was observed in the case of Cl-doped ZnO films prepared by 

atomic layer deposition (Choi et al., 2015) and Cl-doped ZnO nanospheres (Tao et al., 

2008) and microdisks (Yousefi and Jamali-Sheini, 2012) whereas the (002) plane was 

observed for Cl-doped ZnO nanodisks (Yousefi et al., 2011) and nanowires (Fan et al., 

2011). This suggests that the preparation methods and form of sample influences the 

preferred orientation. Cell parameters a, c and cell volume (Figure 5.6), which were 

obtained from Le Bail refinement, increased from undoped to Cl-doped ZnO films. This 

is expected for incorporation of Cl into the ZnO structure, since a comparison of ionic 
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radii indicates that O2- (ri = 1.40 Å) is substituted by the bigger anion Cl- (ri = 1.81 Å) 

(Shannon, 1976).   

 
Figure 5.5 XRD patterns of simulated bulk ZnO (ICSD 82028), undoped and Cl-doped 

ZnO thin films. 

 
Figure 5.6 Variation of cell parameters a, c and cell volume of the films with a change 

of mol% FeCl3 added to the precursor solution. 
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 5.4.4 Surface morphology 

  SEM images (Figure 5.7) illustrate that the morphology of the ZnO films 

can be affected by Cl doping. This can be rationalised from the preferred orientation 

change, which can be seen from XRD patterns (Figure 5.5). The inclusion of Cl into the 

ZnO lattice had a significant effect on the surface morphology, such that even low levels 

of Cl in solution caused a change in the grain shape, as can be seen in the film formed 

using 5 mol% FeCl3. It was also observed that the average grain size increased with the 

increase of mol% FeCl3; this corresponds to the increase in crystallite size determined 

from Scherrer analysis (Table 5.1).  

  The morphology present in the samples was different to Cl-doped ZnO 

films prepared via ALD, which was expected due to the effect of the different deposition 

techniques (Choi et al., 2015) However, the morphology changed to hexagonal for the 

film formed using 15 mol% FeCl3, this was also observed in ZnO thin films formed with 

acetic acid added to the precursor solution (Chen et al., 2015). Side-on SEM images 

(Figure 5.7, inset) were used to gain the thickness of the films, which are given in Table 

5.1. 

 

Table 5.1 Cell parameters a, c, cell volume V, crystallite size and film thickness. 

mol%  a (Å) c (Å) V (Å3) 
Crystallite size 

(Å) 

Thickness 

(nm) 

0 3.2506(11) 5.2067(11) 47.65(3) 207.23±0.25 930 

1 3.2505(7) 5.2091(12) 47.67(3) 297.07±0.50 470 

3 3.2511(4) 5.2089(8) 47.68(1) 276.80±3.82 450 

5 3.2523(2) 5.2119(5) 47.74(1) 328.83±2.94 460 

7 3.2536(4) 5.2134(5) 47.80(1) 406.97±7.71 570 

10 3.2539(4) 5.2152(4) 47.82(1) 377.27±1.31 580 

15 3.2553(2) 5.2133(1) 47.84(1) 518.97±4.14 - 
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Figure 5.7 Top-down and side-on (inset) SEM images of ZnO and Cl-doped ZnO films 

with mol% FeCl3 loading of (a) 0, (b) 1, (c) 3, (d) 5, (e) 7, (f) 10 and (g) 15. 

(c) (d) 

(e) (f) 

(g) 
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 5.4.5 Surface topology 

  AFM images (Figure 5.8) show the topology of the films and give 

information about the film roughness, which is reported as the root mean squared (rms) 

roughness value. The undoped ZnO film had a rms of 12.9±2.2 nm while the Cl-doped 

ZnO formed from 10 mol% FeCl3 had a similar rms of 15.4±2.0 nm. Interestingly, the 

surface area difference of the undoped ZnO film and the Cl-doped ZnO formed from 10 

mol% FeCl3 were not significantly different. 

 

  

 

Figure 5.8 AFM images of (a) undoped ZnO, (b) 10 mol% FeCl3 doped ZnO films as 

well as their 3D images of the same area (c) and (d). 

 

 

 

 

 

(a)    (b) 

(c)      (d) 
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 5.4.6 Functional properties 

  5.4.6.1 Photocatalytic properties 

  The photocatalytic properties of the films were investigated 

during degradation of stearic acid under UVA irradiation. The photocatalytic reaction 

can be described as:  CH3(CH2)16CO2H + 26O2 
𝑍𝑛𝑂(ℎ𝑣≥𝐸𝑔)
→         18CO2 + 18H2        (1) 

The results of the photocatalytic testing are conveniently 

expressed in terms of formal quantum efficiency (ξ), which indicates the number of 

stearic acid molecules degraded per incident photon. It can be seen in Figure 5.9 that the 

activity of the pure ZnO film was extremely poor whilst addition of small amounts of Cl 

precursor had a dramatic effect on photocatalytic performance. The best activities were 

recorded for the film deposited from 10 mol% FeCl3 with the highest ξ of 3.0±0.1  10-4 

molecule/photon, which was about 18 times greater than that of undoped ZnO film. 

 

Figure 5.9 The formal quantum efficiency (FQE) for the degradation of stearic acid on 

undoped and Cl-doped ZnO films under UVA illumination. Pilkington Activ glass is 

used as reference.  
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   The improved photocatalytic efficiencies of Cl-doped ZnO thin 

films compared with undoped ZnO thin films were likely due to changes in morphology, 

as shown in the SEM images (Figure 5.7). Morphology is reported to be one of the most 

important factors affecting photocatalytic activity (Pan et al., 2012). The changes in 

morphology come from the defect point in crystalline structure after Cl incorporation 

into the ZnO lattice, this allows us to believe that more reactive centres are produced and 

therefore causes the enhanced photocatalytic process (Wang et al., 2017). Moreover, 

crystal face exposure is also an important factor (Pung et al., 2012; Yu et al., 2013) since 

it was reported that the (101) plane showed higher photocatalytic activity than that of 

(001) in ZnO (Byzynski et al., 2017). This agrees with our work where (101) is the 

preferred orientation in some films. However, many factors need to be taken into 

consideration for the enhancement in photocatalytic efficiency, which cannot be 

concluded by a sole factor. 

 

  5.4.6.2 Transparent conducting oxide (TCO) properties 

   Optical properties 

    Figure 5.10 shows the transmittance spectrum of all the films. The 

glass used as the substrate showed a %T400-700 of 89%. The undoped ZnO films 

displayed relatively low transmittance in the visible region, 68% ( = 400-700 nm), as 

previously discussed this is attributed to carbon contamination. The Cl-doped ZnO films 

all displayed higher transparency; the films deposited using 5-10 mol% FeCl3 have 

%T400-700 greater than 80% with 7 mol% displaying the highest visible light 

transmission of 85%. This suggests that Cl-doping is an effective method to increase the 

optical transparency of ZnO thin films while electrical conductivity is preserved, this has 

also been described previously (Rousset et al., 2009; Lee et al., 2013; Chikoidze et al., 
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2008; Choi et al., 2015; Lee et al., 2012). It is interesting to note that attempts to use 

ZnCl2 in place of FeCl3 to form Cl-doped ZnO films resulted in the formation of grey 

films, hazy and poorly adhered films with very low Cl incorporation.  

 

 
Figure 5.10 Transmittance (a) and reflectance spectra (b) of all films and the spectrum 

of bare glass was collected as reference.  
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   To obtain the band gap energy, the optical properties of the films 

have been measured. The Tauc plot (Figure 5.11), which is the plot of (h)2 vs. h was 

utilised to estimate the band gap energy for ZnO. The absorption coefficient () was 

obtained from Lambert’s equation:  = 1/t[2-log(%T)] where t and %T are the film 

thickness and %transmittance, respectively. The band gap energy of ZnO was 3.31±0.01 

eV, which agrees with other works (Choi et al., 2015; Thomas, 1960; Hengehold et al., 

1970; Liang and Yoffe, 1968;  Gupta, 1990). In the case of Cl-doped ZnO films, which 

are degenerated semiconducting films, the band gap was estimated from the corrected 

Tauc plot to amend the underestimation when the Tauc method is used (Dixon et al., 

2017). The band gap of Cl-doped ZnO films increases from that of undoped films (Table 

5.2). Previously DFT calculations have shown for Cl-doped ZnO that the substitution of 

O by Cl introduces a shallow donor state derived mainly from Cl 3s states. The Fermi 

level shifts to the CB, resulting in an increase in optical band gap energy according to 

the Burstein-Moss effect (Slassi, 2015). However, the variation in Cl content does not 

significantly affect the band gap energy. 
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Figure 5.11 Tauc plots of ZnO films (a) and the corrected Tauc plot of ZnO:Cl films 

with 1 mol% (b), 3 mol% (c), 5 mol% (d), 7 mol% (e) and 10 mol% FeCl3 (f). A 

broadening parameter π/4Γ is obtained from the separation of extrapolations along the 

edge of α (black) and α2 (blue) plots against h, then the parameter is added to the 

uncorrected band gap to obtain a corrected estimate, as discussed by Dolgonos et al. 

(2016). The extrapolated lines on x-axis show band gap energy (Eg). 
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   Electrical properties 

   Hall effect data was obtained for the samples, as shown in Table 

5.2. The resistivity of the undoped ZnO films prepared in this work (1.4  10-1 .cm) 

were similar to that reported previously (1.3  10-1 .cm) for films deposited using Zn 

acetate dihydrate in methanol via AACVD (Dixon et al., 2017). 

   It can be seen that on substitution of Cl in ZnO films lower 

resistivity were obtained from that of undoped ZnO film, which can be rationalised from 

the donor electrons generated from Cl. As mentioned earlier, the DFT calculation shows 

that the substitution of O by Cl introduces a shallow donor state derived mainly from Cl 

3s states. The Fermi level shifts to the CB, thus results in n-type semiconducting 

behavior (Slassi, 2015). This is also confirmed with negative value of carrier 

concentration. The film from 5 mol% FeCl3 exhibited the lowest electrical resistivity of 

4.28±0.41  10-2 .cm, the carrier concentration of 1.76±0.13  1019 cm-3 and the carrier 

mobility of 8.66±1.47 cm2 V-1 s-1. 

   The Cl-doped ZnO films prepared in this work have electrical 

resistivity in the same order of magnitude comparing to those obtained using atomic 

layer deposition (0.55 at.% Cl-doped ZnO films:  = 1.215  10-2 .cm, n = 5.901  

1019 cm-3 and  = 31.81 cm2 V-1 s-1) (Choi et al., 2015) and metal-organic CVD ( = 3.6 

 10-2 .cm, n ~ 1020 cm-3 and  = 9-14 cm2 V-1 s-1) (Chikoidze et al., 2008; Chikoidze et 

al., 2008), but higher than that prepared by physical layer deposition (2.4 at.% Cl-doped 

ZnO films:  = 6.344  10-4 .cm, n = 4.04  1020 cm-3 and  = 23.75 cm2 V-1 s-1) (Lee 

et al., 2013; Lee et al., 2012). Computational studies have previously revealed that 

oxygen vacancy is the donor-type defect which show the lowest formation energy under 

n-type conditions; therefore it may also be valuable to take oxygen deficiency into an 
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account for the conductivity in ZnO film prepared under as inert atmosphere like N2 

(Oba et al., 2001). It is also interesting to mention that the thermodynamic study using 

Kröger method proposed the possible defect impurities in Cl-doped ZnO, which are Zn 

vacancy (VZn), Zn interstitial (Zi), oxygen vacancy (VO) and chlorine donor (ClO) 

(Tchelidze et al., 2007). The defect in ZnO system is well known to be strongly 

correlated to preparation condition including temperature and atmosphere. This suggests 

that the film deposition route is an important factor affecting the electrical properties of 

synthesised films. 

 

Table 5.2 Functional properties: photocatalytic properties and TCO properties, which 

includes electrical properties and optical properties.  

mol% 

FeCl3 

Photocatalytic 

properties 

TCO properties 

Optical properties Electrical properties 

 (× 10-4 

molec/photon) 
%T400-700 Eg (eV) n (× 1019 cm-3) 

 

(cm2V-1s-1) 

 

(× 10-2 .cm) 
Rsh (

-1) 

0 0.17±0.04 68 3.31±0.01 0.10±0.01 4.34±0.12 1400.00±44.97 15053.8±483.6 

1 1.44±0.14 76 3.35±0.01 0.86±0.11 6.35±0.84 11.91±0.01 2532.9±0.8 

3 1.74±0.08 79 3.34±0.01 0.97±0.23 11.79±1.38 5.99±0.75 1331.9±167.4 

5 2.40±0.26 83 3.34±0.01 1.76±0.13 8.66±1.47 4.28±0.41 929.8±89.46 

7 2.78±0.10 85 3.34±0.01 1.11±0.30 9.90±1.04 6.41±1.13 1124.6±198.8 

10 3.03±0.09 82 3.35±0.01 3.24±1.13 4.00±1.22 6.18±0.33 1064.8±57.2 

15 2.08±0.24 - - - - - - 

n: charge carrier concentration; : charge carrier mobility; : bulk resistivity; Rsh: sheet 

resistance; : formal quantum yield efficiency. 

 

  These results show that deposition of electrically conductive and 

transparent Cl-doped ZnO films onto inexpensive glass substrates can be achieved via a 

one-step AACVD method without the requirement for post-deposition annealing or 

expensive vacuum apparatus. We have shown that the properties of the resulting Cl-
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doped ZnO thin films can be tailored to a specific application via altering the electronic, 

crystal and surface texture properties of the films. Thus, the Cl-doped ZnO films 

deposited via this simple AACVD route combine three functional properties (optical 

transparency, electrical conductivity and photocatalysis) within the same film making it 

a promising alternative to conventional TCO or photocatalytic materials. Furthermore, 

AACVD technique shows the potential to provide multifunctional properties by tuning 

some parameters, e.g., morphology, preferred orientation and surface roughness. 

 

5.5 Conclusions 

 Cl-doped ZnO films have been successfully prepared via aerosol-assisted CVD for 

the first time from Zn acetate dihydrate and FeCl3 in methanol. The substitution of Cl at 

O site into the ZnO lattice was confirmed by the obtained pure phase of wurtzite ZnO for 

all films and the increase in cell parameters a, c and cell volume, as well as the presence 

of Cl 1s XPS spectra. Fe was not found in the films, which might be due to side 

reactions of Fe compounds as some red precipitates were observed in the bubbler after 

deposition. The Cl-doping significantly affected the morphology of the synthesised thin 

films. TCO properties were achieved from Cl substitution as high transmittance above 

80% and low electrical resistivity in the order of 10-2 .cm were observed. The highest 

transmittance (%T) of 85% was obtained when using 7 mol% FeCl3 in the precursor and 

the lowest resistivity of 4.28±0.41  10-2 .cm was obtained for 5 mol% FeCl3. In 

contrast, the use of 10 mol% FeCl3 doping resulted in Cl-doped ZnO thin films which 

exhibited the best photocatalytic activity of stearic acid degradation under UVA 

irradiation with the highest formal quantum efficiency (ξ) of 3.0±0.1  10-4 

molecule/photon. AFM images implied that the improvement in photocatalytic activity 
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results from surface morphology and exposed crystal faces since the specific surface 

area of Cl-doped ZnO films from 10 mol% FeCl3 were not significantly different from 

that of plain ZnO films. The surface morphology, optoelectronic properties and 

crystallinity have been shown to be dependent on the amount of FeCl3 present in the 

precursor solution. These films showed potential application as both TCOs and 

photocatalysts; these multifunctional characteristics expand the scope of applications 

such as self-cleaning flat panel displays. Furthermore, the AACVD methodology could 

be utilised to tailor the functional properties of the films towards specific applications, 

such as for photocatalytic materials or TCOs for photovoltaic devices. 
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CHAPTER VI 

CONCLUSIONS 

 

 In this thesis, many oxides have been synthesised and investigated in an attempt to 

produce transparent conducting oxides 

 As Sn-doped In2O3 (ITO) is the most widely used TCOs, the investigation started 

with indium-based oxide. In2TeO6 was an interesting choice because the theoretical 

study derived from DFT calculation suggested that it can be a good n-type TCO 

considering its low effective mass, which results in high carrier mobility. In addition, 

some doped In2TeO6 have been reported to show semiconducting behaviour. Combined 

with the relatively large band gap (~3 eV), it might be possible to design TCOs based on 

In2TeO6. Although attempt to doped In2TeO6 with heterovalent Bi5+ was not successful, 

investigation on Bi3+, Ga3+ and La3+ substituted In2TeO6 has led to interesting 

information on both electronic and optical properties of the compounds. These 

homovalent substitutions do not create any extra charge carriers but they do affect the 

structure and optical properties. The systematic study of their crystal structures, optical 

properties and band structure calculation is present. This study reports, for the first time, 

that In2TeO6 has direct band gap transition.  

 In4Sn3O12 was then chosen for further study because it has less indium 

composition compared to the famous ITO but still has good electrical conductivity. 

Some reports on this compound show its potential to be good TCOs; however, doping on 

this compound has not been extensively investigated. Thus, M-doped In4Sn3O12 (M = Nb 
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and Ta) is investigated. Although the electrical properties of the doped samples are not 

improved, the detail investigation has deepened the understanding of electrical and other 

relevant properties such as optical properties. Importantly, the origin of conductivity in 

In4Sn3O12 and related compounds is proposed. Based on both experimental and 

theoretical results, it is concluded that the high conductivity in In4Sn3O12 originates from 

the presence of oxygen vacancies. 

 The exploration then moved to ZnO based oxides. ZnO is a promising candidate 

for TCOs because it is well known as an intrinsic n-type semiconductor with a wide 

band gap (~3.37 eV). Furthermore, it has high thermal stability, is inexpensive, earth 

abundant and relatively nontoxic compared to ITO and F-doped SnO2 (FTO). Anion 

doping is considered to be a superior route to obtain high carrier concentration and 

mobility while maintaining high transparency. Cl doping for ZnO was studied because it 

shows the potential on some properties such as electrical properties but has not been 

comprehensively studied. Aerosol-assisted chemical vapour deposition was used to 

fabricate Cl-doped ZnO thin film. The obtained films exhibited TCO properties with 

good electrical and optical properties. Additionally, they showed self-cleaning 

properties, which were determined by photocatalytic degradation of stearic acid under 

UVA (365 nm) irradiation. Interestingly, Cl-doped ZnO thin films with multifunctional 

properties are promising materials to expand the scope for sustainable applications. 
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APPENDIX A 

XPS ANALYSIS OF Cl-DOPED ZnO FILMS 

 

A1 XPS Depth profile and calculation of at.% Cl in films 

To obtain the at.% Cl, the fitting analysis of Cl 2p3/2 and Zn 2p3/2 were performed 

and the obtained peak areas of both peaks were used for the calculation as: 

 at.% Cl = [
corrected area of Cl 2𝑝3/2

(corrected area of Cl 2𝑝3/2+ corrected area of Zn 2𝑝3/2)
] 𝑥 100 

where corrected peak area = peak area  R.S.F. (relative sensitivity factor). 

 Table A1 shows the at.% Cl both at surface and in the bulk from depth profile 

XPS (500-2500 s). Note that the signal to noise ratio in the film with 1 mol% FeCl3 

added is weak which are not allowed to make a proper fitting. Figure A1 shows the Cl 

2p XPS spectra of all films from the surface and depth profiling. The absence of Fe was 

detected in doped samples at both surface and depth profiling. Figure A2 is shown as a 

representative for Fe 2p XPS spectra of the film prepared using 10 mol% FeCl3. 
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Figure A1 Surface and depth-profile Cl 2p XPS spectra of ZnO:Cl films prepared using 

FeCl3 (a) 1 mol%, (b) 3 mol%, (c) 5 mol%, (d) 7 mol% and (e) 10 mol%. 



158 

 

Figure A2 Surface and depth-profile Fe 2p XPS spectra of ZnO:Cl films prepared using 

10 mol% FeCl3. The lines refer to the expected peak position according to each form of 

Fe at Fe 2p3/2 region. 

 

Table A1 at.% Cl in Cl-doped ZnO films considered at surface and in the bulk from 

depth profile XPS. 

mol% at.% at surface 
Average at.%  

in the bulk 

Average at.%  

in the whole film 

1 mol% 4.32 N/A N/A 

3 mol% 3.36 0.60 1.32 

5 mol% 4.61 0.63 1.30 

7 mol% 3.03 0.35 0.79 

10 mol% 4.47 0.84 1.45 

15 mol% 12.61 1.07 2.99 



 

 

 

APPENDIX B 

STEARIC ACID DEGRADATION TEST 

 

B1 Stearic acid degradation test 

 The degradation of stearic acid was determined from the change in the corrected 

area under FTIR absorbance spectra. The spectra in the range of 2700-3000 cm-1 were 

collected (Figure B1). Formal quantum efficiency (FQE) value is used to present the 

photocatalytic efficiency. In order to get the value accordingly, the linear regression of 

the initial 30-40% degradation steps (zero-order kinetics) was performed. A conversion 

factor (1 cm-1 ≈ 9.7 x 1015 molecule of stearic acid/cm2) (Mills and Wang, 2006) was 

utilized to get the number of stearic acid molecule. Finally, FQE value is calculated from 

stearic acid molecules divided by photons. 
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Figure B1 Plot of corrected area under FTIR spectra vs. time. 
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