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ABSTRACT 

Interest in transparent conducting oxides (TCOs) has intensified over the past decade, 

driven by the requirement to find a suitable replacement to indium tin oxide (ITO). Of 

the many possible candidates identified, zinc oxide (ZnO) was selected owing to its 

favourable optical properties, abundance, low toxicity and chemical stability. This 

thesis is directed towards finding low cost routes to producing transparent conducting 

ZnO thin films that could be utilised in a range of current and emerging optoelectronic 

devices. 

The spray pyrolysis technique is demonstrated as a highly appropriate low cost, large 

area deposition route to produce ZnO thin films. The necessity for, and the 

construction of, an automated rig for the deposition process is detailed. Excellent 

reproducibility is demonstrated compared with manual deposition.  

The structural, electrical and optical properties of native and doped ZnO are examined 

with the overall aim to optimise performance for TCO applications. The novel, AC Hall 

effect technique is employed to study the factors controlling charge carrier 

concentration and charge mobility across the a wide doping range, including in 

previously unexplored regions such as in the undoped and low doping regimes. 

Investigations into the optimal crystal structure for the greatest charge carrier 

concentration and charge mobility are made and links between the degree of (002) 

texturing and charge mobility suggested. Further studies into the position of Al, Ga and 

In dopants in the crystalline lattice show that the ionic radius plays a key role in the 

solubility of the dopant in the lattice. Ingress and egress of the zinc vacancy (VZn), and 

emergence of the hybrid dopant substitution/zinc vacancy (XZnVZn where X = Al, Ga, In) 

defects are suggested as likely candidate to explain observed electronic behaviour. 

Finally, the effect of annealing ZnO films is studied, and the necessity for Zn-rich films 

for TCO applications determined. Annealing in oxygen poor environments is shown to 

greatly reduce resistivity of films, with VZn defects suggested to be the main contributor 

to this effect.  The stability of electronic improvements following annealing is 

presented; no observable degradation in performance is seen subsequent to 180 days 

storage in ambient conditions.  
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CHAPTER I –  FUNDAMENTALS 

1.1 Introduction 

Interest in transparent conducting oxides (TCOs) has intensified over the past decade, 

driven by the requirement to find a suitable replacement to indium tin oxide (ITO). 

Two stand-out applications in which the escalating cost of ITO is becoming increasingly 

problematic is in top contact layers for solar cells and transparent transistors. [1] 

There are also concerns over the leaching of indium and oxygen into the active layers 

of organic devices. [2] This is particularly pertinent for the relatively novel field of 

plastic electronics. 

For a material to be used successfully as a TCO, it requires certain characteristics. 

These vary according to application but in general it should have: [3] 

- High optical transparency (over 80 % between 400-700 nm).  

- Low resistivity (in the region of 10-4 Ω.cm) 

- Low material costs and abundance of precursors 

- Ease of processing  (no harsh condition or expensive deposition environments) 

- Low toxicity  

- Long term chemical stability 

Table 1. 1 shows the four oxide systems commonly used as TCOs along with typical 

dopants used to improve the optoelectronic properties. 

Material Dopant or Compound 

In2O3 Sn, Ge, Mo, F, Ti, Zr, Hf, Nb, Ta, W, Te 

SnO2 Sb, F, As, Nb, Ta 

CdO In, Sn 

ZnO Al, Ga, B, In, Y, Sc, F, V, Si, Ge, Ti, Zr, Hf 

Table 1. 1– Metal oxides frequently used as TCOs and typical dopants adapted from reference  

[1]. Commonly used dopants are highlighted in bold.  

The state of the art for all four systems combines high transparencies (over 95 %) with 

resistivities under 10-4 Ω.cm: F:SnO2 (FTO) = 5×10−5 Ω.cm;[4] Sn:In2O3 (ITO) = 7.7 x 10-5 

Ω.cm;[5] Al:ZnO (AZO) = 8.5 x 10-5 Ω.cm;[6] Sn:CdO = 1.4 x 10-4 Ω.cm. [7] 

The pros and cons the four material systems are described in Table 1. 2.  
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Material Pros Cons 

ITO 

Ease of processing 
Highest material cost 

High processing cost 

Established industrially 
Can leach into active layers 

Can degrade at high temperature [8] 

CdO 

Material abundance Highly toxic and carcinogenic [9] 

Chemically stable High material costs 

FTO 

Low material costs 
Processing can involve harsh 

chemical environments  

Compatible with solution 

processing [4] 

Some toxicity associated with 

material and common dopants 

AZO 

Lowest material costs 
Loses conductivity upon heating [10] 

Material abundance 

Chemically stable Difficult to achieve high conductivity 

by solution processing. [11] Non-toxic 

Table 1. 2 – The pros and cons of common TCO material systems  

An overview of these parameters suggests that doped ZnO is most suitable as a 

replacement to ITO. The challenge is to achieve higher conductivities using solution 

processing methods. This thesis will investigate a low cost solution processing 

technique with the aim of furthering the understanding of the underlying principles 

dictating the electronic properties of solution processed ZnO systems. The overall goal 

is to investigate the feasibility of producing highly conductive ZnO using solution 

processing techniques in ambient conditions as a potential replacement to the ITO. 

In order to further explore the ZnO system a working knowledge of the fundamental 

theory governing the structural and electronic properties is required. The remainder of 

this first chapter will delve into the theory behind the optoelectronic properties of 

semiconductors. Following this the thin film deposition methods are discussed with the 

positives and negatives of each technique reviewed. A thorough literature review of the 

development of the deposition of ZnO by the chosen the chosen deposition method 

(spray pyrolysis) will be given in later chapters.  
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1.2 Structural properties of ZnO 

 ZnO can take three polymorphic crystalline structures: zinc blend, wurtzite and 

rocksalt. [12] The thermodynamically stable phase under ambient conditions is the 

wurtzite structure, which was determined by Bragg [13] and is shown in Figure 1. 1. 

 

Figure 1. 1 – Polyhedral model of wurtzite ZnO aligned along the c-axis. Red balls represent 

oxygen atoms and grey represent zinc. The unit cell is shown in the solid black box . 

The structure belongs to the P63mc space group consisting of two interpenetrating 

hexagonal close packed (hcp) sub-lattices in which anions and cation are tetrahedrally 

bonded to four of their counterparts. The unit cell length: a = b = 0.32489 nm, c 

=0.52066 nm, has been calculated for bulk ZnO (JCPDS 36-1451) however, these values 

can vary greatly in thin films and can be altered by doping and deposition conditions. 

[14] The reciprocal lattice, related the direct lattice by Fourier transform, is shown in 

Figure 1. 2. 

 

Figure 1. 2 – reciprocal lattice of wurtzite ZnO, high symmetry points are labelled with Γ being 

the centre of the reciprocal lattice.  
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The reciprocal lattice shares the same lattice spacing as the direct lattice. Transforming 

the lattice into reciprocal space allows, amongst other things, the calculation of the 

crystal structures from the Bragg spots obtained using X-ray diffraction. This will be 

explained in more detail in section 2.3.2. The reciprocal lattice is also useful when 

calculating the electronic structure of lattices as, discussed in the section 1.3, where the 

optoelectronic properties of ZnO are explained. 

1.3 Band Theory of Semiconductors 

The conductivity and the transparency of ZnO are underpinned by the electronic 

structures of the material. Thus, the optical and electronic properties of ZnO can be 

explained, predicted and enhanced by a detailed knowledge of band theory.  

 

A full description of the quantised energy levels is given by the Schrodinger equation: 

                                                                      𝐻𝜓 =  E𝜓 , 

Equation 1. 1 

where ‘E’ is the energy of the wavefunction (ψ) and ‘H’ is the Hamiltonian operator. 

However, the solution is a many body problem which requires the calculation of 

electron – electron, electron – nucleus and nucleus – nucleus interactions. This is 

impossible for multi-electron systems. Whilst an exact answer cannot be obtained it is 

possible to make some approximations to give quantitative solutions.  

Work in this thesis will focus upon solids in crystallite lattices. As such, the tight 

binding approximation will provide a good model to describe the electronic band 

structures featured in this work. The following section summarises relevant 

background theory from reference [15], this begins with the origin of Bloch functions. 

 Bloch Functions 1.3.1

To start, an electron in a one dimensional potential well is in incorporated into the 

Schrodinger equation (Equation 1. 2): 

−
ħ2

2𝑚𝑒

𝑑2𝜓(𝑥)

𝑑𝑥2 + 𝑉(𝑥)𝜓(𝑥) = 𝐸𝜓(𝑥) , 

Equation 1. 2 
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where ‘V(x)’ is the potential, ‘ħ’ is the reduced Planck’s constant and ‘me’ is the electron 

mass. Focussing on a periodic lattice means that the potential of period ‘a’ must satisfy: 

𝑉(𝑥 + 𝑁𝑎) = 𝑉(𝑥) , 

Equation 1. 3 

where ‘N’ is an integer. Taking this into reciprocal space by means of Fourier transform 

allows the creation of a periodic potential which includes only planes waves of 

wavenumbers ‘hn’ equal ‘n2π/a’, so the ‘V(x)’ component can be expressed as: 

𝑉(𝑥) = ∫ 𝑉𝑛𝑒𝑖ℎ𝑛𝑥+∞

−∞
 , 

Equation 1. 4 

Even if ‘V(x)’ is not periodic it can still have a continuous Fourier transform ‘V(q)’ so 

that: 

𝑉(𝑥) = ∫ 𝑉(𝑞)𝑒𝑖𝑞𝑥𝑑𝑞
+∞

−∞
 . 

Equation 1. 5 

Taking a free electron with no periodic potential in a one dimensional box with a 

crystal length ‘L’ (where L can tend to ∞), the wavenumbers (k), are found to be real 

with eigenvalues (E(k)) equal to ‘ħ2k2/2m’, so that the plane wave: 

𝑊𝑘(𝑥) =  
1

√𝐿
𝑒𝑖𝑘𝑥 , 

Equation 1. 6 

gives the potential shown in Figure 1. 3 - (a). A periodicity can be applied then by 

applying the Hamiltonian operator to the plane wave ‘Wk(x)’, so that the solutions to 

the Schrodinger equation (ψk(x)), are periodic between ± ‘π/a’, shown in Figure 1. 3 

(b). 
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Figure 1. 3 – (a) shows a free electron a potential well between. (b) shows the periodicity of 

solutions between ± π/a 

The fundamental region of length ‘2π/a’ is known as the Brillouin zone. Any 

wavefunction can then be expressed as an appropriate linear combination of type: 

ψ𝑘(𝑥) = ∑ 𝑐𝑛(𝑘)𝑛  
1

√𝐿
𝑒𝑖(𝑘+ℎ𝑛)𝑥 . 

Equation 1. 7 

The wavefunctions of any crystalline lattice can be generically be described by: 

𝜓𝑘(𝑥) = 𝑒𝑖𝑘𝑥𝑢𝑘(𝑥) , 

Equation 1. 8 

where ‘uk(x)’ is any function that is periodic and unchanging across all lattice positions. 

This is known as the Bloch theorem. 

  

(a) (b) 
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 The Tight Binding Approach 1.3.2

The tight binding approximation is complicit with Bloch theory by utilising Hückel 

Theory (a simplified form of molecular orbital theory). This uses the Coulomb Integral 

– the binding energy of isolated atomic orbitals - and the Resonance Integral – related 

to the strength of interaction between neighbouring atoms – to construct a 

hypothetical periodic one dimensional lattice. 

The lattice starts with a sequence of ‘N’ atoms of equal energy. The interaction between 

the atomic orbitals removes the degeneracy, shown in Figure 1. 4, and the origin of 

bands can be described.  

 

Figure 1. 4 – a) the formation of a band of N molecular orbitals by successive addition of 

atoms to a chain. The width of the band increases by less upon each addition so that in an 

infinitely long chain the width is finite with infinite orbitals within. This effectively means  an 

electron may reside at all energy levels with the band.  b) the creation of s and p bands by 

sucessive orbital overlap.  

There are now infinite quantised energy levels given by the solutions to the 

Schrodinger equation between the top and bottom of the band. It is worth noting 

however that there are still energies between bands where no electrons can reside. 

These are known as band gaps. 

To calculate the energy of individual orbitals within a band it is possible to take a 

general approach for all crystal lattices using a general standing wave function: 

E(k) =  𝛼 + 2𝛽cos (𝑘𝑎), 

Equation 1. 9 

a) b) 
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where ‘αc’ is the Coulomb integral – given by the energy of the band centre, ‘β’ is the 

resonance integral – given by the width of the band (this takes negative values to 

simulate attractive atomic potentials). [16] Since ‘k’ can be positive or negative the 

values of ‘cos(ka)’ will lie between -1 and +1. This means that the energy limits of the 

band will mean ‘k’ is found between ‘-π/a’ and ‘+π/a’, shown in Figure 1. 5. 

 

 

Figure 1. 5 – Energy band for E(k) = αc + 2βcos(ka). Adapted from reference [17] 

The shape of the allowed band matches that of the Bloch function shown in Figure 1. 3 - 

a. The size of the bands (and thus the gaps) is dependent upon the amount orbital 

overlap. When the atoms are far apart, as is the case in Figure 1. 4, a gap between the s 

and p band can be seen. When atoms are positioned closer together, with more orbital 

interaction, the bands are split much wider. When the overlap between orbitals 

becomes too large the orbitals hybridise as shown in Figure 1. 6. The level of the Fermi 

energy in the band structure dictates whether a material will be metallic. [18] 
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Figure 1. 6 – Visual representation of the s and p bands in sodium, magnesium and silicon 

extended lattices. Moving from left to right across the periodic table the atomic spacing of the 

lattice becomes smaller and the bands overlap more. When the bands are of similar enough 

energy they can hybridise, shown for the Si example. A material is classed as a metal when the 

Fermi energy (indicated by the shaded region) sits within a band. This explains why sodium 

and magnesium are metals whilst silicon is not.  

  Tight binding approach for ZnO 1.3.2.1

Figure 1. 6 shows single element lattices, ZnO however, is made up of two elements in a 

tetrahedrally bonded structure. The bonding between the zinc and the oxygen is 

derived from the overlap of the zinc 4s orbital and the oxygen 2p orbital. These form 

four sp3 hybrid orbitals with the valance and conduction bands based on the energies 

of the atomic orbitals, shown in Figure 1. 7.  

The hybridisation allows the electrons to exactly fill bonding orbital and they do not 

enter the antibonding orbitals. This gives results in a full valance band and empty 

conduction band. In the case of ZnO, this gap is relatively small and allows easy 

excitation from the valance band to the conduction band. As such, it displays 

semiconducting behaviour.  

 

Figure 1. 7 – A simple sketch of the bonding in ZnO and the creation of the b and gap 
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The dimensions and symmetry properties of wurtzite ZnO are shown in Figure 1. 2. 

Using the tight binding approximation a detailed description of the band structure can 

be obtained. This is achieved by calculating the wave functions across a series of high 

symmetry routes across its reciprocal lattice the band edges of ZnO can be shown. 

Figure 1. 8 gives a detailed description of the band structure of ZnO calculated using 

the tight binding approach. [19]  

 

Figure 1. 8 – Band structure of bulk ZnO obtained from tight binding calculations. The band 

gap is shown in grey. This figure has been adapted from reference [19]. 

Electrons fill the states up to the zero energy position of Figure 1. 8 showing that ZnO 

has a direct band gap at the Γ position of roughly 3.4 eV. Stoichiometric ZnO is a wide 

bandgap semiconductor, however for use in TCO applications it is required to show 

near metallic conductivity.  
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1.4 Electrical properties of ZnO 

The conductivity of a semiconducting material is dictated by the number of mobile 

charge carriers (electrons, holes or both), on the distributions of their thermal 

velocities and on the offset from the equilibrium distribution provoked by an applied 

electric field. [20] 

Conductivity can be described simply by: 

𝜎 = 𝑛𝑞 ×  𝜇 , 

Equation 1. 10 

where ‘n’ is the number of mobile charge carriers, ‘q’ is the elementary charge and ‘μ’ 

describes the ease in which the mobile carriers can move within the system. For a 

perfect semiconductor crystal at zero Kelvin, the ‘n’ component would be zero – hence 

the material would have a conductivity of zero.  

In real solids however, there will always be a number of thermally excited free 

electrons. The number of free carriers also gains a substantial contribution from 

charged crystal defects. These can either be intrinsic point defects or extrinsic impurity 

defects. When extrinsic defects are intentionally introduced to the system to improve 

properties they are known as dopants. The origins of native point defect and dopant 

defects are detailed in the following section.  

The second component relates to the charge transport defined as the carrier charge 

mobility (μ). Charge carriers (electrons and holes) can be described as a superposition 

of Bloch waves travelling through a solid. For a perfect semiconductor crystal at zero 

kelvin these waves would travel undisturbed through the lattice - the interactions with 

the ions in the lattice is included in the Bloch solution. Once again the situation is more 

complicated in real solids, and the charge mobility of carriers is limited by scattering 

by a number of different mechanisms. 

The many different scattering mechanisms and their relevance to ZnO are explained in 

section 1.4.3. 
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 Intrinsic/unintentional impurity defects in ZnO 1.4.1

Point defects involve an anomalous situations occurring at a particular lattice site with 

respect to the rest of the crystal structure. Native point defects occur in all real crystal 

and can play an important role in the electrical properties of semiconductors by adding 

to (or taking away) charge carriers.  

If a defect adds a local charge to a system it can become electronically active. Defects 

which add charge carriers in the form of mobile electrons to system are called n-type 

defects whereas defects, which add carriers in the form of holes are known as p-type 

defects. 

An n-type defect occurs when a defect causes electrons to occupy an energy level 

within the band gap of the bulk material. Electrons in mid band gap states require less 

energy to excite them into the conduction band than bulk electrons in the valance band 

of a material. If a field is applied, free electrons become mobile within the conductions 

band and n-type conductivity is seen.   

A p-type defect occurs when a defect state is positioned above the valance band, 

excitation of an electron into this state causes a positively charged vacant state within 

the valance band. This vacant state is also known as a hole. When an electron hops into 

the vacant state a positively charged site is created in its wake thus the charge can be 

seen as mobile. If a field is applied holes become mobile within the valance band and p-

type conductivity is seen. 

Impurity defects and native defects can be described using the Kroger-Vink notation 

which details species (M), the electric charge (q), and the lattice site (s) of the defect in 

the form: M𝑆
q

. ‘M’ can be an atom, vacancy or electron. ‘q’ can be neutral given by an x, 

positive given by a ‘·’, and negative given by a ‘’’. If a charge is greater than one it is 

given by that number of marks. The site details which atom would usually be present at 

the lattice site in question, or given as an ‘i' if the defect is in an interstitial site. [21] 

Possible defects in ZnO are given below, the charge on the defects are determined by 

the position within the band gap: 

o 𝑍𝑛Zn
𝑥  describes a zinc atom in a zinc site with a neutral charge while  O𝑂

𝑥  

describes an oxygen atom in an oxygen site, also with a neutral charge. 

o 𝑉O
•• describes a oxygen vacancy with a double positive charge, similarly 

𝑉Zn
′′ describes a zinc vacancy with a double negative charge. 
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o 𝑂i
′′ decribes an oxygen atom in an interstitial site with a double negative 

charge, and 𝑍𝑛i
•• describes a zinc atom in an interstitial site with a double 

positive charge. 

o 𝑍𝑛O
•• describes a zinc atom in an oxygen site with a double positive charge, and 

𝑂Zn
′′  describes an oxygen atom in a zinc site with a double negative charge. 

The position of the native and impurity defects within the band/ band gap and the type 

of defects determines whether they are electronically active or not. A detailed 

description of how the position of a defect is determined is outside the scope of this 

work. However, as a simplified overview: defects with positions controlled by long 

range columbic interactions with ionic cores of atoms form ‘shallow defects’ near the 

band edges - these defects are generally good donors and acceptors; defects with 

positions controlled by the short range interactions with electrons form ‘deep defects’ 

further from band edges - these defects are generally poor donors and acceptors and 

even trap free carriers. [22] 

A theoretical study by Janotti et al[23] describes the energy of native point defects of 

ZnO within its electronic structure. The positions of common defects obtained in this 

work provide the theoretical basis of the experimental defect analysis made later in 

this project.  

A breakdown of the formation energies across the band gap from this work is shown 

Figure 1. 9. 

 

Figure 1. 9 – Positions of native point defects within the ZnO lattice, left shows zinc rich 

conditions and right shows oxygen rich conditions. The 0 eV position of the Fermi level 

represents the valance band maximum, the position at  ~3.4 eV represents the conduction 

band minimum. Adapted from reference [23]. 
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The formation energy of each defect depends both on its charge and its lattice 

environment.  The charge state of the defect can change depending on its position 

within the band gap, shown in Figure 1. 10. When the charge state of the defect 

changes, the gradient its formation energy curve also changes, shown in Figure 1. 9. 

The lattice environment also plays a role; in zinc rich conditions oxygen vacancies 

become more favourable and vice versa. This manifests in the intercept values of the 

curves.  

Each defect is explained in more detail in the following section along with its 

probability of formation and its effect on the electrical properties.  

 

Figure 1. 10 – Charge states of native point defect in ZnO and how they vary across the with 

the Fermi energy. Adapted from reference [23].   

 Vacancies 1.4.1.1

Vacancies are possibly the simplest defect consistent of an atom removed from the 

bulk of a material and placed upon the surface. If the atoms are considered to be rigid 

in the structure, it requires energy (Ev) to remove an atom from the interior, however 

some energy (Es) is reclaimed by placement of the atom on the surface. This gives the 

net formation energy of a vacancy to be Ev – Es. As the positions of the atoms are 

completely rigid there is a further energy recovered by the relaxation of the lattice as 

the neighbouring atoms move towards the empty space. When a vacancy is created it 

has an associated charge depending on the number of electrons withdrawn or dangling 

bonds left. The charge can be present on the site or delocalised depending on the 

energetics of the system.  
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The Zn – O bond has substantial ionic character. In this case electrostatic neutrality 

should be satisfied. Across the entire ionic solid the electrostatic neutrality of the 

crystal is preserved if there are vacancies of the positive and negative species are in 

stoichiometric proportion. In a pefect ZnO crystal, it goes that for every zinc vacancy 

there must also be an oxygen vacancy. Vacancies of opposing charges which give 

electrostatic neutrality are known as Schottky defects. Schottky defects are 

compensating and not electronically active. In thin films this is not always the case, the 

kinetics of the system allow for vacancies and interstitials to exist independently as 

electronically active charged states. 

1.4.1.1.1  Oxygen Vacancies in ZnO 

Vo defects, shown in Figure 1. 11, have the lowest formation energy of donor defects as 

displayed in Figure 1. 9, and have such often been cited as a source of unintentional n-

type conductivity. Following a series of ab-initio studies this is no longer considered to 

be likely. The neutral to doubly charged transition occurs at roughly 1 eV below the 

conduction band meaning that it is considered a ‘deep donor’. The size of the excitation 

energy makes it a low quantum yield route to creating free electrons carriers and thus, 

it cannot contribute greatly to the n-type conductivity. The formation energy at this 

position is also a significant barrier (3.72 eV), even in zinc rich conditions. 

 

Figure 1. 11 – A pictorial diagram of an oxygen vacancy. Red balls denote oxygen atoms, grey 

balls denote zinc atoms. The four nearest neighbour Zn atoms are disp laced inwards by 12 % 

in the neutral Vox and outwards by 23 % in the Vo•• 

This report uses the studies given by the van de Walle group. It is worth noting 

however, that there is still some ongoing debate amongst theoretical groups about the 

role that oxygen vacancies play in the conductivity of ZnO. In particular, the Zunger 

group [24][25] suggest that persistent photo-excitation provides the mechanism for 

oxygen vacancies to give native ZnO its n-type conductivity. 
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Oxygen vacancies have a calculated migration energy of 2.4 eV for Vox and 1.7 eV for 

Vo••. This effectively means that upon moderate annealing they can be significantly 

mobile within the lattice. 

1.4.1.1.2 Zinc Vacancies in ZnO 

In ZnO, a VZn defect, depicted in Figure 1. 12, introduces a partially occupied state in the 

band gap derived from the broken bonds of its nearest oxygen neighbours. These 

defects lie close to the valance band maximum and, because they are only half full, act 

as an acceptor state.   

 

Figure 1. 12 – A schematic of a VZn. Red balls denote oxygen atoms, grey balls denote zinc 

atoms. The four nearest neighbour O atoms are displaced outwards by roughly 10 % in all 

three of the V0x , Vo’, and Vo” 

The formation energy of the VZn unsurprisingly decreases in oxygen rich conditions. It 

also decreases as the Fermi energy increases as is found in more n-type conditions. 

What this means is that in p-type conditions zinc vacancies have high formation 

energies and are unlikely to form. However, the formation energy is much lower in n-

type conditions and so they are likely to form in moderate concentrations. These act as 

compensating negative centres.  

VZn are found to be deep acceptors with transitions from 0 to 1- at 0.18 eV and 1- to 2- 

at 0.87 eV. Their migration mechanisms are similar to that of oxygen vacancies and 

have similar energetics. 

In summary VZn are deep acceptors with high formation energies in p-type conditions 

so cannot add to p-type conductivity. They are likely however, to act as compensating 

centres in n-type conditions. 
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 Interstitials 1.4.1.2

The second common point defect is a self-interstitial. This involves the placement of an 

atom of the native material from the surface to the interior of a crystal in the space 

between typical lattice sites. The inclusion of an atom to an interstitial site causes 

strain in the lattice surrounding the interstitial as atoms move to accommodate it. 

Interstitials are only possible in lattices which have the space available and are not 

seen in close pack structures. 

 For structures where one element is significantly bigger than the other, as illustrated 

in the simple case of sodium chloride, only sodium atoms with their smaller atomic 

radii can form interstitials. The formation energy of these defects is dictated by the 

ease of the inclusion into the lattice. An example is shown in Figure 1. 13. 

 

Figure 1. 13 – A sodium interstitial site (Na i’) in sodium chloride. The lattice expands to 

support the small sodium ion - denoted in blue. Chlorine ions are denoted in green.  [20] 

1.4.1.2.1 Oxygen interstitials in ZnO 

The ZnO lattice is more complicated than that of the sodium chloride example shown 

above in that there are four possible interstitial sites in a wurtzite lattice.  In terms of Oi 

defects, they can form in a tetrahedral site (with two zinc and two oxygen atoms at the 

points of the tetrahedron), in octahedral sites (with three zinc and three oxygen atoms 

at the points of the octagon) and in two split sites (in which the oxygen sits somewhere 

between the tetrahedral and octahedral sites). The tetrahedral site is found to be 

unstable and spontaneously relaxes into a split site. In the octahedral position the 

oxygen interstitial is isolated, however in the split positions it forms two weak oxygen-

oxygen bonds. A three dimensional description of the structure of the three stable 

defects are shown in Figure 1. 14. 
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Figure 1. 14 – Local geometries of the three stable interstitial sites. (a) and (b) show the split 

site whilst (c) shows the octahedral site. Once again oxygen is in red and zinc in grey. 

Reproduced from reference[23]. 

The oxygen-oxygen bonds on the split site mean that the electronic states are filled and 

thus not electronically active. The octahedral site introduces an empty state into the 

lower section of the band gap meaning that it could accept two electrons. The states 

derive from oxygen p orbitals and are deep acceptors with the 0 to 1 - transition at 0.72 

eV above the valance band maximum and the 1- to 2- transition at 1.59 eV above.  

The formation energies are high for all oxygen interstitial due to the size of the ion. 

They are not expected to be present in high concentrations. 

1.4.1.2.2 Zinc interstitials in ZnO 

Zni defects can be present only in octahedral sites as the tetrahedral site suffering 

severe geometric constraints. Zni in octahedral positions are donors with the 2+ state 

present at all Fermi energies in the band gap. 

 

Figure 1. 15 – The local geometries of the octahedral site (a) shows the view through the 

wurtzite lattice looking down the ‘b’ axis, (b) shows the view through the ‘c’ axis. Red balls 

represent oxygen atoms and grey represent zinc. Reproduced from reference [23]. 

The zinc interstitial introduces a state with two electrons above the conduction band 

minimum. The electrons are demoted into the conduction band to add charge carriers. 

This mechanism means that they are effectively shallow donors.  
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Despite this zinc interstitials are not expected to be a source of n-type conductivity in 

ambient conditions because the formation energies are very high; at their lowest they 

are at roughly 6 eV in highly zinc rich conditions.  

Zinc interstitials are the most mobile within the lattice and can migrate at modest 

temperatures. In fact the high charge mobility of zinc throughout the lattice can lead to 

crystal healing in some cases. [26] 

 Antisites 1.4.1.3

The last native defect to mention is an antisite. An antisite is characterised by an atom 

occupying the wrong kind of lattice site for example in NaCl if a Na atom was occupying 

a Cl site. 

This defect usually exhibits the highest formation energy owed to the electrostatic and 

stoichiometric penalties, and can only form when the atomic radii of the atoms are of 

comparable size. When such defects do occur it usually involves the creation of fifty or 

one hundred antisites in a confined area generating a complex arrangement of atoms to 

counter the stresses of the system.[20] 

1.4.1.3.1 Zinc and oxygen antisites in ZnO 

Both zinc and oxygen antisites can nominally exist. They have significantly higher 

formation energies than all previously mentioned defects. The ZnO (Figure 1. 16) is 

complex acting both as shallow donor with filled states within the conduction band 

similar to a Zni and a deep donor within the band gap similar to an VO. The formation 

energy is even higher for OZn which act as deep acceptors well within the band gap. 

 

Figure 1. 16 – A pictorial diagram of a zinc antisite (Zn O”) defect. Red balls represent oxygen 

atoms and grey represent zinc 
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Whilst these defects are of academic interest, the high formation energies in all 

environments mean that they will not play a part in the electronic properties of ZnO in 

ambient conditions. 

 Hydrogen as an impurity defect in ZnO 1.4.1.4

Theory suggests that native defects appear not to be the cause of the latent n-type 

conductivity seen in ZnO. The present theory is that rather than the native point 

defects giving rise to the n-type conductivity it may actually be caused (or partially 

caused) by hydrogen impurity defects. [27][28]  

Hydrogen has been suggested as a potential cause of n-type conductivity in ZnO due to 

its ubiquity in deposition environments and the properties it would display as a defect. 

The hydrogen ion can be incorporated into interstitial sites forms a strong bond with 

an oxygen atom, and induce relatively large relaxations to the lattice shown in Figure 1. 

17. 

 

Figure 1. 17 – A schematic of a hydrogen interstitial(H i•) defect. Red balls represent oxygen 

atoms, grey represent zinc and the yellow ball denotes a hydrogen ion.  

Hydrogen is present with a single positive charge at all Fermi energies in the band gap. 

It has a low energy of formation and is a shallow donor, thus could be present in high 

enough concentrations to provide the n-type conductivity seen in ZnO. A first 

principles calculation of the energy of Hi in ZnO at increasing Fermi energies is shown 

in Figure 1. 18. 
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Figure 1. 18 – The positions of hydrogen defects at increasing Fermi energies across the band 

gap. Positions were calculated in oxygen rich conditions at 0  K. Adapted from reference [29]. 

Figure 1. 18 also highlights the possibility of extrinsic-intrinsic dopant complexes. In 

this case the positively charged hydrogen interstitial can complex with the zinc 

vacancy and change charge. In n-type conditions this complex defect forms an overall 

single negatively charged low formation energy defect, contributing to n-type 

compensation effects. This is particularly the case in oxygen rich conditions where the 

formation energy of the zinc vacancy is low. 

Whilst hydrogen as the source of n-type conductivity gives a compelling case, it is 

unfortunately uniquely difficult to detect. As such this remains only a theory.   

 Extrinsic dopants in ZnO 1.4.2

Extrinsic doping of ZnO has been most well studied using the group three metals. In 

particular doping with aluminium, gallium and indium has received much academic 

interest. [30]–[34] 

Group three dopants typically act as donor defects by substituting for zinc in the ZnO 

lattice shown in Figure 1. 19. 
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Figure 1. 19 – A (non-specific) group three metal substituting into the zinc lattice position. 

Red balls represent oxygen atoms, grey represent zinc and the  dopant ion is depicted in 

orange. Lattice stressing will depend on the size and charge of the dopant.  

The donor ions introduce partially filled states into the band gap of ZnO based on a 

single electron residing on the group three ion p orbital. These states reside just below 

the conduction band minimum; 59 meV for Al, 54.5 meV for Ga and 63.2 meV for In. 

[13] They are electronically active in the MZn• state at all Fermi energies. The differing 

ionic and covalent radii (zinc oxide has both an ionic and covalent nature to its 

bonding) of the dopant atoms compared with zinc cause different strains to the 

wurtzite lattice. The ionic radii are as follows: Zn2+ = 0.60 Å; Al3+ = 0.39 Å; Ga3+ = 0.47 Å; 

In3+ = 0.62 Å and the covalent radii: Zn = 1.20 Å; Al = 1.24 Å; Ga = 1.23 Å; In = 1.42 Å. 

[35] The closer match of the Ga ion to the Zn in terms of both ionic and covalent radii 

suggest that the will be most efficient donor materials. This has been suggested in 

literature, [32] [36] however, significant work has been dedicated to the study of both 

Al and In doped ZnO, where experimental results regarding the most effective remain 

the subject of academic discussion.  

It is possible for dopant defects to form in other electronically active positions such as 

in interstitial positions or on the oxygen site, however, the formation energy of these 

positions is much higher. [29] This is demonstrated for AZO in Figure 1. 20. 
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Figure 1. 20 – The formation energies of aluminium extrinsic defects with increasing Fermi 

energy across the band gap. This was calculated in oxygen  rich conditions at 0 K. Adapted 

from reference [29]. 

Figure 1. 20 displays the high formation energies of Ali, and Alo particularly in n-type 

conditions. It also shows a low formation energy defect complex: (AlZnVzn).  In oxygen 

rich conditions (AlZnVzn’) is shown to have a lower formation energy than AlZn• 

providing a compensation mechanism n-type conductivity. As with the hydrogen-zinc 

vacancy complex, this is less prevalent in zinc rich conditions. 

As well at group three metals, ZnO has also been doped with Si, Y, Sc, F, V, Ge, Ti, Zr and 

Hf with varying degrees of success. [37]–[45] 

For all dopants, the aim is to incorporate the new ion into the ZnO lattice. There are 

competing mechanisms with this process which included the segregation of the dopant 

into secondary phases, or the production of new dopant-zinc-oxygen complexes. In 

group three doped ZnO, the formation of insulating M2O3 secondary phases is often 

cited as a reason for diminished conductivity. [34] The chance of the lattice 

incorporating the dopant into the system is often dependent on the ionic/covalent radii 

of the material closely matching that of either zinc or oxygen. If the size difference is 

too great, the strain from a dopant ion occupying a lattice site will dramatically 

increase its formation energy and reduce its chance of successful doping.  
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The addition of dopants can increase the carrier concentration of ZnO as high as 1.5 x 

1021cm-3; this is usually achieved substituting Zn2+ with M3+ ions to add free charge 

carriers the system. [46] For such high carrier concentrations the electronic states 

introduced from defects can form an impurity band. When this overlaps the conduction 

band, the material is referred to as a degenerate semiconductor. Degenerate 

semiconductors can have conductivities matching those of metals. Most TCOs are 

degenerate semiconductors. This conductivity however, is also reliant on charge 

mobility as seen in Equation 1. 10. 

Mechanisms which limit the charge mobility and their likely prevalence in ZnO are 

described in the next section. 
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 Electron scattering mechanisms  1.4.3

This section describes how the conductivity is limited by the scattering of charge 

carriers. Much of the theory is based upon that detailed in reference [20] and [47]. The 

conductivity of a material is given by Equation 1. 10 and repeated here for 

convenience: 

𝜎 = 𝑛𝑞 ×  𝜇. 

Equation 1. 10 

The previous section detailed the ‘nq’ component relating to the charge carriers. The 

second component ‘μ’ is the carrier charge mobility briefly described in section 1.3.1 as 

the superposition of Bloch waves. If different types of charge carriers contribute to the 

electrical conductivity, they may have different mobilities. This is taken into account in 

Equation 1.11: 

𝜎 = (𝑞𝑛𝜇𝑛 + 𝑞𝑝𝜇𝑝), 

Equation 1. 11 

where n and μn are the carrier concentration and charge mobility of electrons, and p 

and μp are the carrier concentration and charge mobility of holes. The conductivity of 

ZnO is dominated by the movement of electrons, thus this report will now focus in 

detail on factors affecting electron charge mobility.  

The electron charge mobility ‘μn’ is calculated by the ratio of drift speed (how quickly 

the electron can travel through the system) in m/s to applied field V/m and is given in 

units of m2/Vs. The drift speed is derived from the average effective mass of an 

electron across the Fermi surface (me*), and how much the speed is limited by 

scattering mechanisms. This is measured using the term ‘τm’, which is the mean free 

time between scattering events, given by: 

 

μ𝑛 =  
𝑒𝜏𝑚

𝑚∗ =
𝑒𝜆𝑚

𝑚𝑐𝑠
 . 

Equation 1. 12 

It can also be described by the ‘mean free path’ for an electron (λm). This is the mean 

free time in a specific electron distribution, where ‘sm’ is the mean speed of its thermal 

and zero point motion given by: 
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𝜆𝑚 = 𝑠𝑚𝜏𝑚. 

Equation 1. 13 

How the electron charge mobility behaves as a function of temperature depends on:  

o If the electron gas is in a degenerate environment, 

o The relationship between the energy and the wave-vector for the lowest 

conduction band, 

o Which process dominates scattering. These processes are likely to include 

scattering by: 

 Lattice scattering vibrations,  

 Neutral and ionised defects, 

 Dislocations and grain boundaries. 

When two or more scattering processes have comparable rates, it would most accurate 

to calculate the total charge mobility by determining the quality as function of electron 

energy, then performing averaging operations with respect to electron speed as 

described in Equation 1. 14. In practice however, reasonable precision can be obtained 

if the mean free path of each scattering process is calculated independently and then 

averaged, as described in Equation 1. 15: 

𝜏 = [(
1

𝜏 𝑚𝑎
) + (

1

𝜏 𝑚𝑏
) +  (

1

𝜏 𝑚𝑐
) + ⋯ ]

−1 

   

Equation 1. 14 

𝜆 = [(
1

𝜆 𝑚𝑎
) + (

1

𝜆 𝑚𝑏
) + (

1

𝜆 𝑚𝑐
) + ⋯ ]

−1 
  . 

Equation 1. 15 

This second, less precise, procedure allows the total electron charge mobility to be 

calculated from the contributions from the relevant scattering mechanisms with all 

other neglected described by Equation 1. 16: 

 

𝜇𝑛 = [(
1

𝜇 𝑎
) + (

1

𝜇 𝑏
) + (

1

𝜇 𝑐
) + ⋯ ]

−1 
  . 

Equation 1. 16 

This is known as Matthiessen’s rule. The origin of each scattering mechanism will be 

explained below. 
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In Hall measurements, which are used to determine the charge mobility of ZnO films in 

this report, both magnetic and electric fields are used.  This means the Hall charge 

mobility ‘μhall’ differs from the drift charge mobility ‘μd’ slightly, this can be expressed in 

terms of relaxation time (τhall) in a weak field by: 

𝜇ℎ𝑎𝑙𝑙 =  
〈𝜏ℎ𝑎𝑙𝑙

2 〉

〈𝜏ℎ𝑎𝑙𝑙〉2
𝜇𝑑 =  𝑟ℎ𝜇𝑑  ,  

Equation 1. 17 

where the ‘rh’ is the Hall scattering factor, usually simplified to just Hall factor. For non-

degenerate semiconductors this difference can be significant, as calculated using 

Equation 1.18: 

〈𝜏2〉 =  
∫ 𝑥

3
2𝑒−𝑥(𝑥)𝑑𝑥

∞

0

∫ 𝑥
3
2𝑒−𝑥∞

0
𝑑𝑥

 , 

Equation 1. 18 

where ‘x’ is a dimensionless variable equal to ‘E/(kBT)’. In high fields and for 

degenerate semiconductors however, the Hall factor approaches unity. This is true for 

ZnO so the drift charge mobility and Hall charge mobility can be considered to be equal. 

 Lattice Scattering 1.4.3.1

In a largely defect free semiconducting crystal where the bonding is primarily of the 

covalent type, the dominant scattering mechanism is by acoustic phonons.  Acoustic 

phonons from lattice vibrations produce a series of local compressions and extensions 

to the lattice, these create local modulations in the positions of the conduction and 

valance bands (ϵc and ϵv respectively). The extent to which the CBM may change is 

given by the deformation potential constant: 

𝜖1  =  −𝑉 (
𝛿𝜖𝑐

𝛿𝑉
) 

Equation 1. 19 

When ‘𝜖1’ is non-zero, phonons with the appropriate wave vector will create peaks and 

troughs in the conduction band. These can result in the scattering of an electron.  

A model for calculating the acoustic scattering influence with respect to temperature 

was proposed in reference [48] as: 
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𝜇𝐻
𝑎𝑐 =  𝑟𝐻

ħ4𝑐1𝑞√8𝜋

3𝜖1
2

(𝑚∗)
−5

2 (𝑘𝐵𝑇)
−3

2 , 

Equation 1. 20 

where c1 is the elasticity constant (for ZnO this is ~200 GPa [49]) and kB is the 

Boltzmann’s constant, a Hall factor of 1.18 is often used for this scattering mechanism. 

[13] 

In a lattice with an ionic component to bonding optical photon scattering can add to 

acoustic scattering. In this circumstance, the displacement of atoms (in phase) induces 

a dipole electric moment which, in turn, induces an electronic field. This field can 

strongly scatter electrons; this scattering effect increases as a material becomes more 

polar. A model for calculating optical scattering with respect to temperature given in 

reference [50] as: 

𝜇𝐻
𝑜𝑝𝑡

=  𝑟𝐻𝜙
𝑞

2𝜍𝜔0𝑚∗  × 𝑒
((

ħ𝜔0
𝑘𝐵𝑇

)−1)
 , 

Equation 1. 21 

where ‘ς’ is a dimensionless constant for electron phonon coupling (for ZnO this is ≈ 1 

[51]), ‘ħω0’ is the energy of the optical phonon. The temperature dependant Hall factor 

(rHϕ) is roughly equal to unity. 

Together the two components can be grouped as lattice scattering effects. The charge 

mobility for this type of scattering in ZnO can be expressed in terms of the deformation 

potential by: 

𝜇𝐿 =  
𝑒𝜋2ħ4𝑐1

(2𝑚𝑒
∗)

5
2∆𝑐

2𝑁𝐿

×
𝜖

−
1
2

𝑘𝐵𝑇
 , 

Equation 1. 22 

 

where ‘Δ’ is the divergence of strain and ‘NL’ is the number of atoms in the lattice. In a 

degenerate system (for ZnO this applies roughly when n < 3.8 x 1018 cm-3 [52]) the 

value 𝜖 becomes a constant so that the charge mobility can be greatly simplified to:  

𝜇𝐿 ≈  
1

𝑇
 . 

Equation 1. 23 
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The scattering from phonons increases as elevated temperatures cause more 

vibrations, thus the charge mobility is reduced. In the low temperature range this type 

of scattering is low however, as temperature increases, the lattice scattering 

component becomes more significant.  

 Grain Boundary Scattering 1.4.3.2

Polycrystalline films are made up of many individual crystalline regimes known as 

grains. The meeting point between neighbouring grains is less stoichiometric than the 

bulk and lattice defect induced charge trapping states are prevalent. These states 

compensate some of the charge carriers from intrinsic and extrinsic dopants and in 

doing so create a potential barrier across the depletion region. This impedes carrier 

charge mobility between grains as shown in Figure 1. 21. The influence of grain 

boundary scattering becomes important when the width of the depletion layer 

becomes comparable with the grain size of the crystallites.  

 

Figure 1. 21 – (a) charge trapping at a grain boundary; many low energy defect states mean 

charges can become trapped in a potential well. Mobile charges must have enough energy to 

avoid these for current to flow.  (b) negatively charged potential barriers are formed from 

trapped carriers; the mobile charge must have enough energy to overcome the potential 

barrier for current to flow 

In ZnO, grain boundaries often contain an amount of oxygen chemisorbed to the 

crystallites. These can capture electrons from the conduction band to make the grain 

boundary negatively charged. [53] The potential barriers thus strongly scatter the 

electrons in the conduction band. 
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The grain boundary charge mobility term (μg) for a non-degenerate system can be 

modelled by: 

 

𝜇𝑔 = √
𝑙2𝑒2

2𝜋𝑚∗𝑘𝑇
 × 𝑒

(−
𝑉𝐵
𝑘𝑇

)
, 

Equation 1. 24 

where ‘l’ is the grain size and ‘VB’ is the grain boundary potential (barrier height). VB is 

found by: 

𝑉𝐵 =
𝑒2𝑁𝐷𝑤2

2𝜀𝜀0
, 

Equation 1. 25 

where ‘ND’ is the donor density and ‘w’ is the depletion width. In a degenerate system 

Fermi-Dirac statistics should be applied so that: 

𝜇𝑔 = 𝐵𝑇 × 𝑒
(−

𝑉𝐴
𝑘𝑇

)
, 

Equation 1. 26 

where ‘B’ is a constant. ‘VA’ is an activation energy related to VB by: 

𝑉𝐴 =  𝑉𝐵 − (𝐸𝐹 − 𝐸𝑐), 

Equation 1. 27 

where ‘EF – Ec’ is the gap between the Fermi energy and the conduction band in the 

neutral region. In degenerate TCO systems a Burstein Moss shift (see section 1.5.1) 

means that VA is smaller than VB. Thus, it follows that μg should be higher in degenerate 

films.  

In TCO films with large crystallites sizes and high carrier concentration, the mean free 

path of an electron becomes a few nm. This is much smaller than the grain size and 

means that grain boundary scattering is unlikely to be a dominant scattering 

mechanism. [47] As the carrier concentration drops, however, grain boundary 

scattering becomes more important. 

 Ionised Impurity Scattering 1.4.3.3

In a more defective semiconductor, ionised impurity scattering has a large contribution 

to the electron charge mobility. When point and external dopants are charged, the ionic 

field they produce act as a scattering centres.  
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Mathematically this type of scattering is near identical to Rutherford scattering of an 

alpha-particle by an atomic nuclei, it must however be scaled by the dielectric constant 

of the medium.  

A schematic of ionised impurity scattering is shown in Figure 1. 22. 

 

Figure 1. 22 - Electrons scattered by positive and negative ionised impurity centres. The 

maximum scattering angle from this type of scattering is 180 °. 

The temperature dependent ionised impurity scattering component μTii can be 

calculated using the formula described in reference [52] for non-degenerate 

conditions: 

𝜇𝑇𝑖𝑖 =  
128√2𝜋(𝜀𝜀0)2(𝑘𝐵𝑇)

3
2

√𝑚∗𝑍2𝑞3𝑁𝑖
 × 

1

𝐹𝑖𝑖(𝜉)
, 

Equation 1. 28 

where ‘ε’ is the dielectric constant, ‘ε0’ is the vacuum permittivity, ‘Z’ is the defect 

charge state, ‘Ni’ is the number of ionised scattering centres and Fii(ξ) is given by: 

𝐹𝑖𝑖(𝜉) = ln(1 + 𝜉) −
𝜉

1+𝜉
, 

Equation 1. 29 

where ‘ξ’ is also temperature dependent given by: 

𝜉 =
96𝜋2𝜀𝜀0𝑚∗

𝑁𝑖
 × (

𝑘𝑇

ℎ𝑞
)

2
. 

Equation 1. 30 
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In a degenerate system only the electrons near to the Fermi energy take part in 

conduction, thus charge mobility is temperature independent. The charge mobility can 

then be given by: [47] 

 

𝜇𝑖𝑖 = √
2

𝑚∗ ×  
√𝜀𝐸𝐹

3
2

𝜋𝑒3𝑁𝑖𝑍2  ×  
1

ln (1+ 
𝜀𝐸𝐹

√𝑁𝑖
3 𝑍𝑒2)2

  , 

Equation 1. 31 

where ‘Ze’ is the ion charge. 

Ionised impurity scattering becomes influential as defects become more prevalent. It is 

the dominant mechanism when grain boundary and lattice scattering are low. This is 

often the case in TCOs at low temperatures.  

At room temperature ionised impurity scattering appears to dominate even under the 

theoretical charge carrier concentration required. Degeneracy and non-parabolicity of 

the conduction band have been cited as possible reasons for this deviation from the 

predicted result. [1] 
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1.5 Optical Properties of ZnO 

As well as being able to conduct electrical charge, TCOs are required to have high 

optical transmittance of visible light (400 – 800 nm). The optical properties are 

intrinsically linked with electronic band structure of a material. Figure 1. 23 shows a 

typical UV-Vis spectrum of an AZO film displaying the transmittance and absorbance 

over optically significant wavelengths. 

 

Figure 1. 23 – The transmittance (T) and absorbance (A) spectrum of a typical Al doped ZnO 

film on a glass substrate. Wavelengths associated with Ultra-violet, visible and near infra-red 

are marked. Film shown has a thickness of ~ 300 nm and charge carrier concentration of ~ 1 x 

1019 cm-3 

 Interactions between light and matter 1.5.1

When electromagnetic radiation interacts with a material it can, on a simple level, be 

reflected, propagated or transmitted. As light is incident on the surface of a material it 

induces small oscillations of polarisation in atoms (or electrons for metals); these in 

turn produce small secondary waves in all directions. The accumulation of the 

backward proportion of these waves is known as specular reflection and the forward 

parts are known as refraction. Refraction does not affect the intensity of light as it 

propagates through the material. Reflection and refraction can occur at both the front 

and back surface of a material.  The oscillation patterns seen in Figure 1. 23 are caused 

by the interference of incoming light with light reflection from the interface between 

the film and substrate.   
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If the frequency of the propagated light resonates with electronic transitions in the 

material, then it can be absorbed. In simple models of absorption an assumption can be 

made that only one electron is promoted to a higher energy level and all others are 

unaffected. A probable transition is that from the highest occupied molecular orbital to 

the lowest available unfilled orbital. Many other transitions can also be observed, 

however, not all transitions are symmetry allowed. Symmetry forbidden transitions 

are possible but these usually require the assistance of symmetry altering phonon, and 

as such, have a lower quantum yield.  The excited state is short lived (10-15 s) and 

during this time the atoms do not move. 

In an undoped single crystal this wavelength (λ) corresponds to Eg by: 

𝜆 =
ℎ𝑐

𝐸𝑔
 . 

Equation 1. 32 

The dominant absorption in ZnO usually occurs at ~ 365 nm, although this varies with 

deposition conditions. The absorbance maxima in Figure 1. 23 is found at 360 nm 

which would equate to a band gap of 3.44 eV. This is a large band gap for a 

semiconductor meaning that ZnO absorbs in the UV region and transmits light in the 

visible region. This explains why its optical properties are conducive for application in 

TCOs. 

Upon doping the optical band gap of a semiconductor can be altered. As the free 

carriers fill states within the band gap and conduction band the Fermi level rises. This 

means phonons require a greater energy to excite electrons from the valance band into 

unoccupied states found above the Fermi level. This enlargement of the optically 

measured band gap is known as a Burstein-Moss shift which was discovered 

independently by Burstein and Moss in 1954. [54], [55] 
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Figure 1. 24 – (a) shows simplified band structure of an undoped semiconductor. ( b) shows 

the band gap enlargement from a Burstein-Moss shift. (c) shows band gap narrowing (BG n) 

from electron-electron and ionised impurity scattering.  

The increase in the measured band gap from a Burstein-Moss shift can be calculated 

using Equation 1. 33: [56] 

∆𝐸𝑔
𝐵𝑀 =  

ħ2

2𝑚∗
𝑝+𝑛

(3𝜋2𝑛)
2

3, 

Equation 1. 33 

where ‘m*p+n’ is the combined effective masses of holes and electrons.  

In many doped TCOs this effect is partially compensated by a downwards shift in 

conduction band and upwards shift in the valance band caused by electron-electron 

and ionised impurity scattering brought about by the increase in charge carriers and 

charged defect states induced by impurity doping.  

An excited electron can lose its energy as heat or, sometimes as light. The spontaneous 

emission of light following absorption is known as luminescence. This does not always 

relate to the energy of absorbed light as the de-excitement of electrons can follow 

different mechanisms.  

There are two important luminescent mechanisms associated with ZnO. One is at short 

wavelengths near the absorbance edge, this has a short decay time (~0.7 ns) and has 

an excitonic nature. The second is present at longer wavelengths (in the green spectral 

range) and has a broad nature. [57] There is much scientific debate regarding the cause 

of the green luminescence with studies linking the luminescence with intrinsic defect 

states including: zinc vacancies, [23], [58] oxygen vacancies, [59] zinc interstitials, [60] 

and even oxygen antisites. [61] 

This work will not focus on the luminescence of ZnO experimentally however, it is 

worth noting that the photoluminescence technique can be used to attempt to divulge 

the nature of point defects in ZnO. 

Another propagation phenomenon occurs if the light directly collides with an atom, 

resulting in scattering. The total number of photons remains unchanged but the 

direction is changed. Scattering can be elastic if no energy is lost in this collision or 

inelastic if the scattered light loses a proportion of its energy to an atom in the 

collision.  
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The scattering properties of ZnO nanoparticles are often used in solar cell stacks as a 

method of harvesting incident solar radiation.[62] 

The propagation of light through a transparent medium is described by the refractive 

index (nr). This is defined as the ratio of the velocity of light in free space to that in the 

material (cm) by: 

𝑛𝑟 =
𝑐

𝑐𝑚
 . 

Equation 1. 34 

The absorption proportion is quantified by the absorption coefficient (α). This is the 

fraction of the power absorbed by the unit length of the material. If the light is 

propagating in the ‘z’ direction and the intensity (power per unit area) at a position ‘y’ 

is ‘I(y)’ then the decrease in intensity is dependent on increasing thickness (δz) given 

by: 

𝛿𝐼 = −𝛼𝛿(𝑧) × 𝐼(𝑦) . 

Equation 1. 35 

This can be integrated to give Beer’s law: 

𝐼(𝑦) = 𝐼0𝑒−𝛼𝑧 , 

Equation 1. 36 

where ‘I0’ is the absorbance of a material at thickness equal to zero. Section 2.4.1 will 

discuss how these properties can be used to calculate the thickness from a UV-Vis 

transmittance spectrum. 

Finally, light can also pass through a material unchanged; this is known as 

transmission. High transmission of light is important for a TCO, with values of over 80 

% required for functioning TCOs.  
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1.6 Deposition Techniques 

The defect and structural features in ZnO, and thus the film properties, are highly 

dependent on the method of deposition and specific parameters of that method. For 

TCO applications, the deposition route must produce films of appropriate conductivity 

and transparency however, there are some commercial consideration to take into 

account for a technique to be industrially viable. The method should be: 

o Scalable – meaning that it must be compatible with roll to roll processing or 

other large area deposition practices; 

o Low cost – reducing the materials costs is only better value if the 

manufacturing costs do not rise to match it; 

o Adaptable - to allow facile inclusion of different dopants; 

o Safe – limiting the use of toxic precursors and high pressure environments. 

 

Deposition methods generally fall in to two categories: vacuum based techniques 

where films are grown from components in the vapour phase; and solution based 

methods in which films are deposited from solution, usually involving a chemical 

reaction at (or near) the substrate. The next section will give an overview of common 

deposition methods. 

 Vacuum based methods 1.6.1

Vacuum based methods usually provide excellent control over deposition conditions, 

producing highly crystalline thin films. The films are usually smooth and homogeneous 

but can often be greatly defective. The use of a vacuum chamber to deposit films has an 

inherent cost and often the precursors and targets increases this further. This makes 

vacuum techniques relatively expensive. The deposition rate can also be slow 

compared with solution processing routes. Common vacuum techniques are detailed 

below.  

 Chemical Vapour Deposition 1.6.1.1

Chemical vapour deposition (CVD) is perhaps the most widely used vapour deposition 

route in industry. In this method, a precursor gas (for ZnO this is often diethylzinc) is 

directed toward a heated substrate using an inert carrier gas. At the substrate this gas 

reacts with an oxygen containing gas to form a solid which is deposited as a film. 
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Dopants can be incorporated into the bulk film by the addition of the appropriate 

partial pressure of a dopant gas reagent. Doped ZnO films deposited by CVD typically 

have resistivities in the range of 1 x 10-3 Ω.cm. [63] High quality ZnO films can be 

grown at a rate of 0.5-4 nm/s, [64] this is relatively fast and is one of the reasons it is 

an attractive industrial technique.   

One drawback is the requirement for volatile precursors. The incompatibility of 

precursors limits some attractive synthetic routes. Another drawback, caused by the 

fast growth, is that films grown by CVD are often found to be fairly rough (route mean 

squared (RRMS) ~ 70-80 nm [65]). This limits its application as some devices require 

smooth interfaces between films. In applications such as TCOs as top contacts in PV 

devices however, the increased roughness can lead to increased scattering. This 

facilitates light trapping in the device leading to increased absorption by the active 

layer.[66]  

Films grown by CVD tend to have small randomly orientated crystallites at low 

thicknesses. This can limit conductivity, particularly when electron transport is grain 

boundary limited. For ZnO, CVD is more appropriate for applications when transport is 

required to be parallel to the substrate. When high mobilities are required through the 

layer then the benefits from the common high c-axis preferential orientation are lost. 

1.6.1.1.1 Aerosol assisted chemical vapour deposition (AA CVD) 

One method of gaining access to non-volatile precursor materials is to use Aerosol 

assisted chemical vapour deposition (AA CVD). In this technique precursors need not 

be volatile at the set temperature, merely soluble in an appropriate solvent. Once 

dissolved, the solution is vaporised and carried to a surface by an inert carrier gas. 

Further advantages are a lower processing cost, higher deposition rate and better 

control of stoichiometry. [67] This is method falls between solution processing and 

physical deposition techniques in terms of attributes. When carried outside of a 

vacuum chamber, is analogous to the spray pyrolysis technique discussed in section 

1.6.2.3. 
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 Atomic Layer deposition 1.6.1.2

Atomic layer deposition (ALD) is another vapour phase deposition technique. It differs 

from CVD in that growth is limited to one monomolecular layer at a time. This is 

achieved by cycling alternative precursor vapours. Precursor 1 can only grow upon 

certain surfaces and cannot proceed past one layer due to the specific nature of surface 

that it creates. Precursor 2 in turn can only grow upon the surface created by precursor 

1 and not on top of the surface that it creates or upon the bare substrate. As such, the 

film is built up layer by layer flushing the reaction chamber with inert gas between 

each reagent. For the growth of ZnO, diethyl zinc and water vapour are usually used as 

the two gaseous precursors. [68] Doping can be achieved, as in CVD, by the addition of 

dopant precursor gases (Al doping is often achieved using trimethyl aluminium). 

This technique allows for careful control of the film thickness, gives excellent 

conformality, and ultra-smooth films. Doped ZnO films have been deposited with 

resistivities of 7 x 10-4 Ω.cm [69] It also has the advantage of low temperature 

processing with conditions usually between 100-200 °C. There are reports of room 

temperature deposition although this does reduce the conductivity.[70] This means 

that is possible to grow high quality oxide films on top of organic layers, highly 

advantageous for hybrid devices. 

However, this careful growth comes at the cost of deposition speed. ALD typically has a 

growth rate of 0.03-0.1 nm/s (100-300 nm/h) which is significantly slower than other 

techniques. 

 Magnetron Sputtering 1.6.1.3

Sputtering is the process of ejecting particles from a target of the chosen material by 

means of bombardment by high energy particles. In vacuum condition,s positive ions 

from an inert gas are attracted to the surface of a target connected as a cathode. The 

chamber surface plays the role of the anode. For deposition of ZnO films, a metallic zinc 

target would be used.  

If the bombardment is energetic enough, a Zn ion would be ejected and directed 

towards a substrate. This is then oxidised to deposit as a thin film on the substrate. 

Dopants are added either by the addition of the dopant to the target composition or by 

the injection of dopant gas into the chamber. 
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The simple sputtering technique has a limited growth rate and poor process 

repeatability. It is usually adapted for academic and industrial use by magnetic 

confinement of the bombarding ions (plasma) in front of the target. This adjustment 

increases the deposition rate to 1-2 nm/s and improves the quality and reproducibility 

of the process. This is known as magnetron sputtering.  

The low oxygen levels in the chamber lead to highly defective films with low 

resistivities - undoped Zn films typically in the range of 3 x 10-3 Ω.cm and doped ZnO in 

the range of 2 x 10-4 Ω.cm [71]. This has drawbacks when using magnetron sputtering 

to deposit semiconducting films, which require a post deposition anneal. However, this 

is an ideal vacuum technique for TCO applications and, as such, is regularly used in 

industry for this purpose. 

 Pulsed Laser Deposition 1.6.1.4

Pulsed laser deposition (PLD) again uses a target of the desired material. In this 

technique a high powered laser is used to evaporate material (metallic zinc for ZnO 

films) from the target. The material is also melted, excited and ionised in the process. 

This forms an energetic and directional plume which interacts with the gases 

introduced to the chamber and condenses on a substrate. PLD typically has a growth 

rate of 0.16 nm/s. 

The oxygen partial pressure in the chamber is used to control the properties when 

depositing thin films of ZnO. This is a low temperature technique with the possibility of 

deposition at room temperature. Like ALD, PLD allows for growth upon organic films. 

[72] As with magnetron sputtering dopants are introduced by addition to the target or 

by inclusion of dopant reactive gases in the chamber. 

PLD has been used to grow films with resistivities in the range of 1 x 10-4 Ω.cm [6], [73] 

however, the slower growth rate and high associated costs mean that magnetron 

sputtering is preferred for industrial application. The ability to carefully control 

deposition conditions means that PLD is an excellent tool for academic study of a 

deposition process.   
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 Solution Based Methods 1.6.2

When solution processing, it is usually more difficult to control the deposition 

conditions and the films deposited are typically less crystalline, more rough and less 

homogeneous. There are many advantages to solution processing: the deposition rate 

are considerably faster; processing films in non-vacuum conditions dramatically 

reduces the cost; and the precursors used are typically lower cost, more stable and less 

hazardous. It is also typically easier to include dopant ions and vary their 

concentration within the films. 

A common tool in solution processing is the creation of a sol-gel. In this method 

precursor particles are suspended in a solution prior to processing. This solution is the 

sol-gel which is processed into a homogeneous layer before thermal annealing to a 

dense solid phase. ZnO is usually processed from a zinc acetate precursor salt. The 

formation of the sol-gel involves the hydrolysing and subsequent condensation of the 

precursor to form (Zn-O-Zn)n networks before the final decomposition into ZnO. The 

creation of the sol-gel mitigates the restricting decomposition temperature of zinc 

acetate (237 °C) and increases compatibility with organic bottom layers. Doping is 

achieved by simply adding the appropriate concentration of dopant salt into the 

precursor solution. Aluminium chloride is typically used to produce AZO films. 

 Spin Coating and Dip coating  1.6.2.1

Spin coating is perhaps the most widely used solution processing method. Here a sol-

gel is pipetted liberally in the centre of an appropriate substrate. The substrate is then 

rotated at high speed (typically 2000-5000 rpm) using centrifugal forces to spread the 

solution across the substrate at a uniform thickness. The substrate is then transferred 

to a hotplate where the solvent is evaporated and the remaining salt undergoes 

thermal decomposition into the desired film. Film thickness is increased by multiple 

iterations of this process. 

Sol-gel spin coating has limited scalability as it is not easily compatible with roll to roll 

processing. However, it provides a facile route to quickly test processing conditions 

and study the physical properties of sol-gel derived films. For TCO applications spin 

coated doped ZnO films typically show resistivities in the range of 1-50 Ω.cm after an 

initial anneal in air although, this can be reduced to the order of 1 x 10-2 Ω.cm by 

annealing in oxygen-poor conditions to induce defect states.[74] 
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The dip coating method involves simply dipping the substrate into the sol-gel before 

thermal annealing as in the spin coating method. This is more scalable than the spin 

coating method and simpler to carry out. However, homogeneous films are more 

difficult to achieve. Similar resistivities are found for dip coating doped ZnO as for spin 

coating with a minimum resistivity in the order of 2 x 10-2 Ω.cm. [75] 

 Electrochemical Deposition 1.6.2.2

Electrochemical deposition is a low temperature, scalable technique viable for large 

area thin film growth. It finds much industrial use in areas such as corrosion resistant 

coatings. In this technique metal precursors are dissolved in solution and a potential is 

applied using a conducting substrate cathode. The current is generated via the 

reduction of precursors which produce OH- ions in the vicinity of the substrate. The 

associated pH charge causes the precipitation of the desired material on the substrate. 

This technique was first carried out to deposit ZnO in 1996 [76] using zinc chloride 

salts. Further work shows careful controlling of thickness, grain size and growth rate as 

well at the production of nanostructures.[77] It is found to produce highly crystalline 

films without the need for post deposition annealing; this is an advantage over many 

solution processing techniques  

The major drawback is that the substrate is required to be conducting; this puts large 

limitations on the number of applications in which electrochemical deposition may be 

used and excludes all those associated with TCOs. Furthermore, the conducting 

substrate means that the electrical properties of the deposited material are difficult to 

measure.  

 Spray Pyrolysis  1.6.2.3

Spray pyrolysis (SP) is a scalable technique, compatible with roll to roll processing and 

also with complex substrate geometries. It can produce crystalline, continuous films at 

low thicknesses (<20 nm) all of which give it an advantage over other popular solution 

processing methods such as spin coating and dip coating. [17] 
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Deposition is achieved using a solution of a precursor salt, dissolved in a suitable 

solvent. This is atomised by means of passing it though a nozzle, carried by an inert gas. 

The resulting aerosol is directed towards a heated substrate where it thermally 

decomposes to give a thin film of the desired material. It was first devised in 1966 for 

the deposition of cadmium sulphide films used in solar cell applications. [78] Since 

then. it has been used for the deposition of many oxide films including for ZnO [79], 

SnO2 [80], In2O3  [81], (ITO) [82] as well as many others.  

Doped ZnO films have been prepared by SP films with resistivities in the range of 1.4 x 

10-3 Ω.cm [83] although films of this low resistivity are usually subjected to post 

deposition annealing treatments.  

There are three main drawbacks when using SP for the deposition of ZnO for TCO 

applications. Firstly ZnO is very sensitive to changes in the deposition conditions. In SP 

there are a large number of parameters to control therefore the process requires a lot 

of optimisation in order to achieve the most desirable films. This can also be seen as an 

advantage as it means the film’s properties are highly tuneable. Secondly, it is a 

moderately high temperature route (often > 300 °C); this is limited by the 

decomposition temperature of the precursors and the necessity for rapid evaporation 

of the solvent. This usually restricts the growth on organic substrates. Thirdly, the 

resistivity of ZnO is highly dependent upon intrinsic defects and lower conductivities 

are seen in as-deposited films. As such, post deposition annealing is often required to 

produce films with conductivities comparable to vacuum based methods.   

Whilst the precise setup of spray systems in the literature varies from one paper to the 

next they all share key components. A schematic of a generic spray system is shown in 

Figure 1. 25. 
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Figure 1. 25 –  A schematic of a spray deposition system with key components labe lled.  

 Plume dynamics 1.6.2.4

The properties of the film are highly dependent on the state of the solvent mist (plume) 

as it arrives at the substrate. There are four possible pathways for the droplets to take 

in the spray system after they are expelled from the nozzle, displayed in Figure 1. 26. 

[84], [85]   

 

Figure 1. 26 – the size and temperature dependency on the nature of the droplets as they 

reach the substrate. A shows a constant droplet size with in creasing temperature of the 

substrate (all temperatures are high enough to evaporate the solvent and vaporise the 

precipitate). B shows a constant substrate temperature with decreasing droplet size.  
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In both scenarios (A and B in Figure 1. 26), droplets 1-4 reach the substrate in the same 

format: droplet, precipitate, vapour and powder respectively. The final droplet state is 

controlled both by the initial droplet size and by the substrate temperature. Variations 

in each can push the droplets towards the different states. The deposition pathways to 

arrive in states 1 to 4 are described below. 

1.6.2.4.1 Deposition pathway one  

The droplet is large enough at the specific temperature that the solvent does not fully 

evaporate before it reaches the substrate. It impacts on the substrate, entirely 

vaporises and a dry precipitate is left on the surface. The evaporation process locally 

reduces the temperature at the substrate which causes adverse effects to the reaction 

kinetics. The precipitate can decompose on the substrate to form the film however this 

process has a weak sticking probability which means that the precipitate is more likely 

to be carried away from the surface by the inert gas. At very low temperatures/very 

large droplets the vaporisation of the droplet may not be instantaneous leading to a 

coffee ring effect, a large amount of substrate cooling and very poor quality films. 

1.6.2.4.2 Deposition pathway two  

The droplet size/substrate temperature conditions lead to the solvent fully 

evaporating and an amorphous salt precipitate forming just above the substrate. The 

precipitate impacts on the substrate whereupon decomposition occurs. Some particles 

vaporise and condense onto gaps the growing film, where a surface reaction occurs. 

This process has a medium sticking probability 

1.6.2.4.3 Deposition pathway three  

The processing conditions lead to the solvent evaporating mid-flight and the 

precipitate vaporising as it approaches the substrate. The vapour undergoes a 

heterogeneous chemical reaction at the surface. This is comparable to classic CVD. The 

reactant diffuses to and adsorbs onto the surface. It can then undergo a chemical 

reaction at the surface incorporating the desired product into the film lattice. Finally, 

the by-products desorb and diffuse away from the surface. This pathway has high 

sticking potential and leads to high quality films. This is the desired outcome of the 

spray procedure. 
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1.6.2.4.4 Deposition pathway four (P4) 

When the temperature is too high or the droplet is too small, a vaporised precipitate 

state is reached significantly above the surface of the substrate. The thermal 

decomposition of the salt occurs in the gaseous state with the crystalline product 

forming as a powder before it reaches the substrate. The powder impacts on the film 

but is not incorporated into the lattice. The powder can however remain on the surface 

and act as a barrier to further deposition.  

It is important to note that at higher temperature the impact of thermophoresis will 

increase. This force acts upon particles travelling through a thermal gradient pushing 

away from the hot surface to the cooler surroundings. The dynamics of this process are 

complicated and outside the scope of this work, however, simply put: at higher 

temperatures, small particles are more likely to be carried away from the surface 

limited ‘pathway 3’ like deposition.  

The plume dynamics and which pathway the droplets are likely to follow are dictated 

by the deposition conditions. These are investigated in Chapter IV. 

 Conclusions and chosen technique 1.6.2.5

Reviewing the current deposition pathways to produce ZnO for TCO applications it is 

clear that vacuum routes, in particular magnetron sputtering, offer excellent 

optoelectronic properties. However the associated cost means that achieving 

comparative properties using solution processing methods would be preferable. Spray 

pyrolysis is an attractive solution processing option for TCO applications. This is 

particularly true in research, where the high throughput and adaptability of the 

technique allows for the study of many deposition conditions and a large range of 

dopants, and many dopant concentrations. It offers greater scalability to sol-gel routes 

and is easily adaptable to roll-to-roll processing. It is for this reason that spray 

pyrolysis was chosen as the deposition route to ZnO films in this work. The exact 

experimental procedures are given in Chapter II. 
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1.7 Chapter Conclusions 

This section provides an overview of important notes to take from the fundamentals 

section looking forward to using ZnO as a TCO. 

 Crystalline and Electronic structure 1.7.1

o ZnO is present in ambient conditions in the wurtzite crystal structure. 

o ZnO is a semiconductor with a large direct band gap. 

o A perfect single crystal would display high transparency but very low 

conductivity. 

 Electrical properties 1.7.2

o Conductivity is based upon the number of free charge carriers and the charge 

mobility of these carriers. 

o Defect states can increase the charge carrier density. 

o Scattering mechanisms can reduce the carrier charge mobility. 

 Defects 1.7.2.1

o ZnO has a series of native point defects which may add charge carriers. 

o Oxygen vacancies are the lowest formation energy donor defect, however they 

are deep within the band gap. They are therefore not a likely source of n-type 

conductivity.  

o Zinc interstitials are shallow donors but in n-type conditions their formation 

energy is too high. 

o Zinc antisites are both shallow and deep donors but have exceptionally high 

formation energies. 

o Native defects may not provide the mechanism for n-type conductivity as such, 

hydrogen defects have been suggested as a possible source. 

  Dopants 1.7.2.2

o With purely intrinsic defects, the resistivity of ZnO is still too high for TCO 

applications.  

o ZnO can be doped with trivalent ion (Al, Ga, In) to substantially improve its 

conductivity.  
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 Carrier Scattering  1.7.2.3

o Charge carriers charge mobility is limited by scattering mechanisms.  

o Lattice scattering is small at low temperatures but at room temperature it may 

become significant. This includes both optical and acoustic modes. 

o Grain boundary scattering is significant when carrier concentrations are low. In 

degenerate conditions it is diminished. 

o Ionised impurity scattering increases as the defect level increases and is 

independent of temperature in degenerate films. 

o At room temperature, undoped ZnO films are likely to be influenced both by 

lattice scattering and grain boundary scattering. 

o At room temperature, doped ZnO films are likely to be influenced both by 

lattice scattering and ionised impurity scattering. 

 Optical Properties  1.7.3

o Light interacts with thin films by reflection, refraction, absorption, emission 

and scattering.  

o TCOs aim to limit interactions so that transmission is high. 

o Reflection of light occurs from interfaces, and can be used to measure thickness 

in ZnO.  

o ZnO absorbs strongly in the UV region as electrons are excited across its band 

gap. The wavelength of maximum absorption can be used to measure the size 

of the band gap. 

o Doping in ZnO can cause band gap enlargement from a Burstein-Moss shift and 

band gap narrowing from electron scattering mechanisms.  

o Luminescence in ZnO occurs in two areas – from excitonic electrons associated 

with the dominant absorption and a green emission associated with defect 

states. 

o Scattering processes can occur to limit transmittance. This scattering can be 

useful in solar cell stacks. 

o Light which isn’t reflected or propagated is transmitted. High transmission of 

over 80 % is required for ZnO to perform in TCO applications. 
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 Deposition routes 1.7.4

o Vacuum techniques offer high quality films with good optoelectronic 

properties. 

o Magnetron sputtering is the most attractive for TCO films. 

o However, vacuum techniques are high cost. 

o Solution processing techniques offer a low cost alternative. 

o Spray pyrolysis is the most attractive solution processing route to ZnO for TCO 

application and hence was chosen as the deposition technique used in this 

thesis.  
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CHAPTER II –  EXPERIMENTAL METHODS 

2.1 Introduction 

This chapter is divided in to two sections. 

The first section will describe the experimental routes to obtain the ZnO films used in 

this report. It will focus on practical aspects of the chosen technique before detailing 

the basic synthetic methods used to deposit ZnO in the experimental section of this 

thesis.  

The second section will focus on the characterisation techniques used to analyse the 

deposited films. This analysis will be split into three parts - analytical techniques which 

probe the physical and structural properties, those which study the optoelectronic 

properties and those which probe the composition of the films. 

2.2 Synthetic Methods 

 

 Spray Pyrolysis of ZnO 2.2.1

The spray conditions were optimised for the preparation of ZnO by varying parameters 

to achieve the most desirable properties for application as a TCO – these are 

highlighted in the Introduction section and described in Table 2. 1. This study also 

highlighted deposition conditions that give physical properties which may be desirable 

for other applications. 
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Property Target value 

High optical transparency Over 80 % between 400-700 nm 

Low resistivity In the region of 10-4 Ω.cm 

Low material costs and 

abundance of precursors 

Significantly lower than Indium – In(NO3)3 is ~ £7/g 

(Sigma Aldrich)  

Ease of processing 
Limit harsh  chemical condition or expensive 

deposition environments 

Low toxicity 
Not carcinogenic/toxic/damaging to 

foetuses/damaging to wildlife etc. 

Long term chemical stability Lifecycle of > 10 years un-encapsulated 

Table 2. 1 – Target properties of TCOs 

SP was originally carried out using a commercially available ‘Iwata Eclipse HP-CS’ 

airbrush. During optimisation, there was a change from handheld spraying to an 

automated process using a ‘SataJet 20B’ spray gun. The details of this switch and the 

building of the machine are described in Chapter III.  

With the optimised spray rig operational, work was then focused on the doping of ZnO 

with a number of trivalent ions. Doping with Al3+, Ga3+, In3+, Bi3+, Ce3+ and  Y3+ was 

attempted from the following metal salts: AlCl3.6H2O, Ga(NO3)3.xH2O, In(NO3)3.xH2O, 

BiCl3, CeCl3.7H2O and YCl3.6H2O.  

Studies of post annealing treatments in different atmospheres was investigated, 

vacuum annealing was performed using a Lenton 5208 tube furnace, and anneals in 

nitrogen, oxygen and argon were performed using a Carbolite MTF 12/48/250 tube 

furnace with a constant flow of the appropriate gases. 
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Both guns (Iwata and SataJet) were operated using a trigger to release a plume of 

atomised precursor solution. The trigger controlled a needle which, when in the ‘off’ 

position, blocks the nozzle so that no solution was released. It also controls the carrier 

gas inlet. When the trigger was pressed, the needle was removed and the carrier gas 

released. This forced the solution through the nozzle at elevated pressure, atomising 

the solution and carrying it towards a substrate.  The precursor solution was gravity 

(Iwata) or suction (SataJet) fed into the gun. The carrier gas was supplied via a cylinder 

controlled by a regulator. Decomposition of the precursor occurred at the heated 

substrate, the temperature of which was controlled by the hotplate and measured with 

an IR heat gun.  To help improve the homogeneity of the films the plume is passed 

multiple times over the substrate so that all areas are evenly covered. These passes 

were initially performed by manually sweeping the gun, but were later automated as 

described in Chapter III. 

It was found that after periods of prolonged spraying that the substrate temperature 

decreased. This may be due to evaporation of solvent on the surface. The carrier gas 

also may have a cooling effect; this phenomenon occurs even at temperatures in which 

the solvent is expected to have evaporated before it reached substrate. At low 

temperatures both are likely to play a part. A drop in temperature would affect the 

conditions for subsequent droplets and is likely to have an adverse effect on film 

growth. Pauses in the spray process were introduced to allow the substrate to return to 

the set temperature and limit this effect. A secondary effect of the pause is that the 

samples received a longer period of heating. This effectively acted as a mid-deposition 

anneal. The length of pause was set to the time taken for the substrate to return to 

temperature; this differed depending on the hotplate temperature but was in the range 

of 20-40 seconds. 

The pause in spraying added another parameter to the process – how many passes 

over the hotplate should be taken before a pause. This is related to the speed of each 

pass. Together these were optimised with the length of pause to ensure the substrate 

remained at a stable temperature. An odd number of passes was chosen so that 

different sides were cooled first on the beginning of the set of passes, this improved the 

thickness homogeneity of the films. Two sets of passes were therefore required to 

return the gun to the starting position. Two sets of passes (and associated pauses) will 

hereon in be referred to as a cycle. 
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Once the films were deposited they were, when required, annealed in a Carbolite MTF 

12/48/250 tube furnace pre-heated to the temperature needed. 

 Substrate preparation 2.2.2

The thin films were deposited upon three types of substrate the preparation of which is 

detailed below.  

Unless otherwise stated, films were deposited on 1 x 1 cm squares of soda-lime glass. 

This was either cut to size using a diamond pen from VWR microscope slides or, when 

the exact shape was important (such as for Hall effect measurements), substrates were 

bought ‘to size’ from UQG Optics Ltd.  

When films required a post deposition anneal at temperatures above 550 °C (the 

softening point of soda-lime glass), and when the additives in soda-lime interfered with 

compositional measurements, quartz (fused silica) glass was used.  

For work function measurements where a conductive substrate was needed, glass 

substrates coated with a patterned layer of indium tin oxide (ITO, PsiOtec Ltd., 12 x 12 

x 1 mm, 12 x 8 mm active area, 12 - 16 Ωsq-1) were used. 

All substrates were cleaned by ultrasonication in water followed by acetone for 5 

minutes each. The final ultrasonic cleaning was carried out in the solvent base of the 

precursor solution. In most cases this was methanol. They were then blow dried using 

N2 gas. 
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2.3 Physical and Structural Properties 

Films deposited in this work were analysed by a number of structural characterisation 

techniques. Discussed in this section are techniques to measure the crystal structure -

X-Ray diffraction (XRD); the topography and microstructure – scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and atomic force 

microscopy (AFM); and the film thickness – profilometry. 

 Profilometry 2.3.1

The thickness of the deposited films had a significant influence on their structural, 

optical and electrical properties. It was important to obtain an accurate measurement 

of the film thickness. It is possible to calculate the thickness using a number of 

methods. Optical measurements have many benefits as they are usually non-

destructive, however, they are also limited by the necessity to know a number of 

optical constants; possess a chemically pure sample; and it places a restriction on how 

thin the film can be.  

A more reliable, although more demanding, method is to use profilometry. Unless 

otherwise stated, thickness measurements in this study were performed using this 

method on a ‘Veeco Dektak 150’ profilometer. This apparatus uses a diamond tipped 

stylus with radius 5 µm. This was lowered onto the surface with a force of 3 mg. The tip 

was drawn in a straight line across the surface of the film tracking any changes in 

height over a specified distance. To measure the thickness of the films, a step was 

created from the surface of the film to the substrate below. This was attempted by 

scoring this film with a blade, however, it was difficult to know if the substrate had 

been reached. Furthermore, the oxide films were difficult to scratch due to their 

hardness. The creation of a step was also attempted by etching the film with acid, 

however, this often did not create a well-defined step, rather resulting in a slope from 

the substrate to the surface. This method also did not give consistent results.  

Eventually, it was found that a step could be created by the addition of titania paste to a 

substrate prior to deposition. The film was grown on the decorated substrate and, 

following deposition, the paste was removed using commercially available cotton buds. 

This created a sharp step to the bare glass below. A picture showing the steps created 

by the titania paste are shown in Figure 2. 1. 
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Figure 2. 1 – A photograph of a ZnO film on a glass substrate. Holes in the film were created 

using titania paste for profilometry measurements. The scale marker indicates 25 mm. 

Profilometer measurements in the three positions gave a good idea of both the 

thickness of the film and the homogeneity of the thickness across the sample. At least 

two measurements were made at each hole in the film, giving a minimum of 6 readings 

for each sample. The average of these positions was taken as the thickness for the film. 

If the sample showed a large amount of in-sample inhomogeneity then it was discarded 

and a repeat film was deposited.  

Substrates with titania derived steps were deposited on in parallel with another bare 

substrate. The two deposition positions were shown to produce films of equal 

thickness, thus, a method for measuring the thickness was obtained. 

 X – Ray Diffraction 2.3.2

XRD provides a non-destructive method of probing a material’s crystalline structure 

and gives access to a large variety of information about a film’s structural properties. 

For this study, polycrystalline thin films were analysed for compositional information; 

for the number of crystalline phases present; the size and shape of the crystalline 

lattice; the orientation of the crystals; the size of the crystallites; and the degree of 

crystallinity. 
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To perform XRD analysis, a sample is irradiated with monochromated X-rays. These     

X-rays are elastically scattered by atoms in the material and a diffraction pattern is 

formed. The intensity and angle of the diffracted beam is measured. The technique is 

underpinned by Bragg’s Law which is given in Equation 2. 1: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛 𝜃ℎ𝑘𝑙, 

Equation 2. 1 

where ‘n’ is an integer, ‘λ’ is the wavelength of the incident radiation, ‘dhkl’ is the 

separation between lattice planes. Sine ‘θhkl’ is the scattering angle at which the 

intensity maximum is observed. The ‘hkl’ noted in Equation 2. 1 are known as the 

Miller indices, these describe the reciprocal lattice parameters of a crystal structure 

(Figure 1. 2) and are related by Fourier transform to its Bravais lattice.  

The distance between two planes in a Bravais lattice is defined as the ‘d spacing’, this is 

in a similar order to the wavelength of an X-ray. This d spacing acts as a grating so that, 

when a crystalline sample is irradiated with X-rays, the incident radiation can be 

diffracted. Most of the diffracted signal cancels through destructive interference, 

however, at some incident angles the interference is constructive leading to maxima in 

the beam intensity. This is related to the size of the d spacing as shown in Figure 2. 2.  

 

Figure 2. 2 – A diagram showing how X-rays are diffracted constructively . The crystalline 

planes are separated by a distance known as the d spacing - (d). When X-rays are reflected 

from lattice points of two planes they will constructively interfere when the path difference is 

equal to an integer value of the X-ray wavelength 
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The instrument used to perform XRD analysis is known as a diffractometer. This 

directs an X-Ray beam at a material from angles between roughly 2-45 ° and collects 

the diffracted beam intensity at each angle (expressed in terms of 2θ). Each different 

hkl plane in a crystal structure satisfies Bragg’s law at a specific value of θ. Different 

structures will generate unique diffraction patterns, these are indexed and the 

diffraction patterns of all common crystalline materials are stored in a database which 

is constantly built upon with new findings. XRD analysis can thus give information on 

the composition and structure properties of materials. 

In this study, XRD patterns were obtained using two instruments: a Bruker D2 Phaser 

and a Panalytical X'Pert Pro. Both instruments were equipped with a Cu X-ray source. 

X-rays are produce by  directing an accelerated beam of electrons at the metal. This 

leads to the ionisation of 1s electrons and the demotion of an outer electron to fill this 

core hole. Either a 2p - 1s transition (generating Kα1 (1.5405 Å) and Kα2 (1.5444 Å) 

radiation), or a 3p - 1s transition will occur (generating Kβ radiation). Kβ radiation is 

subsequently removed using a Ni filter. The Bruker D2 Phaser generated X-rays using a 

tension of 30 kV and a current of 10 mA. The Panalytical X'Pert Pro generated X-rays 

using a tension of 40 kV and a current of 40 mA. All samples were acquired using a 

step-size of 0.033 ° 2θ, the time-per-step was varied depending on function but was 

usually set 0.5 s. Data was acquired using a step-size of 0.033 ° 2θ. Samples were 

mounted on a holder levelled using a hand-press, and subsequently spun during the 

measurement at a speed of 60 rpm. 

As well as structural information, Scherrer analysis was used to estimate the crystallite 

size in thin films. The Scherrer equation, shown in Equation 2. 2, gives an estimate of 

crystallite size by measuring the diffraction peak broadening. This is found to increase 

as the grain size decreases. [86]  

𝑑 =
𝐾𝜆

(𝛽𝑚𝑒𝑎𝑠 −  𝛽𝑖𝑛𝑠) cos 𝜃
 

Equation 2. 2 

‘d’ is the crystallite size in angstroms, ‘K’ is a shape factor (perfectly crystalline films 

would have a shape factor of unity, where the shape is not known 0.9 is often used), 

[87]  ‘λ’ represents the X-ray wavelength, ‘βmeas’ is the full width at half the maximum 

height (FWHM) of a sample peak, ‘βins’ is the measured instrumental broadening (0.08 ° 

2θ) and ‘θ’ is the Bragg angle of the peak.  



82 
 

Instrumental broadening of the peak can be taken by measuring the broadening seen in 

a single crystal. In a perfect system this would tend to zero so the width of a peak 

derived from a single crystal should be solely due to instrumental broadening. 

The Scherrer equation provides only an approximation of crystallite size, this 

approximation becomes a poor one in the case of three main conditions:  

1. If the crystallites are too large (over 100 nm);  

2. If there are other factors such as lattice strain which lead to peak broadening as 

the Scherrer equation does not include this possibility so will under predict 

crystallite size in highly strained samples;  

3. When using 0.9 as a shaping factor it is assuming the crystallite to be spherical, 

if this is far from the true shape then the approximation will be inaccurate. [88]  

Some of the deposited films exhibit a preferential crystallite orientation. Quantitative 

information concerning the preferential crystallite orientation can be obtained from 

the texture coefficient ‘Tc(hkl)’ defined as: 

𝑇𝑐ℎ𝑘𝑙 =
𝐼(ℎ𝑘𝑙) /  𝐼𝑥(ℎ𝑘𝑙)

(1/𝑛𝑑 ) ∑ 𝐼(ℎ𝑘𝑙) /  𝐼𝑥(ℎ𝑘𝑙)
, 

Equation 2. 3 

where ‘nd’ is the total number of diffraction peaks, ‘𝐼(ℎ𝑘𝑙)’ and ‘ 𝐼𝑥(ℎ𝑘𝑙)’ are the 

integrated intensity of a textured film and a randomly orientated film respectively. 

Values increasingly > 1 indicate an increasely preferential orientation. [89]   

 Scanning electron microscopy 2.3.3

Scanning electron microscopy is topographical imaging technique capable of 

nanometre resolution. This makes it ideal for the study of thin film surface morphology 

such as homogeneity, coverage, detection of pinholes, roughness and grain size.  

In terms of operation SEM is analogous with reflected light microscopy, however, the 

radiation scattered from the surface is given by a stream of electrons rather than 

visible light. The wavelength of light is in the order of 300 nm whilst the wavelength of 

electrons is in the order of 0.05 nm. The smaller wavelength of an electron beam allows 

for vastly improved magnification so that nanoscale resolution can be achieved. [90] 

The typical grain size of ZnO was found to be between 10-100 nm, imaging using SEM 

thus provided excellent resolution for studying surface properties of thin films in this 

report. 
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Micrographs in this report were obtained using a field emission gun (FEG); this 

enhancement produces an electron beam which is more coherent, brighter and with a 

smaller diameter than a traditional filament. The image produced by a FEG-SEM has 

less electrostatic distortion and better spatial resolution.   

The electron stream is produced in the FEGSEM system and directed toward a sample 

surface. There are various interactions which occur at the surface, these give different 

information about the nature of the specimen.  An overview of these interactions and 

the emission they produce and the sample depth at which they occur are shown in 

Figure 2. 3. 

 

Figure 2. 3 – Spatial resolution and depth of emissions following the irradiation from the 

electron beam. Irradiation is typically at 5 kV and Re is the electron penetration depth 

typically up to 500 nm at 5 keV.  

Inelastic collisions occur between the electrons from the sample beam and those from 

the sample to produce ‘secondary electrons’.  In simple terms, the sample absorbs high 

energy electrons and ionises. The sample emits lower energy ‘secondary’ electrons 

which can be collected to produce a 3D image of the surface and in doing so loses the 

excess charge. These electrons can penetrate 5-50 nm meaning that data from these 

electrons refers to the top 50 nm of the sample. Inner shell ionisations lead to Auger 

and X-ray emissions which have distinct quanta of energy. X-rays can penetrate further 

and can be used to obtain composition information of the sample; energy-dispersive 

spectroscopy is one such technique which will be described later in this section.  
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Elastic collisions occur between electrons from sample beam and the nuclei of atomic 

in the sample. The sample electron is emitted with the same energy in a process 

analogous with Rutherford scattering discussed in section 1.4.3.3. These are referred to 

as backscattered electrons. Whilst both topographic and compositional information 

can be gained from these emissions, such analysis was not carried out in this work and 

thus this report will not expand on backscattering SEM. [90] 

This report shows data collected with a LEO 1525 FEG-SEM using secondary electrons 

to construct an image. An accelerating voltage of 5 kV was used for all images with gun 

and chamber vacuums of ~10-10 and ~10-5 Torr respectively. A working distance of 10 

mm was used for SEM images in this work. When non-conductive samples were 

imaged, a charge can build up on the surface to repel other incident electrons and affect 

the image quality. For this reason, non-conducting samples were coated with thin 

layers of gold or chromium to dissipate this charge. 

 Transmission Electron Microscopy  2.3.4

Transmission electron microscopy is a powerful technique capable of producing high 

resolution imaging (< 1nm) and electron diffraction patterns of nano-scale regions 

within a film.  

Similarly to SEM the technique, it utilises emission data from an electron beam 

accelerated towards a sample through a condenser lens to reduce the beam diameter. 

TEM differs in that the measured sample is < 100 nm thick so that high energy 

electrons can penetrate through the entire sample. Information relating to the sample 

is then collected from transmitted electrons by a screen on the other side of the 

sample. The scattering of the electrons (or lack of) produces an image based on the size 

of the atoms and lattice orientation of the sample material.   

Two independent parallel electron beams are directed at the sample where a part of 

each beam is diffracted (scattered by 2θ). The objective lens directs the beam towards 

the object aperture which acts to filter the beam so that either only diffracted or only 

undiffracted electrons may pass through. A selected area diffraction (SAD) aperture 

can be introduced to great reduce the diameter of the diffracted beam, so that only 

electrons from a selected area of the sample are seen. The beam then passes through 

an intermediate lens the strength of which may be varied depending on application and 

a final projector lens of set strength to magnify the image onto a fluorescent screen. 
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To produce a high resolution image of the sample, an object aperture is inserted. In a 

bright field image only undiffracted electrons are allowed to pass, in a dark field image 

only diffracted electrons are allowed to pass. Bright field images are used 

predominantly in this work, however, dark field images were used when performing 

EDX analysis on samples (section 2.3.5).  For this analysis, the SAD aperture is removed 

and the electron beam passes through two further lenses to magnify the image and 

project it onto the screen. 

The projected beam at the end of the column will produce a greyscale image.  Heavier 

atoms will scatter the beam more that light atoms, thus, significant regional contrast 

can be expected between sections of different composition. This is also true of sections 

of different thicknesses in the film. In polycrystalline films, regions of different 

crystalline orientation will also give different levels of scattering; this was used to 

highlight the gain structure of ZnO films. 

To obtain an electron diffraction image the SAD aperture is again inserted and the 

object aperture removed (to allow both scattered and un-scattered electrons to pass). 

Whilst electron diffraction patterns were obtained on select samples, crystallographic 

analysis was solely performed using XRD. 

Cross sectional samples of ZnO films were collected using the Japanese Electron Optics 

limited (JOEL) 2000FX and 2100F TEMs. The samples were milled from the surface of 

thin films using a focused ion beam (FIB) the process for which is detailed in the 

following section. 

 Focused ion beam cross sectioning for transmission electron 2.3.4.1

microscopy 

TEM was used to analyse cross sectional images of ZnO films. To capture these images 

lamellas of ~ 100 nm thick were cut out from thin films using a Helios Nanolab SEM-

FIB operated in ‘slice and view’ mode.  

The operation of the system is as follows: 

o The films were first protected from damage from the ion beam by depositing a 

layer of platinum (~250 nm) on the site of interest;  

o Two trenches are milled on either size of the protected area using a gallium ion 

source at 21 nA; 
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o The cross section is then cleaned using a lower current (6.5 nA) to give a 

uniform thickness. The milled trenches and cleaned cross section are shown in 

Figure 2. 4 - a;  

o An OmniProbe (a needle precisely controlled using the equipment software) is 

then inserted and welded to the protecting layer on the cross section using 

platinum; 

o A lamella is then milled out of the bulk material leaving the cross section 

attached only to the OmniProbe; 

o  The OmniProbe is lifted out shown as Figure 2. 4 - b and carried to TEM sample 

holder shown in Figure 2. 4- c; 

o The lamella is brought into contact with the sample holder and welded in place 

using platinum; 

o The connection to the OmniProbe is then milled away leaving the sample 

attached to the sample holder Figure 2. 4 - d; 

o The lamella is then thinned using sequentially smaller currents to produce a 

sample thin enough for TEM analysis Figure 2. 4- e and f; 

 

Figure 2. 4 – Stages of FIB cross sectioning using Helios Nanolab. (a) shows trenches milled 

into thin film surface. (b) shows the lamella welded to an OmniProbe after cutting out from 

the thin film. (c) shows the lamella positioned next to the TEM substrate holder. (d) shows the 

lamella welded to the sample holder. (e) shows the thinning process to achieve a sample 

which electrons can fully penetrate. (f) shows a fully thinned film ready for T EM imaging. 

Image f was reproduced courtesy of Ecaterina Ware,  
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 Energy Dispersive X-Ray Spectroscopy 2.3.5

In EDX an electron beam is accelerated towards a sample and data is collected from the 

energy of emitted X-rays (Figure 2. 3). It is often coupled to SEM and TEM systems so 

that the electron beam can be focused on selected regions. The EDX analysis carried 

out in the work was coupled to JOEL FX 2000 and F2100 electron microscopes. 

When electron beam interacts with the sample, a characteristic X-Ray signal can be 

collected.  The X-ray signal is created as the high energy electrons are absorbed by 

atoms on the surface and inducing a negative charge. To remove this charge, a core 

electron is emitted so that the absorbed electron can drop into this space. By 

measuring the energy of the X-Rays the energy of an inner shell of the sample atom can 

be calculated. The core energy levels of different elements are known so that the 

emissions can be matched with a database and a quantitative measurement of the film 

composition can be obtained. [91] 

X-rays are highly penetrating and a signal can typically be collected from up to 2 μm 

within the material. The advantage of this is that the analysis is not limited to the 

surface (as is the case with X-Ray photoelectron spectroscopy), however, it means that 

care must be taken in substrate choice when measuring films of < 2 μm thick.  Here the 

X-ray penetration depth would be greater than the film thickness, thus, it was 

important to measure Al content on quartz substrates as soda-lime glass contains Al as 

an additive.  It also meant that measuring the oxygen:zinc ratio was not possible using 

this method.  
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2.4 Optical and Electrical Properties 

Films deposited in this work were also analysed to gain insight into their optical and 

electrical properties. Discussed in this section are techniques to measure the optical 

transmittance and optical band gap (UV-Vis spectroscopy) and electrical properties 

such as the resistivity (Four point probe, Hall effect), charge carrier concentration and 

hall charge mobility (Hall effect). 

 Ultraviolet-Visible Spectroscopy  2.4.1

Ultraviolet-visible spectroscopy is an optical technique capable of measuring the 

transmittance, absorbance and reflectance of thin films.  This is achieved by directing a 

monochromated light source towards a film deposited on a transparent substrate.  The 

wavelength of the light is varied and the percentage of the beam that is transmitted, 

absorbed or reflected compared to a background reading is measured. In this work 

transmittance spectroscopy was used exclusively on a Bentham 605 single beam system, 

using BenWin+ software.  

The transmittance of ultraviolet, visible and near infra-red light was measured, 

scanning wavelengths between 300 and 900 nm and using a step size of 1 nm. An air 

background was used so that optical transmittance includes a reduction based upon 

the substrate; this is typical for TCO applications where a substrate will always be 

present in a device.  A spot size of 2 mm was used and the data was processed using 

BenWin+ software. 

The optical bandgap was often extracted from UV-Vis data. This is found using the Tauc 

model where the absorbance coefficient is a parabolic function of the incident energy 

the band gap (Eg), given by: 

𝛼 =  
𝐴√ℎ𝜈−𝐸𝑔

ℎ𝜈
  , 

Equation 2. 4 

 where ‘A’ is a function of the refractive index and ‘hν’ is the photon energy. If (αhν)2 is 

plotted as a function of the energy of the light source the band gap can be extracted 

from the x-intercept of an extrapolation of the linear section of the curve. This is true 

for crystalline direct bandgap semiconductors. For indirect bandgap or amorphous 

semiconductors the term √𝛼ℎ𝑣 is used. 
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Another useful feature of UV-Vis, are the interference patterns seen in transmittance 

spectra (see Figure 1. 23). These patterns are caused by reflections from the different 

interfaces: air – film; film – substrate; and substrate – air. This is shown in Figure 2. 5. 

The reflective light interacts constructively and destructively to form the peaks and 

troughs and can be used to measure the thickness of a transparent film. [92] 

 

Figure 2. 5 - Schematic diagram of the reflections from transparent film and related optical 

parameters used in the calculation of the optical constants . The terms r1 , r2 and r3 represent 

the reflection portion or light at each interface and t 1, t2 and t3 represent the transmitted 

portion. The figure was adapted figure 1 of reference [92] . 

With knowledge of the refractive index of the transparent film the thickness (d) can be 

extracted from Equation 2. 5:  

𝑑 =  
𝜆1× 𝜆2

2[𝑛(𝜆1)𝜆2−𝑛(𝜆2)𝜆1]
 , 

Equation 2. 5 

where ‘λ1’ is the wavelength at one peak and ‘λ2’ is the wavelength an adjacent peak.   

‘n(λ1)’ and ‘n(λ2)’ are the refractive index at these two wavelengths. This method 

requires the films to be above a certain thickness to give the required patterns and is 

only accurate for films where the absorbance at the desired wavelengths is small. 

 Four Point Probe 2.4.2

The four point probe (4PP) technique is a basic method of determining sheet resistivity 

of thin films. In the 4PP technique, four liner metallic probes are put in contact with a 

film. The arrangement of the 4PP machine is shown in Figure 2. 6. 
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Figure 2. 6 – (a) shows the four metal probes on the head of the 4PP machine. (b) shows a 

schematic of the four probes in contact with the thin film, d is the film thickness, l and a are 

substrate dimensions lp  is the distance between the probes. Reproduced from reference [93]. 

A high current is passed between the two outer contacts and the voltage is measured 

between the two inner contacts. Spring loaded tungsten carbide probes were used in 

this work. These probes had a diameter of 0.3 mm and spacing (lp) of 0.6 mm. The film 

thickness and substrate dimensions must be greatly in excess of lp for reliable results.  

The voltage was measured at 6 different currents over two orders of magnitude. A 

linear increase in voltage confirmed the validity of the measurements. The sheet 

resistances was calculated using the V=IR relationship. This was divided by the 

thickness to give the resistivities quoted in 4PP measurements. 

 Hall Effect 2.4.3

The Hall Effect is a significantly more powerful technique for determining the 

electronic transport properties of thin films. Named after its discoverer Dr Edwin Hall, 

it was used to measure the resistivity of films deposited in the work and dissect the 

charge carrier concentration ‘nq’ and charge mobility components ‘μ’ (see Equation 1. 

10). Detailed theory behind the Hall Effect is given in the Lakeshore 8407 User’s 

manual with important aspects to this work highlighted here. 

The Hall Effect is a phenomenon which occurs when a magnetic field is set 

perpendicular to an electric current. This causes deviation of some carriers from the 

current line, as shown in Figure 2. 7. 
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Figure 2. 7 – Schematic showing the forces in effect across an n-type sample to produce the 

voltage drop known as the Hall Effect. Adapted from reference [94] 

The current is the total charge ‘I’ per second flow along a sample of width ‘W’ and 

thickness ‘d’ is related to the velocity ‘vx’ by: 

𝐼 = 𝑛𝑞𝑣𝑥𝑊𝑑. 

Equation 2. 6 

If a static direct current (DC) magnetic field is present in the ‘z’ direction (Bz) then the 

force on the charges is given by:  

𝐹𝐿 = 𝑍𝑣𝐵, 

Equation 2. 7 

Where ‘Z’ is the size of the charge, ‘v’ is the velocity of the charge and ‘B’ is the magnetic 

field. This is known as the Lorentz force (FL) deviating the charges along the curved 

lines seen in Figure 2. 7.  

Since no current can flow out of the surface of sample, a charge builds up to create an 

electric field in the ‘y’ direction (Ey) to create a potential difference across the top and 

bottom surfaces of the film. This voltage, perpendicular both to the magnetic field and 

to the electric current, is known as the Hall voltage (VH).  

The repulsive effect of the surface charge means that a steady state is reached. When 

the Hall voltage is equal to the Lorentz force the following can be said:  

𝑉𝐻 = 𝐸𝑦𝑊 =
𝐼𝐵𝑧

𝑑𝑛𝑒
. 

Equation 2. 8 
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For convenience the term ‘-1/nq’ is given defined as the Hall coefficient RH so that, for 

an n-type semiconductor: 

𝑉𝐻 = −
𝑅𝐻𝐼𝐵𝑧

𝑑
. 

Equation 2. 9 

The magnetic field, the current, the Hall voltage and the thickness can all be measured; 

as such the Hall Effect can be used to extract the charge carrier concentration.  With a 

known charge carrier concentration all it takes is the relatively simple task of 

measuring resistivity (ρ) and the charge mobility can be extracted from: 

𝜇 =  − 
|𝑅𝐻|

𝜌
. 

Equation 2. 10 

There is a slight adjustment made to RH when inelastic carrier scattering mechanisms 

are possible, in this case a constant known as the Hall factor (rH) (previously 

mentioned in Equation 1. 17) is added so that; 

𝑅𝐻 =  − 
𝑟𝐻

𝑛𝑞
 . 

Equation 2. 11 

In the ZnO films measured in this work rH  was set to one. 

 Resistivity 2.4.3.1

The resistivity obtained by the Hall Effect measurements for this work, used the 

method devised by van der Pauw in 1958. [95] It is based on the concept that samples 

may be an arbitrary shape as long as the contacts from instrument to film are as small 

as possible, on the periphery of the film, and that the film is of uniform thickness 

without pinholes. Four contacts are required to make measurements of charge carrier 

concentration and resistivity. 

Whilst it is possible to perform measurement on arbitrary shapes it is convenient to 

use symmetric configurations. The substrate structures used in this work is shown in 

Figure 2. 8.  
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Figure 2. 8 –Electrode structure used for Hall effect measurements - Square structure with 

square and triangular contacts.   Image adapted from Lakeshore 8407 User’s manual  

When ‘c/L’ is 1/6 the correction factor is +2 % (square contacts) and + <1 % for 

triangular contacts. The correction factor for the Hall voltage is ~ +15 V. 

Square structures were used for the ease of processing. Metallic indium contacts were 

attached to the corners of samples. Indium was chosen over, for instance sputtered 

gold, due to the close work function match with ZnO (Sputtered Au: 4.7 eV, metallic In: 

4.1 eV, measured ZnO by spray pyrolysis: 4.18 eV). This limited the contact resistance 

in the measurements. In this work correction factors were accounted for by the 

Lakeshore measurement software. 

The resistivity is calculated from the square structure by: 

𝜌 =  
𝜋𝑑

ln 2
×

(𝑅𝐴+ 𝑅𝐵)

2
 × 𝑓, 

Equation 2. 12 

where ‘RA’ and ‘RB’ are the resistances measured between two adjacent contacts and ‘𝑓’ 

is the correction factor. 𝑓 is equal to one when a perfectly symmetrical sample is used. 

 Eliminating Errors – AC field Hall Effect measurements 2.4.3.2

In an ideal measurement, the Hall voltage would be equal to zero when no field is 

applied, however, this is not always the case. Voltages measured at zero field can be 

due to two main reasons – a thermal gradient in the sample giving a thermoelectric 

voltage ‘VTE’ and asymmetry between contacts giving a misalignment voltage ‘Vo’. [96], 

[97] 
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The thermoelectric voltage is independent from the current. This means if the voltage 

is measured before and after a current reversal then the difference between the two 

voltages will give the thermoelectric voltage. Using this method, the VTE term can be 

calculated and corrected for. 

Similarly, the misalignment voltage is independent of the magnetic field, by measuring 

the voltage in two different magnetic fields, Vo can also be calculated and corrected for. 

However, the misalignment voltage becomes high at low mobilities; this noise restricts 

Hall Effect measurement in a fixed magnetic field to films with mobilities of > 0.1 

cm2/V.s.  

Using an AC magnet gives the field a sinusoidal shape with a time dependency. The 

signal is now split into an AC and DC components given by: 

𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 =  𝑅𝐻𝐼𝐵𝑐𝑜𝑠(ωt) − 𝛽𝐵ω sin(𝜔𝑡) + 𝑉𝑜 +  𝑉𝑇𝐸  

Equation 2. 13 

where ‘t’ is time and ‘ω’ is the frequency. The DC Vo and VTE erroneous components can 

be eliminated by passing the signal though a capacitor. However, another source of 

error is now added due to inductive pickup from the wires in the changing magnetic 

field, this is equal to  ‘−𝛽𝐵ω sin(𝜔𝑡)’. Fortunately this signal is 90 degrees out of 

phases with the Hall voltage, thus, by using a lock-in amplifier, these signals can be 

separated and the Hall voltage can be isolated as: 

𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 = 𝑉𝐻 =
𝑅𝐻𝐼𝐵𝑧cos (𝜔𝑡)

𝑑
, 

Equation 2. 14 

Small errors in the phase can be removed following this measurement using a current 

reversal. 

Using the AC Hall effect measurement system it is possible to accurately measure films 

with mobilities down to 10-4 cm2/V.s. These adjustments were applied for 

measurements in this report. 

AC field Hall measurements were performed using a Lakeshore 8400 system with AC 

current between 10 nA and 50 mA, and with a sinusoidal magnetic field of 1.19 T.  
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Whilst the AC field method allows the measurement of mobilities that are practically 

impossible in a DC field there are some drawbacks:  

1. The frequency of the measurement is limited, typically 0.1 Hz or less, resulting 

in a relatively slow measurement; 

2. AC field methods cannot be used to determine if a sample has parallel 

conduction; 

3. The method is not as common as DC, and consequently, it may be difficult to 

compare results from other systems; 

4. There is less foundation for interpreting results of very low charge mobility 

Hall measurements. 

 High Resistance Mode  2.4.3.3

Measurements were conducted with a high resistance attachment to increase the top of 

the resistance range from 10 MΩ to approximately 200 GΩ. This allowed the 

measurement of undoped ZnO films which typically displayed resistivities of 200 

MΩ/sq.  

In high resistance measurement the input impedance of the voltmeter begins to load 

the sample and weaken the voltage. Current leakage becomes a more significant source 

of uncertainty. Technical enhancements were attached to the measurement system to 

minimise these effects  
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2.5 Chapter conclusions 

This section gives a summary of the experiment methods discussed and their function 

in work to follow. It also summarizes the analytical tools discussed and the information 

that can be retrieved from them. 

 Synthetic methods 2.5.1

o Films were deposited by the spray pyrolysis technique. 

o In early work this was done by hand but the process was quickly automated.  

o Film properties largely depend on the plume dynamics as it reaches the 

substrate. 

o Plume dynamics are controlled by many parameters.  

o The control of these parameters and resulting properties are the focus of 

chapter four. 

o Films were doped to improve the electronic properties. The resulting 

properties is the focus of Chapter V. 

 Physical and Structural properties 2.5.2

o Profilometry was used to measure film thickness. 

o XRD was used to measure crystalline phases present, crystallite size and lattice 

spacing.  

o SEM was used to display topographic features.  

o TEM was used to display cross sectional grain structure, porosity, thickness 

and some crystallite properties. 

o EDX was used for compositional analysis.  

 Optical and Electronic properties 2.5.3

o UV-Vis was used to measure optical transmittance and optical band gap. 

o 4PP was used to measure resistivity. 

o Hall Effect measurements were used to measure resistivity, charge carrier 

concentrations and mobilities of deposited films. 

o The Hall Effect system used an AC field with a high resistivity attachment to 

measure films of low charge mobility and high resistance. 
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CHAPTER III –  AUTOMATED SPRAY PYROLYSIS 

3.1 Introduction 

This chapter focuses on the automation of the spray deposition process. It first shows 

initial depositions of ZnO and general properties before focussing on the problems 

with hand spraying. Following this, the chapter will describe the making of the 

automated spray rig. The optimisation and use of the rig for experimental deposition 

will be discussed in subsequent chapters. 

3.2 Hand Spraying and Associated problems 

Preliminary depositions were carried out using the hand-held commercially available 

airbrush shown in Figure 3. 1. The gun was held over a hotplate with the temperature 

set between 300 and 500 °C. Films were deposited in the manner described in section 

1.6.2.3. The deposition process was loosely based upon the experimental conditions of 

Bashir et al. [98] To alleviate potential decreases in the set temperature from solvent 

evapouration on the surface, a pause between sweeps was implemented.  

 

Figure 3. 1 – The ‘Iwata Eclipse HP-CS’ airbrush used for hand deposition. Labelled are the 

important components of the gun. The nozzle diameter is 0.35 mm, the precursor solution is 

gravity fed from a reservoir above the gun with plastic tubing connecting to a rubber bung 

inserted into the ‘solution inlet’. The carrier gas is supplied from a standard gas cylinder and 

connected to the ‘gas inlet’.  Scale marker indicates 2 cm. 
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When the trigger (shown in Figure 3. 1) is pressed down the carrier gas is released to 

the nozzle. Sliding the trigger horizontally controls a needle. When fully forward, the 

needle blocks the nozzle and neither the carrier gas nor solution can pass through. As it 

is slid backwards more solution can pass through. When the trigger is both pressed and 

slid backwards, the solution is forced through the nozzle by the carrier gas producing 

an aerosol of precursor solution. The size of the plume could be varied by the position 

of the trigger on a sliding scale.    

Figure 3. 2 shows a photograph and SEM micrographs of a ZnO film deposited by hand 

using the conditions shown in Table 3. 1. 

Hotplate 

temp (
 

°C) 

Gun height 

(cm) 

Carrier 

gas 

Carrier gas 

pressure (bar) 

Precursor 

solvent 

Precursor 

concentration 

(M) 

Pause 

length 

(s) 

Passes 

per 

cycle 

Speed of 

pass (s/p) 

Cycle

s 

400 18 N2 1 MeOH 0.2 30 10 1 3 

Table 3. 1 – The spray parameters for initial deposition  

 

 

Figure 3. 2 – (a) shows a photograph of a ZnO film deposition on glass. (b) shows an SEM 

micrograph of the same film. Scale marker (a) indicates 20 mm, scale marker (b) indicates 200 

nm. 

The photograph in Figure 3. 2 (a) shows that the sprayed ZnO films are, to the eye, 

transparent and continuous. There are relatively few visible defects however the 

discolouring towards the edges of the film suggests that the film is thinner in these 

places. Some variation in colour is also seen across the surface of the films, this 

suggests some inhomogeneity in thickness is present. 

The SEM micrograph (Figure 3. 2 (b)) shows a continuous, pinhole-free film comprised 

of many grains. These grains are in the region of 100 nm, however, they vary greatly in 

size with the smallest as low as 10 nm and the largest up to 175 nm.     

(a) (b) 
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Figure 3. 3 shows a typical XRD pattern and UV-Vis spectra of the ZnO film in Figure 3. 

2. The data confirms the presence of ZnO. The XRD reflections match those of wurtzite 

ZnO whilst the UV-Vis shows the fundamental absorption at 360 nm associated with 

ZnO.  

 

Figure 3. 3 – An XRD pattern (a) and UV-Vis spectra (b) of ZnO prepared by spray pyrolysis. 

The XRD pattern matches that of wurtzite ZnO with a high preferential orientation towards 

the (002) reflection compared with the powder pattern. The large amorphou s section seen 

between 20 – 40 ° is due to the glass substrate. Labelled are the four orientations seen in the 

films. The UV-Vis transmission spectra shows the fundamental absorption peak of ZnO at 360 

nm and an excellent transparency between 450 and 900 nm displaying is potential for use in 

TCOs. Insert shows a Tauc plot of the UV-Vis data. The linear part of the plot was given a 

linear fit with the equation of the line shown, this gave a calculated direct bandgap of 3.25 eV.  

The XRD pattern shows that the structure is highly orientated towards the (002). There 

is some evidence of this seen in the SEM micrograph shown in Figure 3. 2 – (b) with the 

shape of the grains bearing a resemblance to the hexagonal structure which 

characterises the (002) direction. The structural shapes of each orientation are shown 

in Figure 4. 4. 

Whilst hand spraying could produce continuous, crystalline ZnO films, the small 

variations in the height, speed and position at which the air gun was passed over the 

hotplate meant that inhomogeneous thicknesses were seen in single films and between 

samples.  

To better show and quantify this phenomenon, ten ZnO films were deposited by hand 

and their thickness, optical transmittance, and XRD patterns were recorded. The films 

were deposited over two days to study day-to-day variations, samples 1-5 deposited on 

the first day and sample 6-10 deposited on the second day. 
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The thicknesses of the ten samples were measured by profilometry with the results 

shown in Figure 3. 4. 

 

Figure 3. 4 – The thickness of ten samples deposited under the same set conditions as 

measured by profilometry. Samples 1- 5 were measure on day one, 6-10 were measure on day 

two. Error bars show in-sample thickness inhomogeneity based upon standard deviations  of 

the positions 

Figure 3. 4 shows the thickness ranging from 81 to 172 nm, with an average of 128 nm 

and a standard deviation of 30.4 nm. This represents an error of ± 24 %. There is no 

obvious thickness variation from day one to day two, however, this test is by no means 

exhaustive and further investigation would be needed to clarify this. By examining the 

measurements across the three positions on the samples (section 2.3.1), the in-sample 

thickness inhomogeneity could be measured.  Samples 2, 7 and 8 show large 

differences in measured thickness across the sample suggesting that sample thickness 

inhomogeneity can be a problem when spaying by hand.  The average percentage 

variation in the three measurements is ± 17 %. 

The samples were studied using XRD and UV-Vis analysis to investigate the variation in 

the structural and optical properties brought about by hand spraying. XRD patterns of 

the ten samples are shown in Figure 3. 5 and UV-Vis spectra in Figure 3. 6. 
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Figure 3. 5 – XRD pattens of ten samples deposited by hand spraying nominally under the 

same conditions. The reflections are annotated with the appropriate planes of wurtzite ZnO.  

The films all show one phase with similar preferential growth in the (002) orientation. 

The intensities of the peaks are seen to fluctuate, this is expected with varying film 

thickness and there is a good correlation between thickness and peak intensity. It is not 

a perfect fit however (Figure 3. 7 – (a)), suggesting that variations in spraying by hand 

may cause some changes to the crystallinity of films outside of that expected from 

variation in thickness.  

2θ (°) 
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Figure 3. 6 – UV-Vis spectra of ten samples deposited by hand spraying nominally under the 

same conditions. 

The UV-Vis spectra in Figure 3. 6 show a similar thickness dependent trend to the XRD 

(Figure 3. 7 - (b)). The thickness of the film varies the intensity of the fundamental 

absorbance from the ZnO film shown. The deviation from linear fit shows that 

conditional variation from hand spraying may also produce films of differing optical 

properties outside of that expected from variation in thickness. 

 

Figure 3. 7 – Average thickness of hand sprayed films and their peak intensity (a) and 

transmittance minimum (from the ZnO fundamental absorption) (b). These graphs assume 

that there is a linear relationship between the peak height / minimum transmittance and 

thickness. 
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The poor repeatability was proposed to be due to difficulties in maintaining a constant 

height and speed of sweep, especially between samples deposited on different days. 

Moreover, there was often inhomogeneity in single films when the plume was not well 

directed over the sample.  

The data from Figure 3. 7 highlights the problems with inconsistent thicknesses. When 

investigating the optical and structural properties of the films associated with different 

conditions trends may be missed, or wrongly interpreted, because of thickness 

variation between samples. This factor is not often given enough significance in many 

academic reports into sprayed ZnO and may undermine some conclusions made.  

The process could be significantly improved by automating the process where an 

entirely constant height, speed of pass and direction of plume can be maintained and 

the improved consistency of results may reveal trends missed in reports involving 

hand sprayed samples. The next section will detail the fabrication of the automated 

spray rig. 
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3.3 Fabrication of the Spray Rig 

The aim of automating the process was to pass a spray gun over a hotplate at a 

consistent rate, maintaining a consistent height, and delivering a regular plume of 

solvent aerosol directly over the sample. 

The original airgun was not ideal for the task; the design of the trigger mechanism 

(Figure 3. 1) allowed for variation in the amount of solution released to the nozzle. This 

was one possible cause of inconsistencies in the deposited films. A new gun was chosen 

which had a smaller nozzle size and a more appropriate trigger mechanism. The gun 

chosen was the SataJet 20B shown in Figure 3. 8. 

 

Figure 3. 8 – Annotated picture of the air gun used on the spray rig. The nozzle size is reduced 

from 0.35 mm - 0.2 mm. The precursor solution is delivered from the ‘solution bottle’, a small 

vacuum is created by the airflow so that when the tr igger is pressed the carrier gas is released 

through the nozzle pulling solution to the nozzle where it is atomised.  

The challenge was to design a mechanism to move the spray gun over the sample. A 

stage was modelled on SketchUp (Figure 3. 9) and 3D printed to carry the gun. This 

mounting  upon a set of rails. 

 

Figure 3. 9 – 3D sketch of the stage designed to carry the air gun over the hotplate. Left shows 

an aerial view of the stage, holes in the middle of the stage are for the nozzle and the linear 

actuator. Scale marker indicates 50 mm. 

50 mm 

10 mm 
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The stage was pulled over the hotplate using a tracked belt powered by a stepper 

motor. The trigger was controlled using a linear actuator which drives a metal thread 

upwards to press the trigger and downwards to release it. It is affixed to the stage by 

two screws and positioned under the stage directly below the trigger mechanism.  The 

rails are fixed to a purpose built metal structure, and the distance from the hotplate to 

the sample can be controlled by adjusting the height of this fixture. The attachments of 

the motors and rails are shown in Figure 3. 10. 

 

Figure 3. 10 – 3D sketch of the stage mounted on the rails with the belt attached  and 

connected to the motor. The linear actuator is affixed to the stage. Electrical wiring connects 

the belt motor and linear actuator to a microcontroller.  

The stepper motor and linear actuator are controlled using an Arduino 

microcontroller. A program was developed in C++ to pass the stage over a hotplate a set 

number of times at a set speed using the belt stepper motor. Simultaneously the linear 

actuator determines whether the trigger is enabled or disabled. The Arduino also 

powers a button to start the program and an LED light to show the position of the 

program, turning off when the machine is in motion and turning on again once it is 

complete. A separate button powers a cleaning program and an emergency stop 

program.  

The coding for the microcontroller is shown in the Appendix (section A.1). 

One of major failings of the hand spraying was the tendency to not direct the plume 

immediately over the sample. This led to one side of the sample being thicker than the 

other. There were also problems with samples occasionally displaced by the force of 

the plume.  To solve these problems a metal plate was created to sit upon the hot plate, 

it was designed with two sample sized inlets cut into it so that the surface of the sample 

sat flush with the metal plate. This setup also helped to reduce ‘edge effects’ caused by 

variation in surface temperature around the edge of the substrate.  
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The stage was pulled across the rails over the plate. A solution containing blue ink was 

used to map the travel of the plume. In this way the plate could be positioned correctly 

so that the ink trail ran exactly over the sample cuts. 

By optimising the position in this way, it became apparent that the air flow from the 

fume hood in which the spray deposition was performed was having a significant effect 

on the plume. The extractor fan pulled the plume towards the back of the fume hood 

giving it an inhomogeneous shape. Panels of polymethyl methacrylate (PMMA) were 

used to create an enclosure around the hotplate to solve this problem. A 3D model of 

the full spray rig is shown in Figure 3. 11. 

  

Figure 3. 11 – 3D schematic of the spray rig setup with hotplate and encasement. The 

microcontroller is stored within the box on the front. The button and LED which act to start 

the program and display when the program is finished are shown on the microcontroller box.  
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3.4 Comparison between hand and rig deposited films 

Using comparable settings ten samples of ZnO were deposited using the rig. The results 

were compared with those deposited by hand spraying. There was one unavoidable 

change in the conditions; the motor had a top speed of 4.5 s/pass whilst, in the hand 

spray setup, the speed was set to 1 s/pass.  In an attempt to counter this, the number of 

passes in a cycle was dropped from ten to three so that even thickness for each sample 

was achieved. As seen in Figure 3. 12 comparable thicknesses were not achieved. A 

larger plume was created by the new gun, thus, the samples were found to be 

considerably thicker. The spray setup is shown in Table 3. 2. 

Hotplate 

temp (°C) 

Gun 

height 

(cm) 

Carrier 

gas 

Carrier gas 

pressure (bar) 

Precurso

r solvent 

Precursor 

concentration 

(M) 

Pause 

length 

(s) 

Passes 

per 

cycle 

Speed 

of pass 

(s/p) 

Cycles 

400 18 N2 1 MeOH 0.2 30 3 7 3 

Table 3. 2 – Spray parameters for rig vs. hand comparison 

 The ten samples were once again deposited on two separate days. The thicknesses 

were measured by profilometry. These measurements, alongside the hand sprayed 

samples for comparison, are shown in Figure 3. 12. 

 

Figure 3. 12 – Profilometry measurements of ten ZnO samples.  
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There is a clear difference between the samples in that the rig deposited samples are 2-

3 times thicker. It is also clear that the rig deposited samples are more consistent in 

thickness. The rig deposited samples ranging from 378 to 437 nm with an average of 

401 nm and a standard deviation of 16 nm. This represents an error of ± 4 %, a great 

improvement on the 25 % error observed for hand sprayed films. The film thickness 

also has less in-sample variation. The average percentage variation in the three 

measurements is 5 % for the rig deposited compared with 17 % seen in hand 

deposited films.  

The XRD patterns of the films deposited are shown in Figure 3. 13. 

 

Figure 3. 13 – XRD patterns of ten rig films deposited under the same conditions. Labelled are 

the crystalline orientations of the ZnO films. 

The rig deposited XRD patterns show films of highly comparable intensities and 

orientations. There is a change of preferential orientation from the (002) in the hand 

sprayed samples to the (101) in the rig sprayed. Reasons for this change are believed to 

be linked to the difference in velocity, droplet size and plume size – the three main 

differences between the rig and hand routines.  

2θ 
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The UV-Vis spectra of the films deposited using the rig are shown in Figure 3. 14. 

 

Figure 3. 14 – UV-Vis transmittance spectra of ten rig deposited films deposited under the 

same conditions 

The optical transparency of the ZnO rig deposited films is comparable with those 

deposited by hand despite having up to three times the thickness. The rig films are 

much more alike, confirming the lower range in thicknesses observed in profilometry 

measurements. The distinct interference patterns show the films to have an excellent 

film/air interface and the consistency of pitch of amplitude of these patterns highlights 

the uniformity of the films. The difference in the fundamental absorption between 

samples is near zero. A comparison between Figure 3. 6 and Figure 3. 14 highlights the 

advantage of the automated system.  It is possible to extract the thickness from the 

fringes, as described in section 2.4.1.  Figure 3. 15 shows the thicknesses of the ten 

films extracted from the UV-Vis alongside the profilometry measurements. 
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Figure 3. 15 – Thickness measurements by profilometry and extracted from UV -Vis 

interference patterns of ten ZnO films deposited using the automated rig.  

The UV-Vis thickness measurements agree well with those made using the 

profilometer although they are consistently 20 nm thicker. The agreement of the two 

techniques backs up the reliability of both measurements with the UV-Vis extracted 

thicknesses once again showing little variation. 

3.5 Conclusions 

This chapter has shown the problems with hand spraying and how these problems 

were solved by the automation of the process. It also described the methods involved 

with designing and making the spray rig.  

To summarise: 

o Hand sprayed samples showed large thickness variation between samples 

o Hand sprayed samples showed large in-sample thickness inhomogeneity 

o The XRD and UV-Vis suggested some minor optical and structural differences 

between hand sprayed samples 

o The automated rig produced films of greater uniformity in all three areas  

With a repeatable method of depositing films of comparable thickness, structural and 

optical properties it was now possible to optimise the system for the deposition of 

oxide films for various applications. The details of this optimisation will be discussed in 

the Chapter IV. 
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CHAPTER IV –  GROWTH AND OPTIMISATION BY SPRAY 

PYROLYSIS  

4.1 Introduction 

In this chapter the spray pyrolysis technique is investigated in detail for the 

depositions of ZnO films. This work follows the design and fabrication of an automated 

spray rig, conducted to improve the repeatability of the process. Initial work looks at 

optimising the spray conditions of the automated rig. Specifically this is for the 

deposition of transparent and conductive films.  

In parallel to the optimisation, Chapter IV investigates the electronic properties of 

undoped ZnO deposited by spray pyrolysis. There is much in the literature [99]–[106] 

discussing the optimisation doped ZnO for use as a TCO. When investigating links 

between structural and electrical properties however, studies are often complicated by 

the addition of external defects. Using AC Hall measurements to probe the less 

conductive, undoped films has enabled detailed investigation into the effect of 

crystalline structures on the electronic properties of native ZnO.  

A key feature of spray pyrolysis as a technique, is the large number of parameters 

which can be controlled. Varying each on can have a profound effect on the properties 

of the deposited films. This can be seen as a disadvantage, as all these parameters 

require optimising. It does however, allow the careful tuning of parameters to produce 

bespoke films for a range of application.  

Much of the experimental work also focuses on the optimisation of the system and the 

tuning deposition parameters towards achieving the lowest possible resistivity. This 

provides a backdrop for the work discussed in Chapter V where external dopants are 

added to the system. Ensuring the deposition conditions are optimised for the native 

oxide is essential before the effects dopants may have on the system can be considered.  

4.2 Parameter control 

Section 1.6.2.4 discussed the various pathways for droplets of solvents containing 

precursor salt to be deposited on the substrate.  These pathways are determined by the 

plume dynamics and the deposition conditions. A large proportion of the experimental 

using the spray pyrolysis technique was directed towards optimising the large number 

of parameters involved. The parameters involved in the deposition process of this 

study are listed in Table 4. 1. 
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Parameter Possibilities 

Precursor salt (PS) Acetates, chlorides, nitrates 

Precursor solvent (S) Water, methanol, ethanol 

Precursor concentration (PC) 0.01 – 0.5 M 

Carrier gas type (CG) 
Compressed air, nitrogen, argon, 

oxygen 

Carrier gas pressure (CGP) Up to 3 bar 

Hotplate temperature (HT) 200 – 500 °C 

Distance from nozzle to substrate (D) 10 – 20 cm 

Substrate type (St) Float glass, quartz, silicon 

Number of total cycles (Cy) Dependent on required thickness 

Speed of passes (SoP) 4 – 10 s/pass 

Nozzle size (NS) 0.5, 0.35, 0.2 mm 

Table 4. 1 – Identified parameters to be controlled in the spray system 

These parameters needed to be understood and regulated in order the control the 

physical properties of the film. Another parameter controlled for individual 

experiments was the pause length (PL) - set as the time it takes for substrate 

temperature to return to the set point.  The variables listed in Table 4. 1 were studied 

in order to optimise the system and discover the most desirable films primarily for TCO 

applications.  

 Preliminary studies 4.2.1

Whilst some parameters were studied in detail in this work, there were some 

parameters already well defined by the literature which this work did not progress 

significantly.  Some simple studies are outlined and the parameter choices are 

explained. Following this, the importance of film thickness is demonstrated. 
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 Precursor Salt 4.2.1.1

The choice of precursor salt was important to which ‘pathway’ the sprayed droplets 

would follow. This is because the temperature of decomposition and of vaporisation 

differs from salt to salt.  

A variety of zinc precursors salts have been used in the deposition of ZnO by spray 

pyrolysis.  The most commonly studied have been: zinc acetate (Zn(OCH2CH3)2.2H2O); 

[107] zinc chloride (ZnCl3); [108] and zinc nitrate (Zn(NO3)2.6H2O); [109] although 

other precursors such as zinc pentanedionate ((C5H7O2)2Zn.H2O) have also been 

examined. [110] 

These precursors are often chosen due to their low cost, low toxicity and range of 

decomposition/vaporisation temperatures. The salts were often used in their hydrated 

forms for increased stability in air and in solution.  

Romero et al studied structural difference when depositing from the acetate and 

chloride salts. [111] Here, the crystalline orientation is shown to be temperature 

dependent changing from a (100) orientation at 300 °C to (002) at 400 °C when using 

the acetate salt. The chloride however, remains heavily (002) textured at all 

temperatures from 300-500 °C. It is also shown that a 50:50 mixture of zinc acetate 

and zinc chloride also produces a highly (002) textured film. Crystallite size is seen to 

be greater in the zinc chloride films (~40 nm) than in zinc acetate (~15 nm).  

Bacaksiz et al studied zinc acetate, zinc chloride and zinc nitrate in a larger study. [112] 

All films were deposited at 550 °C and again showed the zinc chloride films to be highly 

textured in the (002) direction, zinc nitrate showed moderate texturing whilst zinc 

acetate showed a random orientation. Morphological studies showed that films 

deposited from zinc chloride formed discrete hexagonal columns, zinc acetate formed 

nano-pyramids and plate-like structures whilst the zinc nitrate films were rough, non-

granular with large surface defects. Resistivities were found to be in the range of 103 

Ω.cm for the acetate and nitrate derived films but in the range of 104 Ω.cm for the 

chloride. Charge carrier concentrations were found to be in the range of 1 x 1014 cm-3 

for the acetate and nitrate samples and 9 x 1013 cm-3 for chloride whilst charge mobility 

was found to be 5, 8.5 and 10.4 cm2/V.s for the nitrate, acetate and chloride samples 

respectively. The film thickness was not stated in this case. 
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Krunks et al highlighted the potential problem in using zinc chloride in that chloride 

ions may contaminate the ZnO films. This is suggested to be due to a higher 

decomposition temperature led to lower observed optical transparency. [113], [114] 

Subsequently, Arca et al studied the same three precursors. [115] In this study, films 

grown from the nitrate and chloride were shown to become microscopically damaged 

by acidic by-products of the pyrolytic decomposition producing HNO3 and HCl 

respectively whilst the aceate produces volatile organic components and CO2 neither of 

which causes film damage. 

Recently, Kenanakis et al studied zinc acetate and zinc nitrate precursors to deposit 

~40 nm films using ultrasonic spray pyrolysis. [116] These films were shown to be 

smooth (RRMS ~ 4 nm) with grain sizes of ~ 20 nm. The ZN films are seen to be 

significantly less homogeneous but offer a faster growth rate. 

4.2.1.1.1 Precursor salt choice for this work 

Films grown from zinc acetate produce the highly textured, homogeneous, ZnO films 

with no drawbacks such as contamination or acid etching. Preliminary studies were 

carried out upon ZnO films prepared from zinc acetate, nitrate and chloride showing 

visibly higher film qualities in the acetate than those prepared from the nitrate and 

chloride derivatives. Most zinc nitrate and zinc chloride gave films of immeasurably 

poor quality. For this reason zinc acetate dihydrate was used as the precursor to all 

films shown in this work.  

 Precursor Solvent  4.2.1.2

The solvent plays a large role on which pathway the droplet will undergo, the boiling 

point of the solvent will dictate how quickly it evaporate. The surface tension of the 

different solvents also plays a role because it affects droplet size. 

Many different solvents have been used in precursor solutions. In early work deionised 

water was predominantly used as the solvent [109], [113] however, even before this 

time, it was found that using alcohols (either entirely or mixed with H2O) improved the 

performance of film.  
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Guillemoles et al compared using water, methanol and a 50:50 water:alcohol mix as the 

solvent (alcohol = methanol, ethanol or isopropanol (IPA)). [117] Using alcohols 

changed the orientation from a random orientation to a highly (002) textured film. It 

also improved the transmittance (~50 - 80 %) and lowered the resistivity (~18  - 0.4 

Ω.cm). Mixing with water or using purely alcohol had similar effect although subtle 

changes could be seen using methanol, ethanol and (IPA) in the water mix.  

Santiago et al later studied using methanol, ethanol and IPA - water mixes (7:3) in 

more detail whilst investigating F-doped ZnO films. [118] This work found that 

methanol gave lower resistivity films than ethanol and IPA. It was suggested that the 

lower boiling point methanol produced higher quality films by favouring a ‘CVD growth 

process. This work also highlighted the advantages of aging the solution with lowest 

resistivities seen in nine day old methanol solutions. The inclusion of the F dopant, 

however, may play a role in this finding. 

Most work in the last decade has used either methanol or a methanol:water mix. The 

exact ratio of the mix is usually dependent on the exact setup of the system used. It is 

also well documented that most zinc precursor salts have a higher solubility in 

methanol than ethanol and IPA. 

It is also interesting to note that the surface tensions of the solvents will affect droplet 

size.  Water has a surface tension of 71.40 mNm-1 at 20 °C with methanol and ethanol 

having very similar surface tensions of 22.60 and 22.10 mNm-1 at 20 °C respectively. 

[119] Due to the lower surface tension, alcohols are expected to produce smaller 

droplets. 

The pH of the precursor solution has also been shown to impact the quality of films. 

Caillaud el al showed the importance of pH on the chemical state of precursor salts in 

1993. [120] The ideal pH for film deposition is outlined to be 3.1 < x > 4.7. Above pH 

4.7 basic salts, adsorption compounds and precipitates slow the growth rate and 

decrease film quality; below 3.1 and Zn2+ ions form instead of the acetate hindering 

growth.  Additionally, the carboxyl CH3-COO- group from has been suggested to attach 

to the polar (101) surfaces, this inhibits film growth in these directions and thus, 

increases growth in the (002) direction. [121] Following this work, an amount of acetic 

acid was added in almost all reports of sprayed ZnO.  The concentration of acetic acid 

to solvent has since been optimised.  
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Maldonado et al studied 3 at% IZO films, deposited from a pH 3.2 solution and a pH 3.8 

solution. [122] Crystalline structures are seen to be highly (002) textured in films 

deposited from pH 3.2 solution at substrate temperatures from 400-500 °C (25 °C 

steps), however, in the pH 3.8 solutions the texturing only becomes apparent in the 

500 °C sample. Hall effect measurements showed an order of magnitude lower 

resistivity in the pH 3.2 samples at 475 and 500 °C compared with lower temperature 

samples, this was driven by an increase in charge carrier concentration. At these 

temperatures the pH 3.2 samples have roughly equal resistivity to the pH 3.8 samples. 

At lower temperatures the pH 3.8 samples showed lower resistivity than the more 

acidic samples. The morphology of the pH 3.8 deposited films are shown to be granular 

whilst at pH 3.2 films are smooth. 

Recently, Alejandre et al studied the impact of the concentration of acetic acid (0 – 20 

vol%) added to a IZO precursor solution and its effect on roughness, grain size, 

crystalline structure and resistivity. [123]  The average roughness decreased upon 

addition of acetic acid from a RRMS of 8 nm at 0 vol% to ~5 nm at 2.5 vol% above this 

value it rises again reaching 8 nm at vol%. Grain size is seen to decrease on the 

addition of acetic acid from 30 - 25 nm at 2.5 vol% before increasing to 40 nm at 10 

vol%. The resistivity drops by a factor of three from 0 until 5 vol%, after which an 

increase is seen and, at 20 vol%, is higher than the non-acidified sample. 

4.2.1.2.1 Precursor solvent choice 

The literature suggested that alcohols act as good solvents in spray pyrolysis. Of these, 

methanol possesses the highest volatility with a boiling point of 65 °C and also offers 

the highest solubility to zinc acetate. Preliminary studies show that mixing methanol 

50:50 with water gave immeasurably poor quality films.  For this reason pure 

methanol was used as the solvent in work shown here. 2.5 vol% acetic acid was also 

added to maintain the pH of the solution to pH 4 ± 0.5 and promote growth in the (002) 

direction. 
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 Thickness studies 4.2.2

The thickness of ZnO films has a significant impact on the structural, morphological 

and optoelectronic properties. This parameter is often overlooked in studies as 

highlighted in literature review of individual parameters – particularly in studies upon 

precursor concentration as detailed in the section 4.2.8.  

Major et al described the influence of thickness on the crystal structure of pure ZnO 

and IZO and investigated its influence of thickness on the electric properties for IZO. 

[124] Films were grown from zinc acetate at 400 °C. XRD analysis showed films of 90 

nm displayed a random orientation whilst 800 nm films displayed a texturing towards 

the (002) orientation although other orientations were present. 950 nm IZO films 

showed even greater (002) texturing. The electrical properties were measured for IZO 

films following both vacuum annealing and oxygen annealing (Figure 4. 1). A strong 

thickness dependence particularly from 50-400 nm, it is suggested that this is due to 

the random orientation of low thickness films causing more oxygen trap states 

adsorbed to grain boundaries.   

 

Figure 4. 1 – the influence of thickness on electronic properties of IZO films. Left shows 

resistivity of as-deposited (AD), oxygen annealed (OA) and vacuum annealed (VA) films. Right 

shows Hall effect measurements of oxygen (OA) and vacuum (VA) annealed films.   
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The electronic component of these results was confirmed by Olvera et al. This is 

investigation the morphology and optical properties are also studied for AZO, GZO and 

IZO films (thicknesses - 200, 1000 and 2400 nm). [11] Grain size is shown to 

dramatically increase with thickness from SEM analysis. The optical properties are 

similar for all films, however, thicker films displayed slightly lower transparency. The 

structural properties show little difference, however, the doping of the films is 

suggested to promote a (002) texturing. [125] Films lower than 200 nm were not 

investigated. Further studies have also discussed this thickness effect, however, few 

study thicknesses lower than 200 nm. [126]  

Reports studying the electronic properties of undoped ZnO have been limited by the 

high resistivity of as-deposited films. Moreover thicknesses studied in literature are 

often inappropriate for many devices where component layers are often between 30 – 

200 nm thick.  

 Thickness dependence studies 4.2.3

The thickness of ZnO samples was varied by increasing the number of cycles. Other 

parameters were fixed as shown in Table 4. 2. 

CG 
HT 

(°C) 
D 

CGP 

(bar) 
St 

PC 

(M) 

PL 

(s) 

SoP 

(s/p) 
Cy 

NS 

(mm) 

N2 400 18 2 Soda lime 0.2 25 5 1-7 0.2 

Table 4. 2 – Experimental parameters for thickness study 

The following section details thickness measurements and studies their effect on the 

structural and electronic properties. 
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 Thickness calculations  4.2.3.1

The thickness of films deposited using 1, 2, 3, 5 and 7 cycles is shown in Figure 4. 2. 

  

Figure 4. 2 – The thickness of ZnO films deposited using increasing cycles, dotted line shows 

linear fitting. Points represent the average of measurements taken at three points on the 

sample shown in Figure 2. 1. 

The linear fit shows that the deposition rate remains constant with increasing cycles. 

At the present parameters the deposition rate is 55 ± 1 nm per cycle.  

 Structural analysis 4.2.3.2

 The structural properties of deposited films were investigated by XRD, shown in 

Figure 4. 3. The thicker films show a greater intensity, however, the texturing of films 

also appears to change.  The emergence of minor peaks is also seen in thicker films. 
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Figure 4. 3 – XRD patterns of ZnO films with increasing thickness. The different orientations 

are highlighted by vertical dashed lines  

It is clear that the texturing of the film is dependent upon the thickness. This was 

quantified by calculating the texture coefficient shown in Figure 4. 4. The 55 nm film is 

included in the analysis, however, the XRD pattern is weak and brings the reliability of 

this data into question. Films at all thickness show texturing towards the (002), 

although, the dominant orientation becomes (103) in the 394 nm sample. This 

orientation becomes increasingly dominant as thickness increases. The (100) 

decreases in intensity as thickness increases until it is highly unfavoured in 394 nm 

films. The preferred orientation of a self-textured film is dependent of the surface free-

energies of each orientation; this can change depending on growth conditions. The 

exact dynamics of surface energies are outside the scope of this work, however, this 

topic is discussed in more detail by Fujimura et al. [127] 
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Figure 4. 4 – The texture coefficients of ZnO films with increasing thickness.  An atomic 

representation of the lattice orientation is  shown on the right.  

Crystallite sizes were approximated using the Scherrer equation (Equation 2. 2), using 

the (002) peak present at a reliable intensities in all films (Figure 4. 5). 
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Figure 4. 5 – The crystallite size of ZnO films with increasing thickness .  

An increase in the crystalline size from ~18 – 26 nm (44 %) is observed as the 

thickness is increased from 55 – 394 nm.  The increase is sharpest between 50 – 150 

nm, this it likely linked to diminishing thickness limitations to the crystallite size. The 

polynomial fit (Figure 4. 5) gives marginally better fitting than linear (R2:0.88) 

suggesting the increase in crystallite will tail off at higher thicknesses, however, a more 

in depth experiment would be needed to study the exact nature of the relationship. 

 Optical analysis 4.2.3.3

The optical properties of deposited films were investigated by UV-Vis spectroscopy 

shown in Figure 4. 6. The thicker films show lower transmittance between 300 – 370 

nm due to increased absorbance from the ZnO.  
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Figure 4. 6 – Optical transmittance of samples of different thicknesses. Insert shows Tauc 

analysis of optical data.  

Tauc analysis (see section 2.4.1), shown in Figure 4. 6 – Insert, was used to investigate 

whether thickness had a significant effect on the band gap of the films. Results are 

displayed in Figure 4. 7. 

 

Figure 4. 7 - Varying electronic band gap of ZnO with increasing thickness  

The data shows an increase in the electronic band gap of the ZnO of 0.03 eV between 

55-200 nm. This may be linked with variation in the intrinsic defect levels within the 

films.  
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 Electrical Measurements 4.2.3.4

The impact of thickness on the electrical properties was studied using the AC Hall 

effect technique. The results are displayed in Figure 4. 8. 

 

Figure 4. 8 – Electrical properties of ZnO at increasing thickness  measure using the Hall effect.  

The resistivity appears to remain stable between 50-160 nm whereupon it falls until 

400 nm, the trend suggests this decrease will continue past 400 nm. This decrease is 

driven predominantly by an increase in charge carrier concentration although there is 

a small increase in charge mobility. This suggests that charge carrier concentration is 

greater in the bulk than on the surface. This is attributed to charge trapping states such 

as oxygen desorbed to the surface.  

The slight increase to charge mobility is attributed to the increase in crystallite size. 

The charge mobility is believed to be limited by grain boundary scattering thus the 

small increase in grain size may give the small rise in charge mobility observed. 
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The increase in band gap does not coincide with increases in the charge carrier 

concentration, conversely the rise in band gap is seen when the charge carrier 

concentration is level and vice versa. It is possible that band gap narrowing effect 

dominates the Burstein-Moss effect in this system 

  Conclusion 4.2.3.5

It is clear to see that thickness has a profound effect on the structural and 

optoelectronic properties of ZnO. In the future experiments efforts will be made to 

examine films of comparable thicknesses.  
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 Hotplate temperature  4.2.4

The hotplate temperature (and as such substrate temperature) has a great effect on the 

size of droplet as it reaches the substrate. This parameter has the largest influence on 

evaporation rate as it dictates the free-energy of particles involved in film growth. 

Temperature therefore plays a role in the direction and speed of crystal growth. 

The decomposition route to ZnO from zinc acetate dihydrate, based upon TGA and DTG 

studies, is shown below. [107], [128] 

Zn(CH3COO)2.2H2O(s)  Zn(CH3COO)2(s) + 2H2O(g)                 ~ 50-100 °C 

4Zn(CH3COO)2(s)  Zn4O(CH3CO2)6(s) + (CH3CO)2O(g)      ~ 250 °C 

Zn4O(CH3CO2)6(g)  4ZnO(s) + 3CH3COCH3(g) + 3CO2(g)              ~ 310-350 °C 

Synthesis route 1 

Or 

Zn(CH3COO)2.2H2O(s)  Zn(CH3COO)2(s) + 2H2O(g)                   ~ 50-100 °C 

Zn(CH3COO)2(g)  ZnO(s) + CH3COCH3(g) +  CO2(g)                                      ~ 310-350 °C 

Synthesis route 2 

Or 

Zn(CH3COO)2.2H2O(s)  Zn(CH3COO)2(s) + 2H2O(g)                  ~ 50-100 °C 

Zn(CH3COO)2(g) + H2O(g)  ZnO(s) + 2CH3COOH(g)                      ~ 310-350 °C 

Synthesis route 3 

The exact decomposition pathway depends on the pH of the solution and the humidity 

of the deposition environment. In low humidity conditions Synthesis route 3 would be 

less likely. This is because there are less free H2O molecules available for the first stage 

of the reaction. In acid conditions (pH < 4) Synthesis route 1 is less likely. This is 

because the equilibrium of the first stage would be pushed to the left, lessening the 

production of basic zinc acetate. 

It’s important to note that this analysis makes the assumption that TGA and DTG data is 

representative of reactions occurring in the aerosol deposition. In-situ studies into the 

thermodynamics and kinetics of the deposition from droplet would help divulge the 

strength of this assumption. 
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The effect of substrate temperature was the subject of early studies by Krunks et al. 

[113] In this investigation ZnO is deposited from 0.2 M zinc acetate from an H2O:IPA 

solution at temperatures ranging from 200 – 425 °C. This work showed that the 

crystalline growth is highly dependent on this factor with a switch in preferential 

orientation from the (100) to (002) dominance occurring between 275 and 350 °C. 

Films in this report were 500 – 1000 nm thick.  

Ma et al used ultrasonic SP to perform a similar investigation. Using 0.01 M zinc acetate 

in methanol as a precursor, a similar switch in orientation between 350 – 400 °C in 150 

nm films was observed. [129] This shift in orientation has been observed in many 

reports; the exact temperature of the depends on the specific setup of each system. 

[79], [130], [131] In some reports, particularly when using H2O as the precursor 

solvent, this point was not reached [132]–[134].  

The onset of the (002) dominance has been linked to the lower surface energy of the 

orientation; [130] it is unlikely that this only factor since the onset temperature varies 

from report to report. It has been suggested that at higher growth temperatures the 

films are more porous allowing more random growth. [111] It is expected that the 

‘deposition pathway’ the droplet follows also plays a significant role in this process.  

The optical properties of Krunks’ films were shown to improve with increasing 

temperature. A transmittance of < 30 % was observed in films grown at 200 °C whilst, 

up to > 90 % was observed in films grown at 425 °C. Good optical properties at lower 

growth temperatures have been realised (> 85 % at 300 °C), [135] however, the optical 

quality of has not been greatly improved upon the last 20 years. An optical 

transmittance of > 90% is suitable for most applications of TCOs so research has been 

mostly directed toward improving the material’s conductivity. 

Jauarez et al showed the effect of substrate temperature on the resistivity. In this 

report ~200 nm ZnO films were deposited at 325-500 °C. [40] A steady decrease in 

resistivity was seen between 325-425 °C, falling from 105 Ω.cm to a minimum of ~102 

Ω.cm. Above 425 °C the resistivity began to increase, reaching 103 Ω.cm at 500 °C. The 

origin of this decrease is, however, not explained.  

These results were confirmed by Tokumoto et al in films of ~400 nm thickness 

deposited at 300, 400 and 450 °C. A steady decrease in resistivity was observed - from 

1012 Ω.cm at 300 °C to 7 Ω.cm at 450 °C. This study did not continue to 500 °C and also 

did not explain the origin for the lower resistivity.  
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Studies by Zahedi et al saw the same decrease in resistivity - from immeasurably high 

at 200 and 300°C  to ~2 Ω.cm at 400, 450 and 500 °C. [130] Unlike previous reports, an 

increase was not seen at high temperatures, however, a large reduction in film 

thickness was seen between 400 – 500 °C which may have altered the films properties. 

An increase in crystallite size from 40-50 nm was also observed from 400 – 450 °C. 

Vent et al showed that the optimum resistivity of 425-450 °C is equally true when films 

were doped. [136] In was used as a dopant; the optimum temperature of 450 °C was 

linked to the grain size and film thickness. A study using Hall effect measurement 

showed this decrease was driven by increase both in charge mobility and charge 

carrier concentration. The crystallite size was seen to increase from 25 – 32 nm 

between 400 - 450 °C in agreement with work by Zahedi et al. It was suggested that 

this increase was responsible for the observed increase in Hall charge mobility (from 

10 to 15 cm2/V.s). After 450 °C the increase in resistivity is suggested to be driven by 

decreases in crystallite size (32-25 nm) and thickness (700-500 nm). 

 Nozzle height 4.2.5

The distance between substrate and nozzle affects the time it takes for the droplets to 

reach the substrate and thus the length of time the droplets are heated for and the 

temperature gradient the droplets experience between the nozzle and substrate.  This 

parameter is heavily linked to the hotplate temperature and also the carrier gas 

pressure (described in the following section), thus, is often not studied specifically. 

Many articles, instead, mention an optimum value used in their work.  One report by 

Ambia et al did, however, show how there is a near linear relationship between the 

nozzle height and film thickness. [137]. In ultrasonic SP, values typical values  are in 

the range of 1-5 cm; [108],[123] whilst, in pneumatic SP values are typical values are 

greater, in the range of 20-30 cm. [115],[132],[138]  

 Carrier gas pressure 4.2.6

The carrier gas pressure is linked with two variables contributing opposing effects on 

the droplet evaporation pathway. At higher pressures of carrier gas the droplet size is 

decreased, [139] however the velocity at which the droplets travel increases.  The 

droplet pathway is also linked with the nozzle height and substrate temperature. 

Typical values in pneumatic SP are quoted are 2- 3 bar. [135], [140]–[142] 
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 Hotplate temperature, Nozzle height and Carrier gas pressure 4.2.7
experiments 

The three parameters (hotplate temperature, nozzle height and gas pressure) all have 

an influence on the mechanism the droplets undergo in the deposition process, 

therefore, the optimum substrate temperature at a pressure of 1 bar and nozzle height 

of 20 cm may not be optimum at two bar or 15 cm. The parameters were studied in 

parallel so all variations could be explored. 

Hotplate temperatures of 300, 400 and 500 °C were investigated to optimise the spray 

system used in this work. The upper limit of 500 °C was chosen as, according to 

literature, films did not show improved properties past this value. 300 °C was chosen 

as the lower limit – below this temperature it is expected the zinc acetate will not fully 

decompose.  

Distances from 15, 18 and 21 cm were studied, 15 and 21 cm acted as practical upper 

and lower limits of the automated spray rig. 

Gas pressures of 1, 2 and 3 bar were investigated. The pressure was limited to 3 bar by 

the spray gun specifications and below 1 bar deposition rate was seen to be 

impractically low. 

Films were deposited at all combinations of these three parameters so that 27 different 

conditions were investigated and the optimum parameters settings could be identified. 

Other parameters were fixed, as described in Table 4. 3. 

CG St 
PC 

(M) 

PL 

(s) 

SoP 

(s/p) 
Cy 

NS 

(mm) 

N2 Soda lime 0.1 25 5 3-5 0.2 

Table 4. 3 – Fixed parameters in hotplate temperature, nozzle height and gas pressure studies  

Attempts were made to achieve films of comparable thickness. This was difficult to 

achieve exactly, however, by varying the number of cycles for each temperature      

(300 °C: 3 cycles; 400 °C: 4 cycles; 500 °C: 5 cycles) the thickness could be restricted to 

175 nm ± 50 nm. 
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The hotplate set temperature was recorded with an IR gun during the deposition 

process. It was found the substrate temperature was lower than the hotplate 

temperature. The hotplate thermocouple also was slow to detect temperature change; 

using the IR gun it was found that the temperature was cooled by up to 20 °C from the 

start of the cycle to the end (when the temperature was restored). The substrate 

temperature was found to be 290, 380 and 460 °C for the 300, 400 and 500 °C set 

temperatures respectively. 

The thickness, structural, optical and electronic properties of each film was studied. 

How conditions affect each parameter, and how they may be linked, is covered in the 

sections below. 

 Thickness measurements 4.2.7.1

The thicknesses of the ZnO samples are shown in Figure 4. 9. It was seen that samples 

deposited at D = 15 cm samples and CGP = 3 bar, were significantly lower in thickness 

than other samples. In these samples it is believed that the droplet velocity was too 

great and particles were carried away from the substrate without deposition. This is 

backed up by the slight increase in thickness seen in the 460 °C sample where the 

speed of vapourisation would be increased. 
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Figure 4. 9 – Thicknesses analysis from temperature,  gas pressure and nozzle height 

optimisation experiments. Top, middle and bottom show pressures 1 , 2 and 3 bar respectively, 

substrate temperature is found on the x-axis and which each chart showing nozzle height in 

different colours with 15, 18 and 21 cm indicated by cyan, blue and navy respectively. This 

notation will be used for all figures in this section unless otherwise stated.  

The sample grown at “St: 290 °C ¦ D: 18 cm ¦ CGP: 3 bar” is anomalously thick, the cause 

of the error in this sample not known. There are some thermophoretic effects seen 

particularly in the films grown at 380 °C, 1 and 2 bar; with 18 cm often resulting in 

thicker films than the 21 cm. This is expected as the greater distance would likely 

result in smaller droplets more likely to be carried away by thermophoretic currents. 

Whilst the point will be including in analysis following this, any conclusions take the 

increased thickness into account. There is also some minor variation in the thicknesses 

of other samples which should be considered when analysing the results.  
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 Structural analysis 4.2.7.2

Structural information on the films was obtained using XRD, the full dataset of the 

twenty seven diffraction patterns can be found in the Appendix (section A.2). The 

texture of the films could be quantified using the texture coefficient, as described in 

section 2.3.2 and shown in Figure 4. 10.   

The substrate temperature has a great influence on the texturing of the films.  Films 

grown at 290 °C show similar texturing even with different pressure and heights. The 

same is true for films grown at 380 and 460 °C although some subtle change to 

texturing is seen. 

In samples deposited at ‘St: 290 °C’, films show texturing towards the (100) and (110) 

orientations; the (002) orientation is usually not present.  Only small changes are seen 

in texturing as the nozzle height and carrier gas pressure are varied in films grown at 

this temperature. The presence of the (100) and (110) are believed to be linked to 

droplets undergoing pathways one and two. This is because their intensity diminishes 

at higher temperatures. 

Films growth at ‘St: 380 °C’ are mostly randomly orientated, however, there is some 

texturing towards the (100) orientation. The (102) and (103) orientations do not 

feature. Given that these are low intensity orientations in a powder sample, it may be 

that the peaks were merely too small for analysis. The (002) peak shows significant 

variation in texturing. Both nozzle height and pressure have a significant influence on 

the texture of the deposited films. This emergence of the (002) orienation is believed to 

be linked to the deposition method; the lowest surface energy orientation growing as a 

result of droplets undergoing pathway three. Indeed, at this temperature (slightly 

lower than the literature optimum (~400 °C)), films grown from ‘D: 15 cm’ show the 

lowest (002) texture. This improves as the nozzle height increases. This is consistent 

with the theory; as droplets would have longer to vapourise in the ‘D: 21 cm’ samples, 

thus at the lower temperature, this would be expected to increase the (002) texture.  

With six orientations considered, a film entirely showing one orientation would have a 

texture coefficient of six with all other values being zero. A texture coefficient of one 

indicates a randomly oriented film. Below one indicates an unfavoured orientation. 
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Figure 4. 10 – Texture coefficients of different crystal orientations (top to bottom - (100), 

(002), (101), (102), (110) and (103)) for ZnO films from temperature, nozzle size and height 

optimisation experiments. In this case pressures of 1,2 and 3 bars are displayed from left to 

right. A texture of 1 indicates zero texturing highlighted by dashed line.  
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In films grown at ‘St: 460 °C’ the (100), (101) and (110) orientations disappear. This 

suggests that the majority of droplets fully evaporate before the surface. The 

emergence of the (102) and (103) peaks suggest these growth directions are linked 

with droplets following pathway four. It is also possible that these orientations are 

enabled purely by the higher temperature. The lack of difference in height and 

pressure variation suggests that the later may be more likely. The (002) still shows 

equal preferential growth suggesting a proportion of droplets are still undergoing 

pathway three. 

Increased gas pressure acts in two ways upon the droplets, both reducing the size 

pushing towards pathway four, and increasing velocity pushing towards pathway one. 

These factors may often be of equal importance, thus, cancelling each other. This would 

explain how trends are similar at most pressures variations.  

Films with the greatest texturing towards the (002) orientation were found using the 

following parameters: 

o St: 380 °C ¦ D: 21 cm ¦ CGP: 1 bar 

o St: 380 °C ¦ D: 21 cm ¦ CGP: 2 bar 

o St: 460 °C ¦ D:  15 cm ¦ CGP:  2 bar 

o St: 460 °C ¦ D:  18 cm ¦ CGP: 2 bar 

o St: 460 °C ¦ D:  21 cm ¦ CGP:  3 bar 

From analysis of the texturing of the film it is believed that these conditions are 

optimum for deposition via pathway three. 

The crystallite size of all films were calculated using the Scherrer equation using the 

(101) orientation, the only peak present in all films. Results are shown in Figure 4. 11. 

The average crystallite size ranges from ~ 3 – 60 nm. There is a clear trend of increased 

crystallite size with temperature. This is likely driven by the increased crystallinity of 

films caused by the higher temperatures.  

In general the distance from nozzle to substrate only has a small influence. Pressure 

plays a role in at ‘St: 460 °C’, where the crystallite size is reduced in the ‘CGP: 3 bar’ 

films.  The greatest crystallite size is seen in ‘St: 460 °C ¦ D: 18 cm ¦ CGP: 1 bar’ sample. 
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Figure 4. 11 – The crystallite sizes derived from d(101) from temperature, gas pressure and 

nozzle height optimisation.  

 Optical analysis 4.2.7.3

The transparency of the films was also measured using UV-Vis spectroscopy. The 

average transmittance of the films was calculated between 400-900 nm (excluding the 

fundamental absorption of ZnO at ~ 360 nm). These are shown for all conditions in 

Figure 4. 12.  
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Figure 4. 12 – The average transmission from temperature, gas pressure and nozzle height 

optimisation experiments. The average transmission was taken to negate the influence of 

interference fringes and between 400 – 900 nm to avoid the fundamental absorption of ZnO 

found at ~360 nm. 

There are no global trends seen in the transmittance data, the films show excellent 

transparency to visible light excluding the sample deposited at ‘St: 500 °C ¦ D: 21 cm¦ 

CGP: 1 bar’. These conditions were mostly likely to promote droplets to undergo 

pathway four, causing non-transparent particulates to impact on the surface. In low 

concentrations, these particles are likely to be carried from the substrate by the carrier 

gas, however, at high concentrations some particles are likely to adhere to the surface. 

These would act to lower the transmittance of the film.  
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The anomalously thick films at ‘St: 300 °C ¦ D: 18 cm ¦ CGP: 3 bar’ shows slightly 

decreased transmittance. This is to be expected due to the unexpectedly high thickness 

in this sample.  

 Analysis of electronic properties 4.2.7.4

The electronic properties of the films were studied using AC Hall effect measurements 

(Figure 4. 13). This technique allows the splitting of the resistivity into the charge 

carrier concentration and charge mobility components as discussed in section 2.4.3. 

Detailed work on the electronic properties of native ZnO deposited in atmospheric 

conditions are mostly unreported in literature owing to its high resistivity. These 

measurements are made possible by using an AC field Hall measurements (described in 

2.4.3.2), however, this means that there are few literature results for comparison. 

 

Figure 4. 13 – AC Hall effect measurements temperature, gas pressure and nozzle height 

optimisation experiments. Charge carrier concentration, charge mobility and resistivity as 

shown (top to bottom), pressure of 1, 2 and 3 bar are displayed (left to right)  
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The substrate temperature has the greatest effect on resistivity. Films deposited at ‘St: 

290 °C’ generally display significantly higher resistivities than those grown at higher 

temperatures; this is driven by increased charge mobility across all samples. This is 

believed to be linked to the increase in crystallite size, as seen in Figure 4. 11. Smaller 

grains suggest an increase in grain boundaries, thus, an increase in grain boundary 

scattering. This scattering mechanism would be expected to be prominent in the small 

grain sizes, such as those seen in ‘St: 290 °C’ samples. The low charge carrier 

concentrations suggest that ionised impurity scattering would not be influential. When 

the crystallite size is plotted against the charge mobility, a possible relationship can be 

is discerned (R2:0.54 shown in Figure 4. 14.), supporting this theory.  

 

Figure 4. 14 – The crystallite size plotted against the charge mobility from temperature, gas 

pressure and nozzle height optimisation.  
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Films deposited at ‘St: 380 °C’ show the lowest resistivity values with the exception of 

the ‘D: 18 cm ¦ CGP: 1 bar sample’. When the temperature was increased to ‘St: 460 °C’ 

the resistivity is seen to increase. This is driven by a decrease in charge carrier 

concentration which occurs in all samples, with the exception of the ‘D: 21 cm ¦ CGP: 1 

bar’ sample. Studying structural properties of the films grown at ‘St: 380 and 460 °C’ 

there were no trends to explain the decrease in charge carrier concentration. 

Therefore, it follows that this decrease not due to structural changes and, instead, the 

result of variations in the intrinsic defect chemistry. 

It reasonable to deduce that the films deposited at 380 °C have an increased level of n-

type intrinsic defects compared with those grown at 460 °C. This may be caused by 

reduced surface free energy during deposition. This would result in atoms directed to 

the local energy minima associated with defect states in the ZnO lattice. An increased 

level of defect states such as Zni or VO would lead to these observations. Another 

possibility is that the increased temperature allows the migration of atoms within the 

lattice; this would lead to the compensation or elimination of defects.  

4.2.7.4.1 Figure of merit (FOM) 

A figure of merit was used to find the most desirable film for use as a TCO in terms of 

transparency and conductivity. Calculated by ‘T10/Rs’, it balances the importance of 

transmittance and resistivity equally. It impacts heavily on films which fall outside of 

the values of each require for use in application. This method was originally proposed 

by Haacke et al. [143] The figure of merit for the samples are shown in Figure 4. 15.  

The observed FOM values are low, this is because native ZnO films are typically well 

below the required conductivity for TCO applications. Using this method, however, it 

becomes possible to compare samples taking both transparency and resistivity into 

account.  

The most promising conditions are seen at: 

o St: 380 °C ¦ D: 15 cm ¦ CGP: 1 bar (~175 nm) 

o St: 380 °C ¦ D: 21 cm ¦ CGP:  2 bar (~145 nm) 

o St: 380 °C ¦ D: 15 cm ¦ CGP: 3 bar (~120 nm) 

o St: 460 °C ¦ D: 15 cm ¦ CGP: 3 bar (~140 nm) 

Lower temperature conditions are desirable in terms of industrial processing thus the 

460 °C was excluded. The higher deposition rate and reduced carrier gas consumption 

led to the parameters: 380 °C – 15 cm – 1 bar to be carried forward in further study of 

ZnO films. 
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Figure 4. 15 – Figure of merit for TCO applications from temperature, gas pressure and nozzle 

height optimisation experiments.  

 Precursor concentration  4.2.8

The concentration of precursor solution affects the deposition rate. The part it may 

play (if any) in which pathway the droplet undergoes is not obvious. However, each 

droplet is likely produce a larger amount of precipitate and the deposition rate will be 

heavily influenced.  
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van Heerden et al studied the structural properties of films deposited from zinc acetate 

precursor concentrations of 0.05, 0.2 and 0.4 M at a substrate temperature of 420 °C. 

[131] Films were all shown to have a (002) texturing; this was more intense in the 

lowest concentration sample. This report, like others studying the concentration, saw 

large changes in film thickness when the concentration was varied. This made it 

difficult to make decisive conclusions on the effect of purely the concentration. (see 

section 4.2.7.1) 

Tarwal et al suffered similar problems showing the structural, morphological and 

optical effects of precursors concentrations of 0.1, 0.2, 0.3 and 0.4 M. [138] In this 

report the thickness increased from 300 – 900 nm over the concentration range. 

Contrary to van Heeden’s findings greater (002) texturing was seen in the higher 

molarity samples. Roughness was seen to increase in the higher concentration films 

although this would be expected with increasing thickness. The optical transmittance 

was also seen to be lower in the thicker, higher concentration films.  

Other reports show similar (002) texturing increases and optical transmittance 

decreases with increasing concentration. However, in all these reports, thickness 

remains an issue. One such report studies precursor concentration between 0.05-0.15 

M in 0.025 M steps (thickness 100-400 nm). [144] Hall effect measurements 

(experimental parameters not specified) were conducted; the lowest resistivities were 

seen in the 0.1 M samples. This decrease was driven by variations in charge mobility; 

the charge carrier concentration, however, was seen to be stable. Variable thickness 

was found to cause uncertainty in their low concentration samples. The report also 

suggests that high resistivity in their high precursor concentrations is linked with 

failure of the precursor salt to fully decompose during deposition. This claim, however, 

is unsubstantiated in the report. In a later report, films were deposited from 0.05, 0.1 

and 0.15 M solutions. [145] Films were claimed to have equal thickness of ~230 nm, 

although, perhaps this is questionable as all other parameters are said to be equal. 

From XRD, crystallite sizes are found to be ~78 nm in at all concentrations with the 

films switching from a (101) to a (002) texture from 0.05 – 0.1 M.  
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 Precursor concentration experiments 4.2.9

In this experiment, the precursor concentration was set to: 0.05, 0.1, 0.2 and 0.4 M. 

Other parameters were set as described in Table 4. 4.  

CG 
HT 

(°C) 
D 

CGP 

(bar) 
St 

PL 

(s) 

SoP 

(s/p) 
Cy 

NS 

(mm) 

N2 380 15 1 Soda lime 25 5 1-7 0.2 

Table 4. 4 – Experimental parameters for precursor concentration investigation  

The thickness, structural, optical and electronic properties of each film was studied. 

How conditions affect each parameter, and how they may be linked, is covered in the 

sections below. 

 Thickness tests 4.2.9.1

A thickness trend was carried out so that structural and electrical properties of 

comparable films could be investigated (Figure 4. 16). Linear cycles to thickness trends 

are seen at all concentrations.  

 

Figure 4. 16 – Thickness trends in precursor concentration experiment. Zinc acetate  

concentration was set to 0.05, 0.1, 0.2 and 0.4 M and films were deposited for 1-10 spray 

cycles. Circled points indicate samples of comparable thickness used for further study.  

1 2 3 4 5 6 7 8 9 10

0

100

200

300

400

500

600

700

 

 

 0.05 M

 0.1 M

 0.2 M

 0.4 M

T
h

ic
k
n

e
s
s
 (

n
m

)

Cycles



143 
 

Films circled in Figure 4. 16 were seen to have comparable thickness. Films grown 

from 0.1, 0.2 and 0.4 M solutions were maintained at the set temperature on the 

hotplate post deposition so that all films received the same level of annealing. The aim 

of this was to mitigate potential differences arising from the different deposition times. 

 Structural Analysis 4.2.9.2

XRD analysis was performed on all films; a full XRD dataset is shown in Appendix 

(section A.3). XRD data of films with comparable thickness are shown in Figure 4. 17.  

 

Figure 4. 17 – XRD patterns of comparable thickness ZnO films from precursor concentration 

experiments. 
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Texture coefficients of the different orientations were extracted from the XRD patterns 

shown in Figure 4. 18. A decrease in (002) texturing is seen as the precursor 

concentration is increased. This is coupled with an increase in the (100) and (101) 

orientation. Increased (002) texturing in lower concentration samples agrees with the 

findings of van Heerden et al [131] and disagrees with those by Shinde et al [144] and 

Tarwal et al. [138] The results presented from this work, however, are not comparable 

as the (100) is not seen in previous studies. These samples show a texturing shift from 

the (101) to (002) orientation as concentration is decreased.  

 

Figure 4. 18 – Texture coefficient from precursor concentration experiment  
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The droplet pathways are likely to be similar; this is because the parameters which are 

believed to affect the pathway are fixed. The difference is the amount of the precipitate 

left when the solvent has been removed. This could mean that the rate of vapourisation 

of the precipitate is reduced leading to the droplets being driven towards pathway one. 

There is some evidence for this in the XRD patterns, where films deposited at higher 

concentrations display similar attributes to those deposited at lower temperatures (in 

which pathway one/two is believed to be occurring). 

Another potential explanation for the observed texturing is the differing deposition 

rate. Films deposited from higher concentration solutions have much higher deposition 

rates; the cumulative energy loss as a result of decomposition and crystallisation may 

result in a lower surface energy. This would also display similar attributes to films 

deposited at a lower temperature. It is likely that both factors play a role. 

In previous studies, the deposition conditions are believed to be drive droplets further 

towards pathway four. At this extreme, the texturing is believed to randomise away 

from the (002) orientation. The increased texturing seen at high concentration can also 

be seen to fit the theory. A shift from pathway four to pathway three with increased 

concentration would result in this observation.  

The crystallite size was extracted from the XRD data (Figure 4. 19). A decrease in 

crystallite size can be seen from 26.0 nm in the 0.05 M sample to 14.2 nm in the 0.4 M 

sample. This decrease is not seen in other literature examining, however, previous 

studies have examined a structurally different set of films. This decrease is likely due to 

a decrease in crystallinity from the increased deposition rate. 

 

Figure 4. 19 – The crystallite size from precursor concentration experiment calculated using 

the Scherrer equation from the (002) peak 
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 Optical analysis 4.2.9.3

The optical properties of deposited films were investigated by UV-Vis spectroscopy 

shown in Figure 4. 20.  

 

Figure 4. 20 - Optical transmittance of samples with varying precursor concentration. Insert 

shows Tauc analysis of optical data. 

Tauc analysis (Figure 4. 20 – insert) was used to investigate whether thickness had a 

significant effect on the band gap of the films. Results are displayed in Figure 4. 21. 

 

Figure 4. 21 - Varying electronic band gap of ZnO with increasing precursor concentration  
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 Analysis of electronic properties  4.2.9.4

The electronic properties of the films were studied using AC Hall effect measurements 

shown in Figure 4. 22.  

 

Figure 4. 22 – AC Hall effect measures from precursor concentration experiment  
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The resistivity is seen to decrease as the precursor concentration increases until 0.2 M 

whereupon a slight increase is seen. This decrease is driven by an increase in charge 

carrier concentration of nearly an order of magnitude between 0.05 and 0.1 M, and 

continuing to increase up until 0.4 M.  The charge carrier concentration is linked to the 

defect chemistry of the material. Films grown more slowly are likely to be more 

stoichiometric due to the film growth dynamics and plentiful supply of oxygen. As ZnO 

typically forms n-type defects (Vo and Zni), it follows that a more stoichiometric film 

would be expected to have fewer free carriers. An oxygen rich environment would also 

reduce the number of charge trapping VZn states again increasing the charge carrier 

concentration. 

 Charge mobility is also seen to increase from 0.05 – 0.2 M, despite a decrease in 

crystallite size (Figure 4. 19). This is consistent with the theory that charge trapping 

states are reduced as concentration increases. The reduction in charge mobility for the 

0.4 M sample may be linked to the changes in structure seen between 0.2 – 0.4 M. A 

similar structural change however, is seen in nozzle size experiments (section 4.2.11) 

without an observed decrease in charge mobility. This decrease could instead be linked 

with the decreased thickness. Indeed a sharp decrease in crystallite size is also 

observed from ~20 – 15 nm, potentially increasing grain boundary scattering. This 

results in an increase in resistivity despite the increase in the charge carrier 

concentration. The sample grown at 0.2 M displays the minimum resistivity. 

The decrease in band gap does not coincide with decrease in the charge carrier 

concentration as would be expected with Burstein-Moss shift. The increase in charge 

carrier concentration is, conversely, coupled with a decrease in the band gap. Again it 

may be that band gap narrowing dominates, however, it is also possible that the 

differences in the scattering from the change in orientation may affect band gap 

measurement. As ZnO forms a hexagonal, uniaxial crystal, it has different optical 

vibrational modes on the c-axis than the other two. This means that the refractive 

index may be slightly altered when the crystallites are preferentially aligned to the 

(002) orientation. This may result in the observed decrease in the measured band gap. 

[146] These measurements could be improved by considering the reflectivity when 

measuring the optical band gap. 
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 Nozzle size 4.2.10

The size of a nozzle is known to affect the droplet size and deposition rate which in 

turn may influence the film properties. Nozzle diameters of 0.2 mm [147], [148], 0.3 

mm, [149] 0.5 mm [150], 1 mm [151], 1.5 mm [152]  have been reported in pneumatic 

SP. However a direct comparison of different nozzle diameters in the same system is 

yet unreported.  

 Nozzle size experiments  4.2.11

The nozzle size was investigated at 0.2, 0.35 and 0.5 mm. The nozzle size dictates the 

flow rate and the size of the droplets produced. Larger nozzle sizes will produce bigger 

droplets which, in theory, will shift the system towards pathway one.  

Other parameters were fixed as described in Table 4. 5, pause length was adjusted for 

the three different nozzle sizes: 25 s was used for the 0.2 mm diameter nozzle; 30 s was 

used for the 0.35 mm and 45 s was used for the 0.5 mm nozzle.  

CG 
HT 

(°C) 
D 

CGP 

(bar) 
St 

PC 

(M) 

SoP 

(s/p) 
Cy 

N2 380 15 1 Soda lime 0.1 5 1-4 

Table 4. 5 – Fixed parameters in nozzle size experiments 

The thickness, structural, optical, topographic and electronic properties of each film 

was studied. How conditions affect each parameter and how they may be linked is 

covered in the following sections. 

 Thickness calibration 4.2.11.1

A thickness trend was measured so that structural and electrical properties of 

comparable films could be investigated (Figure 4. 23). Linear cycles to thickness trends 

are seen at all concentrations.  
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Figure 4. 23 – Thickness trends nozzle size experiment. Nozzle diameters of 0.2, 0.35 and 0.5 

mm were used (black squares, red circles, green tr iangles respectively) and films were 

deposited for 1-4 spray cycles. Circles indicate films of comparable thickness used in further 

study. 

Samples circled in Figure 4. 23 were seen to have comparable thickness. Films grown 

from 0.2 mm and 0.35 mm were maintained at the set temperature on the hotplate 

post deposition so that all films received the same level of annealing, this aim of this 

was to mitigate potential differences arising from the different deposition times. 

 Structural analysis 4.2.11.2

XRD analysis was performed on all films; a full XRD dataset is shown in Appendix 

(section A.4). XRD data of films with comparable thickness are shown in Figure 4. 24.  
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Figure 4. 24 – XRD patterns of comparable thickness ZnO films from nozzle size experiment  

Texture coefficients of the different orientations were extracted from the XRD patterns 

and shown in Figure 4. 25. Films grown using a 0.5 mm nozzle are seen to be randomly 

orientated, however, when using a 0.35 mm and 0.2 mm nozzles a (002) and (103) 

texturing is observed. The films grown using the 0.35 mm nozzle in particular shows a 

high texturing towards the (002) with a texture coefficient of 4.3. The crystallinity is 

much improved with smaller nozzle size. 
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Figure 4. 25 – Texture coefficients from nozzle size experiment  

A reliable crystallite size could not be extracted from the 0.5 mm sample, however, 

crystallite sizes of 30 and 31 nm could be extracted for the 0.2 and 0.35 mm samples 

respectively. SEM micrographs were collected to compare the grain size of all three 

sample as well as to study other topographic features.  
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 Topographic Analysis 4.2.11.3

SEM micrographs were collected of film shown in Figure 4. 26. The surface of 0.2 and 

0.5 mm films are significantly different. The 0.2 mm sample contains large (~100nm) 

plate-like grains. They are of roughly similar size and shape bearing some resemblance 

to the hexagonal/tilted-hexagonal shape expected from a (002) and (103) texture 

respectively. In contrast the 0.5 mm sample contains significantly smaller grains of 

varying size and shape (maximum ~50 nm minimum ~3 nm). The random shape may 

reflect the random orientation seen in the film.  

 

Figure 4. 26 – SEM micrographs of films from nozzle size experiment.  

The 0.35 mm sample bears a resemblance to the 0.2 mm sample in that many large 

hexagon plate-like grains can be seen. It differs in that a number of very small 

particulate like grains can also be seen which bear more resemblance to the 0.5 mm 

sample. This was perhaps to be expected, as the deposition pathway for the 0.35 mm 

nozzle lie between the two extremes.  
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The grain size from SEM and crystallite size from XRD are significantly different. This is 

not necessarily a problem as the two measurements are of slightly different properties. 

The Scherrer equation for example is a whole sample measurement, whilst, SEM is a 

view of the surface. When using the Scherrer equation, this work assumes crystallites 

to be spherical. Non-spherical crystallites would therefore cause inaccuracy in the 

experiment, particularly when a material shows preferential growth direction. SEM 

also suffers inaccuracy in grain size calculation due to this factor; the surface largely 

shows the preferential growth direction and may not reflect the overall actually grain 

size. Lastly, there is the inherent different between crystallites (measured in XRD) and 

grains (measured in SEM). Crystallites are areas of the same crystalline growth 

whereas the grains seen in micrographs may contain more than one crystallite.  

 Optical analysis 4.2.11.4

The optical properties of deposited films were investigated by UV-Vis spectroscopy 

shown in Figure 4. 27.  

 

Figure 4. 27 - Optical transmittance of samples of different nozzle sizes. Insert shows Tauc 

analysis of optical data. 

Tauc analysis (Figure 4. 27– insert) was used to investigate whether nozzle size had a 

significant effect on the band gap of the films. Results are displayed in Figure 4. 28. 
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Figure 4. 28 - Varying electronic band gap of ZnO with increasing thickness . Trend line is 

purely to guide the eye. 

The data shows little change to the band gap although the slight decrease in the 0.5 mm 

sample is consistent with the decrease in (002) orientation discussed earlier. 

 Electronic analysis 4.2.11.5

The electronic properties of the films were studied using AC Hall effect measurements 

shown in Figure 4. 29. 
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Figure 4. 29 – AC Hall effect measures from nozzle size experiment  

The 0.5 mm nozzle size exhibits a significantly lower resistivity than the other two, 

dropping by nearly an order of magnitude. This is largely driven by a sharp increase in 

charge carrier concentration. A similar effect was seen in the precursor concentration 

experiments, where faster deposition rates resulted in less textured films with greater 

charge carrier concentration. These results back up the hypothesis that the fast growth 

rate is resulting in desirable defect chemistry. This in turn leads to a slightly improved 

charge mobility and significantly improved charge carrier concentration.  

The increased charge mobility is surprising as there is a visible reduction in grain size 

from SEM measurements. This is expected to lead to increased grain boundary 

scattering.  
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In temperature, gas pressure and nozzle height experiments films with greater (002) 

texturing showed the most desirable electronic properties. This difference may be 

linked to the temperature required to activate defects. This is because films grown at 

‘St: 290 °C’ show significantly lower charge carrier concentrations, despite exhibiting 

similar structural properties to films grown from a precursor concentration of 0.2 M or 

nozzle size of 0.5 mm. 

 Carrier Gas 4.2.12

The carrier gas used may potentially play a role in the defect chemistry of the ZnO 

films. Notionally, it is intended to play no role in the reaction, however, the external 

environment plays a key role in the properties of ZnO prepared by SP thus the effect of 

the carrier gas must be considered.  Commonly used carrier gases are: compressed air 

[111], [130] and nitrogen, [131], [153] although, oxygen has also been used [141].  

Jongthammanurak et al studied the difference between using nitrogen and air as 

carrier gases using ultrasonic SP at temperatures ranging from 350 – 430 °C. [154] 

Structurally the carrier gases appear to have little effect, however within the range of 

375-415 °C resistivities are seen to be three orders of magnitude lower when grown 

using nitrogen compared to using air (1 and 3000 Ω.cm respectively). The setup of the 

chamber used meant that the films were effectively growing in nitrogen/air 

environments. This work suggests that the film growth is heavily reliant on the carrier 

gas used due to the varying oxygen partial pressure. 

As well as differences in the oxygen:zinc ratio in a film, a factor which should be 

considered is the possibility for nitrogen to act as a dopant. This is most likely by a 

substitution into an oxygen site and is typically used to achieve p-type conductivity. N 

doped ZnO has been shown using ammonium acetate as a precursor by SP [155] and it 

is also claimed that this can be achieved by annealing in N2. [156]  

There has been no dedicated study comparing the effect of the carrier gases using 

pneumatic spray pyrolysis in ambient conditions. 

  



158 
 

 Carrier gas experiments  4.2.13

In this work, ZnO was deposited using compressed air, nitrogen, argon and oxygen to 

investigate the effect of the carrier gas. The effect of N2 doping was compared to the 

inert gas Ar. The O content of the carrier gas was investigated by increasing in O ratio 

from 0 % in Ar, ~20 % in air and 100 % in O2. Other parameters were fixed as 

described in Table 4. 6. A higher hotplate temperature (500 °C) was used because N 

dopants are suggested to activate into p-type donors at this temperature. [155] The 

other parameters were fixed to take this into account.  

HT 

(°C) 
D 

CGP 

(bar) 
St 

PC 

(M) 

PL 

(s) 

SoP 

(s/p) 
Cy 

NS 

(mm) 

500 18 1 Soda lime 0.1 25 5 3 0.2 

Table 4. 6 – Experimental parameters for carrier gas investigation  

Thickness was found not to be effected by the differing gases and so was fixed to 150 

nm. The structural, optical and electronic properties of each film were studied. How 

conditions affect each parameter and how they may be linked is covered in the sections 

below. 
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Structural analysis 

XRD analysis was performed on all films; the results are displayed in Figure 4. 30. 

 

Figure 4. 30 – XRD patterns of comparable thickness ZnO films from carrier gas experiment. 

XRD was performed upon films after Hall effect measurements, thus there are peaks present 

from the indium contacts labelled ‘In’ which should not be considered in analysis  (the In peaks 

at ~33 ° are close to the ZnO (100) but on close inspection are slightly shifted).  

On first glace the films show little variation in crystallinity or texturing. The texture is 

quantified in Figure 4. 31, the only variation seen is a shift from the (101) to the (103) 

orientation for the N2 sample. The (002) orientation remains the dominant texture for 

all carrier gases.  
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If any differences were to be seen in the films due to varying oxygen content, it follows 

that the films deposited using oxygen and air carrier gases would differ from those 

using Ar. This is not the case. Whilst the pathway is not clear there is a possibility that 

the structural properties may be influenced by the likely presence of small amounts of 

H2O in the nitrogen gas. This could explain the subtle difference in the XRD pattern. 

 

Figure 4. 31 – Texture coefficients from carrier gas experiment.  
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 Optical analysis 4.2.13.1

The optical properties of deposited films were investigated by UV-Vis spectroscopy 

shown in Figure 4. 32.  

 

Figure 4. 32 - Optical transmittance of samples with varying carrier gas. Insert shows Tauc 

analysis of optical data.  

Tauc analysis (Figure 4. 33– insert) was used to investigate whether thickness had a 

significant effect on the band gap of the films. There was no change in band gap 

observed. All films measured a band gap of 3.237 eV. 

 Electronic analysis 4.2.13.2

The electronic properties of the films were studied using AC Hall effect measurements 

shown in Figure 4. 33.  

It is clear from the Hall results that the different carrier gases have negligible influence 

on the electronic properties. The charge carrier concentration and the charge mobility 

are comparable for all gases and this is reflected in the stable resistivity. 

The fact that carrier gas type does not affect the charge carrier concentration suggests 

that, under the present conditions, there is ample oxygen from the solvent, organic 

component of the precursor salt, and the surrounding environment to produce a 

stoichiometric film. Films grown in vacuum using physical deposition methods (see 

1.6.1) or in nitrogen environments, such as those by Jongthammanurak et al, show 

significantly higher charge carrier concentrations. This suggests the oxygen partial 

pressure in surrounding environment has a great impact on the defect chemistry.  
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One explanation for the lack of improvement in properties is that the films receive 

annealing in air between spray cycles. This would allow oxygen to enter a deficient 

system and give the results seen in Figure 4. 33. An interesting follow up experiment 

would be to maintain a flow of an oxygen free gas during the deposition process to see 

if this would affect results.  

The small decrease in charge carrier concentration between Ar and N2 deposited films 

may be evidence for a small amount of nitrogen doping – the acceptor defect formed 

would compensate some n-type carriers. However, the different is too small for any 

confidence in this theory. Further experiments would be needed to better study this 

hypothesis. 

The charge carrier concentration and resulting resistivity seen in these films is low in 

comparison to films seen in similar conditions. The hotplate temperature was raised to 

a higher temperature than previously used; this may explain the disparity. Droplets 

may have been pushed further towards pathway four, or, a more stoichiometric film 

may have been produced. 

 

Figure 4. 33 – AC Hall effect measures from carrier gas experiment  
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 Growth on different surfaces 4.2.14

The substrates were chosen for their low cost and transparency. As the droplets should 

be evaporated before they reach the substrate the wettability should not play a large 

role is deposition dynamics. The surface of the substrate may however have an 

influence on the adsorption properties of the vapour and the growth of the first layer of 

the film. This section describes how different surfaces can be used to template growth. 

There have been relatively few reports investigating the effect of different surfaces in 

thin film growth in SP, although, much coverage is seen studying the growth of 

nanostructures.  A report by Boyle et al describes a two stage hydrothermal growth of 

ZnO micro-columns, where a thin first layer acts as template for the second producing 

much improved nano-structuring. [157] This work has been followed up extensively in 

the growth of nano-structures [158]–[160] and has been extended to film growth using 

hydrothermal techniques. [161] There is little literature discussing substrate 

templating ZnO films using a roll to roll compatible technique such as spray pyrolysis.  

Here the effect of using Zn O seed layers to increase the orientation of spray deposited 

ZnO is investigated. 

 Different surface experiments 4.2.15

ZnO films were grown on bare soda lime glass, 10 nm of highly (002) orientated ZnO 

grown by pulsed laser deposition (PLD), and 10 nm ZnO was grown by atomic layer 

deposition (ALD). For comparison films were grown on soda lime glass and on a 

transistor base to show growth on a polycrystalline silicon/gold surface.  

CG 
HT 

(°C) 
D 

CGP 

(bar) 
St 

PC 

(M) 

PL 

(s) 

SoP 

(s/p) 
Cy 

NS 

(mm) 

Air 425 15 1 - 0.1 25 5 3 0.2 

Table 4. 7 – Fixed parameters in surface experiments  

100 nm films of ZnO were deposited upon the different layers using SP with the other 

parameters fixed as described in Table 4. 7. 
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 Structural analysis 4.2.15.1

XRD analysis was performed on all films with the results are displayed in Figure 4. 34. 

The films show a stark difference in crystallinity. Films grown by SP on bare glass and 

on 20 nm of ALD ZnO display similar structures. They are comparable with films seen 

earlier in the chapter. The 10 nm of PLD is entirely textured towards the (002) 

orientation and is highly crystalline showing similar intensity to SP films of ten times 

the thickness. The peak is much broader; this is likely due to a much diminished grain 

size and can be linked to the thickness. When SP films are deposited upon a surface 

composed of 10 nm PLD deposited ZnO a clear templating effect is seen. The resulting 

film’s XRD pattern is many orders more intense than a film of similar thickness grown 

purely using SP. The film is also entirely textured towards the (002) orientation, 

matching that of the surface below. 

 

Figure 4. 34 – XRD patterns of ZnO films grown upon different surfaces. The x-axis’ displaying 

the intensity are set to a logarithmic scale so that films can be compared.  
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 Topographic and cross sectional analysis 4.2.15.2

SEM micrographs were taken of the different films; the results are shown in Figure 4. 

35. 

 

Figure 4. 35 – SEM micrographs of ZnO growth on various substrates. (a) shows 100 nm of ZnO 

grown on a soda-lime base. (b) shows 100 nm of ZnO grown on 10 nm of PLD deposited  ZnO 

(glass substrate). (c) shows 100 nm of ZnO grown on 10 nm of ALD deposited ZnO (glass 

substrate). (d) shows 100 nm of ZnO grown on a transistor base with polycrystalline silicon on 

the left and gold on the right 

The results show very different properties depending on the surface. The ZnO film 

grown on base glass (shown in Figure 4. 35 - (a)) as with previous samples, displays a 

‘flake like’ surface made up of a large distribution of grain sizes. The ZnO grown on PLD 

deposited ZnO (shown in Figure 4. 35 - (c)) displays much clearer hexagon like shapes 

and a more consistent grain size. The film also appears to be smoother, however, the 

presence of much more defined grains leaves some gaps between columns.  

(a) (b) 

(c) (d) 
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 The ZnO grown on ALD deposited ZnO (shown in Figure 4. 35 - (d)) display much 

smaller grain sizes, however, there are patches of larger grains seen throughout the 

micrograph. The ZnO film grown on the transistor base (shown in Figure 4. 35 - (b)) 

shows a clear division between the two regions (polycrystalline silicon and gold) and is 

an excellent example of how the different surfaces direct the growth in identical 

conditions. The ZnO grown on silicon closely resembles that grown on soda-lime glass 

whereas the ZnO grown on gold resembles that grown on ALD deposited ZnO. It is 

likely that these two sections may have different electrical properties; this is worth 

considering when measuring transistors using ZnO deposited by spray pyrolysis. 

TEM cross sectional images were taken of ZnO grown on glass and on the PLD 

deposited base, these are shown in Figure 4. 36. The cross sections show larges 

differences: the film grown on bare glass (Figure 4. 36 - right) shows many small grains 

of no distinct shape; the film grown on the PLD base (Figure 4. 36 - left) however 

shows very large grains, they are columnar and grow vertically from the base to the 

surface. 

 

Figure 4. 36 – Left shows TEM cross section of a ZnO film sprayed on to 10 nm of PLD grown 

ZnO. Right shows TEM cross section of a ZnO film sprayed on bare glass. The individual layers 

are labelled with the glass substrate at the bottom, above this the PLD grown ZnO then the 

spayed ZnO, gold was sputtered on top to prevent charging from the electron microscope, 

platinum is deposited on the surface to protect the lamella from damage from the FIB . 
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 Electronic Analysis 4.2.15.3

The electronic properties of films grown on bare glass and on 10 nm of PLD ZnO were 

studied using AC Hall effect measurements shown in Figure 4. 37.  

 

 

Figure 4. 37 – Hall charge mobility and charge carrier concentration (left) and resistivity 

(right) of ZnO films grown on a bare glass surface and PLD grown ZnO sur face. Trend lines a 

purely to guide the eye. 

There is over an order of magnitude decrease in the resistivity of the film grown of the 

PLD base compared with on bare glass. This is driven by an equal increase in the 

charge mobility. The charge carrier concentration is largely unaffected.  

This is expected from the structural and electron microscopic analysis, the large 

increase in grain size is likely to severely reduce grain boundary scattering accounting 

for the increase in charge mobility and reduction in resistivity. 
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It is clear that using a highly textured seed layer can template growth in a quasi-

epitaxial manner. The greatest templating was seen in a PLD derived seed layer, 

whereas, the less (002) orientated ALD derived seed layer was ineffective. This may 

have interesting implications for TCO applications. PLD is not a cost efficient method of 

templating growth however; if this type of templating was possible in a less costly 

manner, it could provide a method of reducing resistivity of solution processed ZnO to 

the levels of vacuum deposition methods.  
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4.3 Conclusions 

This chapter aimed to give a systematic review of deposition parameters finding 

optimum conditions to deposit optically transparent and low resistivity ZnO. It also 

aimed to fill a gap in the literature in terms of the linking the deposition parameters, 

the structural properties and the electronic properties. This was made possible by 

novel AC field Hall effect measurements, where low charge mobility samples could be 

accurately measured. 

The chapter started with a review of the state of the art in terms of the spray 

deposition of ZnO, identifying the deposition parameters most conducive to the 

deposition of crystalline and optically transparent films. A number of potential 

parameters were highlighted from the literature. Two parameters were initially 

deemed superior based on this investigation and some preliminary studies: 

o Precursor salt - zinc acetate dihydrate, 

o Precursor solvent - methanol + 2.5 vol% acetic acid. 

  Thickness studies 4.3.1.1

A limitation in many literature sources was the limited reporting and variation in 

sample thickness. The importance of consistent sample thickness was highlighted: 

o Variation in preferential orientation is seen, 

o Variation in the electronic band gap is seen, 

o Variation in the charge carrier concentration and charge mobility are seen. 

  Substrate temperature, Gas Pressure and Stage Height studies  4.3.1.2

 The remaining parameters were systemically investigated, maintaining a consistent 

thickness and the structural and optoelectronic properties studied. Firstly the three 

linked parameters of substrate temperature, stage height and carrier gas pressure 

were studied 

o Substrate temperature has the greatest influence on the structural properties, 

- The greatest texturing towards (002) orientation is seen between 380-

460 °C, 

- Stage height and carrier gas pressure dictate the optimum conditions 

for (002) growth between this temperature range. 

o The lowest resistivity and greatest transparency was seen between  
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380 – 460 °C. No clear link between the texturing and optoelectronic properties 

could be deciphered however, a loose trend between the charge mobility and 

crystallite size emerged. 

o The most conducive conditions for spraying ZnO for TCO applications was 

found at 380 °C – 15 cm – 1 bar. 

 Precursor concentration studies 4.3.1.3

Using these conditions, variations in the precursor concentration were investigated. 

o A thickness calibration study was implemented to achieve consistent thickness 

for the experiment. 

o The precursor concentration was linked to degree of preferential orientation 

by: 

- Variations in growth rate or  

- Variations in the droplet pathway  

o Electronic properties largely dictated by charge carrier concentration 

- Increased deposition rate is believed to lead to more intrinsic defects 

- 0.2 M sample showed lowest resistivity 

 Nozzle size studies 4.3.1.4

Variations in film properties were investigated when altering the nozzle size. 

o A thickness trend was implemented to achieve consistent thickness for study 

o The largest nozzle size (0.5 mm) display reduced crystallinity and less 

texturing 

- Proposed to be due to growth rate or droplet pathway  

o SEM showed the 0.5 mm film to have a much smaller grain size 

o Electronic properties largely dictated by charge carrier concentration 

- Increased deposition rate is believed to lead to more intrinsic defects 

- 0.5 mm sample showed lowest resistivity, 0.35 and 0.2 mm roughly 

equal 

 Carrier gas studies 4.3.1.5

Variations in film properties were investigated when altering the carrier gas. 

o Films deposited from different carrier gases display similar structural, optical 

and electrical properties 

o The type of carrier gas is believed not to affect film properties 
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o The deposition environment is not believed to be dominated by the carrier gas 

instead the atmospheric conditions take precedence. 

 Different surfaces study 4.3.1.6

The ability to template ZnO films was investigated using ZnO seed layers created from 

PLD and ALD. These were compared with bare glass, silicon and gold surfaces. 

o The PLD seed layer show greatly improved crystallinity and texturing to ALD 

seed layer and to the control 

o SEM showed the PLD seed layer gave larger and more defined grains compared 

to the control, the ALD seed layers gave a decrease in grain size 

o The PLD showed greatly reduced resistivity compared to the control driven by 

an increase in charge mobility.  
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CHAPTER V –  DOPING AND ANNEALING STUDIES ON ZNO 

PREPARED BY SPRAY PYROLYSIS 

5.1 Introduction 

Chapter IV was focused on optimising the spray conditions to deposit thin films of ZnO. 

The aim of this was to produce a native film most compatible for application in 

transparent conducting oxide applications. In Chapter V, work is directed towards 

investigating how native and external defects can be introduced to influence the 

structural and optoelectronic properties.  

This chapter first investigates using external dopants as a source of improved 

conductivity. Having optimised the doping of ZnO, it moves on to investigate methods 

to the control of the native defects in the doped films using annealing techniques. 

5.2 Doping Studies  

The most common additives to ZnO films are the group 3 dopants: Al, Ga and In. The 3+ 

ions can substitute for Zn2+ in the lattice adding an electron to the conduction band for 

every substituent. This is well documented to increase the charge carrier concentration 

and lowers the resistivity.  

Merchant et al used spray pyrolysis to dope ZnO with 3+ ions: B, Al, Ga, In, As, Mo, La, Fe 

and Gd and studied the interplay between dopant level and resistivity in undoped and 

annealed films. [109] A table of their results is shown in Table 5. 1. 
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Dopant  Film thickness (nm) 
Resistivity - as-deposited 

(Ω.cm) 

none 1000 3830 

Al 2 at% 500 0.250 

In 1 at% 1000 98.7 

Ga 4 at% 300 1.15 

Mo 4at% 200 2110 

B 0.5at% 300 770 

La 1 at% 500 31200 

Gd 2 at% 500 51000 

Table 5. 1– The minimum resistivity of ZnO doped with a series of dop ants. Dopant % was 

optimised for each dopant. Reproduced from Table 1 of Reference [109]. 

Annealing in hydrogen at 300 °C was seen to reduce the conductivity of all films by a 

number of orders of magnitude.   

Following on from initial studies (Table 5. 1), Merchant et al investigated the case of Al 

doped ZnO in detail. A dramatic drop in resistivity between 0-1 at% was seen reaching 

a minimum at 2 at%. The resistivity then increases dramatically past 3 at%. The full 

trend is displayed in Figure 5. 1. 

 

Figure 5. 1 – Effects of Al doping on resistivity of ZnO, films range from 300-600 nm in 

thickness. Reproduced from figure 3 of reference 103.  
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Since these early efforts, spray pyrolysis has become a more common technique. 

Advances have been made to improve results by modifying the processing conditions, 

this has been achieved by: optimising precursors; [110] using ultrasonic nozzles; [105], 

[162] and depositing in oxygen and water poor environments. [163]  

AZO has featured in a many of the literature studies investigating SP. Minimum 

resistivities of AZO films typically are in the ranges of 10-3 Ω.cm for as-deposited films 

and 10-4 Ω.cm for annealed films. Comparing literature values for an outright ‘best’ 

method remains difficult due to the large number of different set-ups and conditions 

used. As discussed in section 4.2.3, the thickness of the films can have a great effect on 

electronic properties. This effect is highlighted in a report by Arnou et al, [164] where 

films of 250 – 300 nm show minimum resistivities of ~ 1 Ω.cm, however, films of 1800 

nm display resistivities in the range of 1 x 10-2 Ω.cm. For many TCO applications, 

particularly in solar cells, films are ideally in the range of 100 – 150 nm, [165] this is to 

maximise transmittance and increase cell efficiency. This brings in to question the 

relevance of low resistivities seen in thicker films when discussing their potential in 

solar cell applications. It is worth highlighting that the competition, industrial ITO, is 

typically 150 nm thick.  

It is also important, when comparing literature values, to determine whether a film 

have received a post deposition anneal, and, if that anneal was performed in an oxygen 

deficient environment. The importance of this factor is highlighted my Merchant et al 

in Figure 5. 2, where the relationship between thickness and electronic properties is 

shown, before and after a vacuum anneal (10-3 bar and 400 °C). This study includes Al, 

Ga and In doping. [11] 
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Figure 5. 2 – Effects of thickness and vacuum anneal on Al, Ga and In doped ZnO films . 

Reproduced from Figure 7 of reference [11]. 

Following vacuum annealing, the resistivity of AZO, GZO and IZO films all decrease by 

roughly two orders of magnitude. The reason for this decrease is cited to be due to the 

creation of an oxygen deficient film; with the increased conductivity suggested to be 

caused by oxygen vacancies. Whilst the current thinking is that oxygen vacancies do 

not actively increase conductivity (see section 1.4.1.1.1) the benefit of vacuum 

annealing is clear. 

 Preliminary results on trivalent dopants 5.2.1

Preliminary work for this report, studying the doping of ZnO, focused on the 

incorporation of a number of trivalent ions. Group 3 salts: Al, Ga and In as well as Y, Bi 

and Ce (which preferentially form 3+ ions) were added to the precursor solution at 2 

at%. Optimised spray parameters calculated in Chapter IV were used as shown in Table 

5. 2. 

CG 
HT 

(°C) 
D 

CGP 

(bar) 
St 

PC 

(M) 

PL 

(s) 

SoP 

(s/p) 
Cy 

NS 

(mm) 

N2 400 18 1 Soda lime 0.1 25 5 3 0.2 

Table 5. 2 – Spray parameters of initial trivalent doping experiment  
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The sheet resistance of the six films were recorded, as shown in Figure 5. 3. The results 

are displayed in terms of sheet resistance rather than as resistivity as reliable thickness 

measurements could not be achieved for all films. 

 

Figure 5. 3 – Sheet resistances of ZnO films doped with 2 atomic percent of Al, Bi, Ce, Ga, In 

and Y. 

ZnO films doped with Bi, Ce and Y show sheet resistances similar to those recorded in 

undoped ZnO films. This suggests that these dopants have not substitutionally doped 

into the ZnO lattice or, if substitutional doping has occurred, the ions have not been 

suitable to donate a free carrier to the conduction band of the ZnO system.  

If the Bi, Ce  and Y ions have not substituted into the lattice it is possible they have 

segregated to grain boundaries or as large networks of complex defects (including anti-

sites). The size of these ions means that EDX would provide an excellent method to 

study the location of these ions in more detail. 
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IOn the contrary the Al, Ga and In doped films show a two order of magnitude decrease 

in the sheet resistance. This suggests that the dopants have successfully substituted for 

zinc ions in the lattice and donated free charge carriers to the lattice. The success of Al, 

Ga and In doping compared with Ce, Y, and Bi is attributed to the different ionic radii of 

the species. Substituent impurities must replace the Zn2+ ion which has an ionic radius 

of 0.60 Å. The ionic radii of dopants studied is as follows: Al3+ = 0.39 Å, Ga3+ = 0.47 Å, 

In3+ = 0.62 Å, Ce = 1.01 Å, Y = 0.90 Å Bi = 0.96 Å. [35] The group three elements are 

close enough to zinc in size to fit into the wurtzite lattice whilst Bi, Ce and Y are not 

covalent radii show similar results). Furthermore, Bi, Ce and Y do not easily take four 

coordinate positions. XRD analysis did not highlight any secondary phases and there is 

little shift in the peak position of the (002) reflection to suggest strain to the lattice (see 

Appendix A.5). However, it is likely that these phases are outside the detection limit of 

the machine. 

 Al doped ZnO 5.2.2

Following this preliminary work, a study was performed using AZO to determine the 

mechanisms behind the increase in conductivity caused by doping ZnO with group 3 

elements.  

A literature search was performed to investigate the optimum doping level and the 

resistivities achieved to date. Table 5. 3 shows a selection of Al doped ZnO from 

literature with thicknesses more than 300 nm.  
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Al at% 
Thickness 

(nm) 

Resistivity 

(Ω.cm) 

Hall Charge 
mobility 

(cm2/V.s) 

Charge carrier 
concentration 

(cm-3) 

Year of study 

3 ~1000 3 x 10-3 - - 2007 [166] 

3 2400 8 x 10-2 - - 2007 [11] 

2 ~450 9 x 10-1 - - 1995 [109] 

2 1000 4 x 10-3 12 9 x 1019 2000 [167] 

2 1800 2.1 x 10-2 3 9 x 1019 2014 [164] 

2.5 600 3 x 10-2 - - 2007 [153] 

3 600 2 x 10-2 1 3 x 1020 2010 [168] 

3 600 1 x 10-2 ~5 ~7 x 1019 2010 [169] 

3 603 2 x 10-3 8 8 x 1020 2013 [101] 

~1.75 ~500 5 x 10-2 - - 2014 [170] 

1 400 3.3 20 1 x 1017 2015 [171] 

1 1260 2 x 10-2 0.6 9 x 1020 2015 [171] 

Table 5. 3 – Electronic properties of AZO films more than 300 nm cited in literature  

It is clear that the electronic properties of AZO films are excellent in thick films, 

however, their thickness would make them inappropriate for many optoelectronic 

devices. As such, a literature study of spray deposited AZO films was undertaken for 

films under 300 nm thick. The results of which are shown in Table 5. 4. 

Al at% Thickness (nm) 
Resistivity 

(Ω.cm) 
Year of study 

1 270 1.3 2012 [172] 

1 200 0.8 2006 [141] 

2 275 1.75 2014 [164] 

3 ~200 0.6 2004 [173] 

0.3 200 3 2006 [174] 

3 200 0.9 2007 [11] 

1.5 ~285 0.1 2011 [175] 

3 45 3 2014 [116] 

Table 5. 4 – Electronic properties of films less than 300 nm cited in literature  
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In films less than 300 nm thick, much diminished resistivities are seen. The optimum 

resistivity is also less clear with reports showing it to be in the range of 0.1 – 3 Ω.cm at 

a doping level of between 1 and 3 at%. 

The Hall effect has been used regularly to extract the charge mobility and charge 

carrier concentration from the resistivity. Films measured in Table 5. 3 typically used 

Hall effect measurements in DC mode. Due to the poor charge mobility of as-deposited 

ZnO produced by spray pyrolysis at low thicknesses, large errors are seen in the 

measured Hall voltage. These errors are the result of a high noise level arising from the 

thermoelectric voltage and misalignment voltage (see section 2.4.3). These errors are 

also present in measured ZnO films with a low dopant concentration. 

In the present work, recent advances in measuring the Hall effect has allowed the 

accurate measurement of low thickness and low dopant level AZO, GZO and IZO films. 

Using AC Hall measurements, a clear picture of the nature in which dopant impurities 

impact on the electronic properties is provided for 150 nm films at a range of doping 

levels. This measurement technique also allows for a more accurate study of the 

optimum doping level for this system. This was necessary due to the range of optimum 

doping levels cited in the literature (see Table 5. 4) 
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 Experiments upon AZO 5.2.2.1

This section investigates as-deposited, trivalantly doped ZnO films of 150 nm thickness 

to optimise the electronic properties and propose mechanisms for the observations.  

Films were deposited with doping levels of 0, 0.5, 1, 1.5 and 2 at%. The sheet resistance 

of the deposited films was measured using the 4PP technique and the thickness was 

measured by using profilometry. The resistivity was extracted from the sheet 

resistance and plotted in Figure 5. 4. 

 

Figure 5. 4 – The resistivities of aluminium doped ZnO films as measured by four point probe. 

Dopant concentration was varied from 0-2 at% in 0. 5 at% intervals. 

The addition of dopant gives the expected decrease in resistivity with the addition of 

Al. A decrease of over three orders of magnitude is observed when the amount of Al is 

increased from 0 – 0.5 at%. This occurs as the aluminium atoms substitutionly dope for 

zinc atoms in the lattice and supply free charge carriers to the system. A minimum is 

seen at 1 at%, after this there is a slight increase in resistivity. It is proposed that 

charge carriers reach a saturation point as dopants can no longer fill substitional 

positions. This hypothesis was investigated using Hall effect measurements to dissect 

the resistivity into the charge carrier and charge mobility components, shown in Figure 

5. 5 
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Figure 5. 5 – a) displays the Hall charge mobility and charge carrier concentrations of 

aluminium doped ZnO. b) displays the resistivity of the same films as measured from the Hall 

effect. The samples used are the same as those measured by four  point probe in Figure 5. 4. 

The resistivities of the films measured using the Hall effect, shown in Figure 5. 5, match 

almost perfectly with those measured by four point probe, shown in Figure 5. 4. This 

adds confidence to the accuracy of both techniques.  

The Hall charge mobility of the ZnO film appears to increase with doping, reaching a 

maximum at 1.0 at% Al doping. After this point it decreases to the original level; as 

reflected in subtle changes to the resistivity. The resistivity of the films however, 

appears to be dominated by the charge carrier concentration with a fall of three orders 

of magnitude observed following the onset of doping.  
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Figure 5. 5 clearly shows that the decrease in resistivity is driven by a two order of 

magnitude increase in charge carrier concentration between 0 and 0.5 at%. After 0.5 

at% increasing levels of dopant have little effect on the charge carrier concentration; 

the samples doped with 0.5, 1 and 1.5 at% Al ions all display values within a range of 1 

x 1019 cm-3. It is proposed that between 0 and 0.5 at% the aluminium reaches its 

solubility limit in the ZnO lattice. This would mean that, above 0.5 at%, the aluminium 

no longer dopes substitutionally, and instead, will fill other defect positions; form a 

secondary phase of a zinc/aluminium mixed oxide; or precipitate out into a secondary 

phase of entirely aluminium oxide. 

XRD patterns were taken of the samples, shown in Figure 5. 6, and the differences in 

crystal structure was analysed to assess these conclusions.  

 

Figure 5. 6 – XRD patterns of ZnO films doped with 0-2 at% Al on glass substrates. The 

different orientations of the wurtzite structure are labelled.  

The Al doping does not have a significant effect on the appearance of the XRD pattern. 

The relative intensities of the orientations remain relatively consistent throughout. The 

XRD patterns do not shed any light on the varying charge mobility seen in the doped 

samples. The charge mobility maxima at 1 at% Al displays a similar XRD pattern to the 

minima at 0 and 2 at% Al. 
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XRD patterns shown in Figure 5. 6, do not display the presence of secondary phases 

developing after 0.5 at%, however, this does not confirm that they are not present. It is 

unlikely the secondary phases would be seen at such a low concentration using this 

technique. Furthermore, the most probable secondary phase (Al2O3) crystallises at a 

much higher temperature than those used for deposition and would likely to be 

amorphous, and not detectable by XRD, if it were present. As such, a more powerful 

technique was required to probe the samples to gain an improved understanding of 

position the aluminium within the lattice.  

Cross sectional TEM was performed, and EDX was used to analyse the elemental 

composition of the film. A lamella was cut from films doped at 0.5 and 2 at% aluminium 

using a FIB and the cross sections were imaged using TEM.  Point scans were carried 

out upon samples using EDX to confirm that the dopant in the precursor solution had 

transferred into the film at the correct atomic percentages. The results of this analysis 

are shown in Figure 5. 7 and Figure 5. 8 
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Figure 5. 7 – a) shows a TEM image of a ZnO film doped with 0.5 at% aluminium, the glass 

substrate and protective layers are also labelled. b) shows an EDX elemental spectra (orange 

dot area on a)), zinc, oxygen and aluminium are labelled. Peaks from silicon and platinum can 

also be seen along with copper which originates from the sample holder. Two other point 

scans (yellow dots on a)) were also taken showing similar spectra . 

The three point scans were taken within grains, giving an average Al composition of 

0.55 at% within the film. This suggests that the ratio of oxide to dopant from the 

precursors is transferred into the film. The 0.05 at% difference in the calculated at% 

and intended doping level is within error of the equipment. 
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Figure 5. 8 –a) shows a TEM image of a ZnO film doped with 2 at% aluminium, the glass 

substrate and protective layers are also labelled. b) shows an EDX elemental spectra - zinc, 

oxygen and aluminium are labelled. Peaks from platinum can also be seen along with coppe r 

which originates from the sample holder. The position of the three point scans are marked , 

with the sample shown in b) in orange and the position of two repeated measurements in 

yellow. 

The spectra suggest that the aluminium is well distributed throughout the film and 

shows that the dopant level in the deposited films can be accurately controlled by 

addition of dopant salt into the precursor. There were not obvious secondary phases 

seen in the films, however, it has been suggested that phases of aluminium can 

precipitate and migrate to grain boundaries. [153], [176], [177] To investigate whether 

this was the case for films doped past 0.5 at% an EDX line scan was performed across a 

grain boundary on the 2 at% aluminium doped sample.  
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The first study determined whether the areas of different shades on the TEM 

micrographs actually represented different grains. By taking a highly resolution image 

of the films the different crystallite regions can be identified. A typical TEM micrograph 

is shown in Figure 5. 9.  

 

Figure 5. 9 – A TEM image of ZnO doped with 2 at% Al. Individual crystallite regions are 

highlighted in white.  

Figure 5. 9 shows the positions of the different crystallites based upon the interference 

lines. These lines are caused by the lattice and the gap between the lines represents the 

lattice spacing. The d spacing of the different orientations, extracted from the XRD 

patterns shown in Figure 5. 6, are specified in Table 5. 5. 

Crystallite orientation d spacing (Å) 

(002) 2.59 

(101) 2.47 

(102) 1.91 

(103) 1.47 

Table 5. 5 – d spacings of different orientations taken from the 2 at% AZO XRD data. 
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The distances between the interference lines were measured using the imaging 

software ‘ImageJ’. An average was taken of 20 measurements. The areas with a d 

spacing of 1.90 Å are crystallites in the (102) orientation whilst the areas of with a d 

spacing of 2.56 Å are likely crystallites in the (002) orientation, although due to a very 

similar d spacing, it is not possible to discount the possibility that some, or all, of these 

sections are in fact crystallites in the (101) orientation.  

The image in Figure 5. 9 shows that the film is polycrystalline with grains consisting of 

individual crystallites. The size and shape of the crystallites are consistent with the 

areas of different shades seen in the SEM and TEM images of the ZnO film. Therefore an 

EDX line scan across these areas will give an elemental profile between two crystalline 

grains and any build-up of aluminium in these areas would be detected. An EDX line 

scan across a grain boundary is shown in Figure 5. 10. 

 

Figure 5. 10 – EDX line scan of 2 at% Al doped ZnO. a) shows a dark field image of a cross 

section of the ZnO film. The different layers in the cross section are labelled and the damaged 

area where the line scan was performed (as well as three point scans)  is highlighted in the 

white square. b) shows the elemental intensity of zinc, oxygen and  aluminium across the line 

scan. c) shows the average elemental percent of Zn and Al across the scan . 

The line scan confirms the point scans; there is 2 at% Al present in the film. Across the 

grain boundary there is no noticeable variation in the levels of Al, and the Al appears to 

be spread homogeneously throughout the film. There are no Al rich areas observed, 

this implies that the aluminium is being taken up evenly by the ZnO lattice.  
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It was impossible to measure the oxygen content accurately using this technique so 

Zn:O ratios were not investigated 

The film with the highest doping level was chosen to provide the most sensitive signal. 

If there is no variation in aluminium content across the grain boundary of the 2 at% 

sample, it can be safely assumed that this is also the case for the films with less 

aluminium present. This suggests that the aluminium is not migrating to the grain 

boundaries, eliminating grain boundaries as a significant site for the aluminium build 

up post 0.5 at% (when the charge carrier concentration saturates). 

If secondary phases are eliminated, two possibilities remain for the position of the Al in 

the lattice once all donor substitutional sites are filled. One possible destination for the 

Al is that, after the saturation point, the ions could fill interstitial sites. It has been 

suggested that the lattice strain can become too great when there are many smaller 

ions present. This could force the ions to fill neutral, interstitial sites and no longer add 

charge carriers to the system. If this were the case, the lattice strain should be visible in 

the XRD spectra, with either peak broadening or shifts in the position of the reflections. 

This was not seen in the XRD pattern shown in Figure 5. 6. The lack of visible lattice 

strain in the XRD spectra suggests this process was also not dominant.  

The other possibility is that the dopants could remain in the substitutional positions, 

but become forced into neutral donors. It has been suggested that when too many 3+ 

dopant ions are present the repulsive effect of the extra positive charges will force 

further dopant ions into the standard 2+ state. [178]. Al would then become a neutral 

donor not adding free carriers to the conduction band but remaining in a substitutional 

position within the lattice.  

To gain further insight into the mechanisms driving the saturation, the points between 

0 – 0.5 at% were studied in detail. It is between these dopant percentages that the 

charge carrier concentration increases by two orders of magnitude and there are few 

studies to date examining this doping region in the spray pyrolysis system. Examining 

the structural and optoelectronic properties over this region may help elucidate the 

nature of Al doping in the ZnO system. 
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 Aluminium at Low Doping Levels 5.2.3

The increase in the charge carrier concentration occurs between 0 and 0.5 at% Al 

content. The results measured do not however, give any insight as to a specific 

percentage the charge carrier concentration saturates. This work is not seen in the 

literature as the Hall effect measurements are difficult to obtain at high resistivity. 

Advances in measurement techniques using AC Hall effect in ‘high resistivity’ mode 

allowed the probing of aluminium down to low dopant levels. 

 

 
Figure 5. 11 – a) shows the Hall charge mobility and charge carrier concentration of 

aluminium doped into ZnO at 0-3 at% highlighting low level doping from 0-0.5 at%. Charge 

carrier concentration is displayed in red and hall charge mobility in blue. b) shows the 

resistivity of those same films.  
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Figure 5. 11 shows the measured charge carrier concentration, AC Hall charge mobility 

and resistivity values for the AZO. This data matches well with that displayed in Figure 

5. 5 and fills in the gap between 0 and 0.5 at%. The addition of 0.1 at% Al results in a 

sharp rise in free carriers: from 3.65 x 1016 cm-3 in ZnO to 8.84 x 1017 cm-3. The increase 

in charge carrier concentration saturates at 0.2 at% and 5.61 x 1018 cm-3. After 

saturation little variation in charge carrier concentration is observed.  

The charge mobility falls sharply on the addition of Al from 0.07 cm2/V.s to 0.005 

cm2/V.s. The carrier charge mobility begins to increase above 0.1 at% doping with the 

carrier charge mobility of undoped ZnO eventually being recovered. When comparing 

charge carrier concentration and charge mobility, it appears that the carrier charge 

mobility initially mirrors the charge carrier concentration data suggesting a correlation 

between the two.  

As a result of the variation in the charge carrier concentration and charge mobility, 

significant changes in film resistivity are seen where doping to 1 at% results in a 2 

orders of magnitude reduction in resistivity from the undoped ZnO (3000 Ω.cm) 

reaching a minimum value of 13.6 Ω.cm.  At a film thickness of around 150 nm, the film 

properties measured are consistent with films of comparable thickness reported in the 

literature and new trends at low doping levels highlighted in this work.  

 Analysis by UV-Vis for Low Dopant Studies 5.2.3.1

By studying the optical properties of the ZnO system information can be gained 

regarding the size of the band gap. As this can be altered by the addition dopants to the 

system it gives up another method of investigating dopant behaviour in the films. UV-

Vis spectroscopy was used to analyse if there were any changes to the optical 

properties upon the addition of aluminium to the system (Figure 5. 12). 
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Figure 5. 12 – UV-Vis spectra of ZnO films doped 0 - 3 at% Al. Insert shows Tauc plots of films 

The spectra of the doped films match well. All display excellent transmittance of over 

85 % at 530 nm. This data suggests that doping has little effect on the optical 

properties of the films. From the UV-Vis spectra the band gap was extracted using Tauc 

plots (Figure 5. 12 – insert). The band gap of the oxide films remains similar in all films. 

A slight increase of 0.01 eV is seen between 0 and 1 at% which may be attributed to a 

Burstein-Moss shift. 
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 Analysis by XRD for Low Dopant Studies 5.2.3.2

The films were analysed by XRD to study the effects of Al addition on the structural 

properties at low doping levels shown in Figure 5. 13. 

 

Figure 5. 13 – XRD patterns of Al doped films. a) shows the full spectrum of each dopant level 

on an offset axis. b) shows a zoomed in view of the dominant (002) orientation.  

The XRD patterns display a preferential orientation towards the (002) reflection in all 

films. Looking at the pattern between 34-35 ° 2θ, the intensity and position can be seen 

to vary at higher dopant levels, with a shift to higher angles seen in the 1, 2 and 3 at% 

samples and a decrease in intensity seen in the 2 and 3 at% samples. The UV-Vis data 

(Figure 5. 12) confirms profilometry measurements giving confidence that the 

decrease in crystallinity is not due to any thickness related effect. Therefore, this 

change must be due to structural changes within the film. 
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Aluminium incorporated into interstitial sites can add strain to the system and this in 

turn could decrease the crystallinity. This could help identify the position of the 

aluminium in the lattice post 0.2 at%. However, strain in the system should also cause a 

peak broadening effect; this cannot be seen in the diffraction patterns and therefore 

this explanation is unlikely. Furthermore, a shift to higher angles would suggest a 

decrease in the lattice size; this wouldn’t be expected from the addition of interstitial 

atoms.  

Analysis of the texture coefficients, extracted from XRD patterns of the films, confirms a 

strong preference towards the (002) orientation for all dopant concentrations (Figure 

5. 14). There is a drop in the degree of preferred (002) orientation from 0-0.5 at% 

which is coupled with an increase in the (103) orientation.  

 

Figure 5. 14 – Texture coefficients of ZnO doped with varying levels of aluminium extracted 

from Figure 5. 13. 
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The trend in the (002) texturing, shown in Figure 5. 13, may give some insight into the 

variation in charge mobility. The decrease in (002) texture from 0-0.2 at%, then 

subsequent increase to a maximum at 1 at%, matches the trend seen in the charge 

mobility. The crystallite size was extracted from the XRD patterns shown in Figure 5. 

13 using the Scherrer equation. In a system where grain boundaries dominate the 

charge mobility, the crystallite size can have a profound effect on the electronic 

properties. The crystallite sizes of the aluminium doped samples are shown in Figure 5. 

15. 

 

Figure 5. 15 – Crystallite size of ZnO samples doped with varying levels of aluminium.  

The crystallite sizes are similar until 0.5 at% where a decrease of 6 nm is seen in the 

average size. This drop in crystallite size is not reflected in the electrical properties, 

suggesting that the electronic properties are not dominated by grain boundaries but, 

instead, by another parameter. As the crystallite size is calculated from the XRD peak 

width, there is another possible explanation; the observed broadening may be caused 

by lattice strain and not the crystallite size. Considering the addition of Al to the lattice, 

such strain is possible and indeed probable. Whether this would be the dominant 

process however, is not clear. As such, SEM was used to directly probe the grain size of 

the film.  
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 Analysis by SEM for Low Dopant Studies 5.2.3.3

To gain a more in depth idea of how doping affects the grain size and topography of the 

ZnO films three SEM micrographs were recorded and are shown in Figure 5. 16. 

 

Figure 5. 16 – SEM micrographs of films doped with a) 0 at%, b) 0.2 at% and c) 2  at%. Scale 

markers indicate 1 µm. 

The micrographs displayed in Figure 5. 16 were taken at 0 at% (a); at the point of 

carrier saturation 0.2 at% (b); and after the charge mobility has plateaued at 2 at% (c). 

At 0.2 at% doping the grains show no appreciable change in size or shape compared 

with undoped ZnO. However, when doping is increased to 2 at% the film appears to be 

comprised of much smaller grains than the undoped ZnO. The shape of the grains also 

appears to be affected by the increasing dopant level. Changes in the surface 

morphology may be consistent with the subtly reduced (002) peak intensity observed 

in the XRD data. The change in size displayed in the SEM micrographs is much more 

dramatic that was suggested by XRD analysis. In both methods however, grain size 

decreases with increased doping.  

A decrease in grain size would increase the grain boundary concentration in the 

system. If grain boundary scattering dominated, a decrease in the charge mobility 

would be expected. The measured electrical properties however, show an increase in 

charge mobility. As such, grain boundary scattering can be excluded as a dominant 

factor in determining electronic properties. 

 Analysis of doping mechanisms in AZO 5.2.3.4

Analysing the data described above, and in partnership with theory described in 

Chapter I, a mechanism for the electronic behaviour is proposed: 
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1. Electronic properties: 0-0.2 at% aluminium doping 

- The observed electronic properties are explained by Al3+ impurities filling 

Zn2+ positions in the wurtzite lattice. 

- The increase in charge carrier concentration is caused by free electrons 

added to the conduction band by AlZn defects.  

- The reduction in charge mobility is believed to be caused by the combined 

effect of an increase in ionised impurity scattering, as suggested by theory 

on scattering mechanisms (see 1.4.3.3); an increased charge-charge and 

charge-phonon interactions; [179] and changes in the orientation of the 

films as suggested by texture analysis.  

- The increase in charge carriers far outweighs the reduction in charge 

mobility and results in a sharp decrease in resistivity 

 

2. Electronic properties: 0.2-1 at% aluminium doping 

- The electronic activity in this previously unstudied region was not easily 

explained.  

- The continued decrease in lattice spacing beyond the saturation point, 

measured from XRD analysis, suggests that Al3+ ions are not filling 

interstitial sites.  

- TEM analysis, coupled with the sustained drop in resistivity, implies that 

the formations of insulating secondary phases e.g. Al2O3 or ZnAl2O4 are 

unlikely. 

- Considering the low at% at which the saturation occurs; the hypothesis that 

charged species force subsequent ions into neutral, non-donating states 

appears unlikely.  

- The decrease increase crystallite size confirms that the process is not 

driven by grain boundary scattering.  

- Finally the variations in (002) orientation could potentially explain the 

increase in charge mobility but does not explain the saturation in charge 

carrier concentration. 
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The hypothesis proposed to explain these observations, is that Al3+ impurities combine 

with VZn to form hybrid AlZnVZn acceptor defects. This theory is explain in detail below:  

- At 0.2 at% the measured charge carrier concentration saturates. 

- As AlZn defects are added to the system, the Fermi energy is increased and 

the energy of VZn doubly accepting defect is lowered.  

- Singly accepting hybrid AlZnVZn defects become thermodynamically 

preferable.  

- Further free electrons from the Al3+ are trapped in this defect and do not 

add to the conduction band.  

- VZn doubly trapping defects are replaced by singly trapping AlZnVZn defects, 

as proposed by Johansen et al [29]. This allow easier movement of charge 

across the thin film increasing charge mobility. 

- The decrease in resistivity from 0.2-1 at% is driven by the increase in 

charge mobility caused by the filling of charge trapping states 

- This theory requires the assumption that the ambient deposition conditions 

result in an oxygen rich growth environment. This reduces the formation 

energy of VZn acceptor defects and also increases the formation energy of 

Zni and Vo donor defects.  

- This theory is also consistent with the lower charge carrier concentrations 

measured in SP deposited films compared with zinc rich environments of 

well-studied vacuum techniques such as PLD and magnetron sputtering - 

where charge carrier concentrations in the order of 1021 cm-3 are reported. 

[46] 

Testing for these hybrid defects would provide for interesting future work in this field 

however in this thesis the theory remains as speculation. 

3. Electronic properties: 1-3 at% aluminium doping 

- Al no longer forms AlZn defects, instead migrating to grain boundaries at 

concentrations lower than our EDX detection limit.  

- Charge carrier concentration remains saturated as no further electrons are 

added to the conduction band 

- Charge mobility stabilises as AlZnVZn defects are no longer formed meaning 

that electrons do not passivate trapping states. 

- Resistivity begins to increase (albeit slowly) as insulating secondary phases 

begin to form 
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5.3 Doping with Gallium and Indium 

Other group 3 dopants also show promise at improving the conductivity of ZnO both in 

the literature and from initial experiments. This section investigates the properties of 

Ga and In doped films and compares them with those doped with Al.  

The mechanism for improved conductivity is the same as for aluminium; the 3+ ions 

substitute into the ZnO lattice replacing the zinc ions and adding free charge carriers to 

the conduction band. 

ZnO films doped with 0 – 3 at% Ga and In were deposited under the same conditions 

and dopant range as for the aluminium doped samples.  

The electrical properties of the samples were measured using the Hall effect, shown in 

Figure 5. 17 and Figure 5. 18. 

 

Figure 5. 17 – Resistivity of ZnO films doped with 0-3 at% of gallium and indium. 
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Figure 5. 18 – Hall charge mobility and hall charge carrier concentration of ZnO samples 

doped with 0-3 at% gallium (a) and indium (b).  

In Figure 5. 17 the resistivity is shown to decrease by two orders of magnitude 

between 0 and 0.5 at% in both Ga and In doped samples. In the GZO samples the 

resistivity then slowly decreases until 3 at%. In the IZO samples the resistivity 

continues to decrease sharply until 1 at%, whereupon, it levels off and remains stable 

until 3 at%. Figure 5. 18 suggests that the three orders of magnitude decrease in 

resistivity is driven by a three order of magnitude increase in the charge carrier 

concentration. The saturation points of the dopants differ from the AZO trend, 

however, the drop and subsequent recovery of charge mobility, replicates that trend 

observed for the AZO samples. 
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The saturation level of carriers in the samples varies according to the dopant. AZO 

reaches a maximum charge carrier concentration of 5.36 x 1018 cm-3 at 0.3 at% (at this 

point GZO measures 4.74 x 1018
 cm-3

 and IZO measures 1.71 x 1018
 cm-3); GZO saturates 

at 0.5 at% with a charge carrier concentration of 1.24 x 1019
 cm-3

 (here IZO measures 

1.32 x 1019 cm-3); and IZO saturates at 1 at% with a charge carrier concentration of 2.01 

x 1019 cm-3.  

The maximum amount of dopant which can be incorporated into the lattice may be 

linked to the ionic radii of the different dopants. The 3+ dopants are substituting for 

zinc in a 4 coordinate lattice position, usually filled by a zinc ion (0.6 Å). The Al3+ ion 

(0.39 Å) has the largest difference with the Zn, followed by Ga3+ (0.47 Å), and then In3+ 

(0.62 Å) which has the most similar ionic radius. The size different is believe to 

increase lattice strain and thus lower the solubility of the dopant in the lattice. The 

indium with the closest match in ionic radius has the highest solubility and aluminium 

with the poorest match has the lowest solubility.  

This hypothesis must be taken loosely, however, as the covalent nature of the ZnO 

bonding must also be considered. Zn = 1.20 Å; Al = 1.24 Å; Ga = 1.23 Å; In = 1.42 Å. The 

covalent radii show that Ga has the closest match with Zn, whilst In displays the 

poorest. If the hypothesis is to be believed it is on the assumption that the bonding in 

IZO has a largely ionic nature. 

 UV-Vis analysis of GZO and IZO 5.3.1

UV-Vis spectra of the samples were recorded to study whether the different dopants 

affected the optical properties of the ZnO films. The results are displayed in Figure 5. 

19, the UV-Vis spectra for AZO is included for reference.  
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Figure 5. 19 – UV-Vis spectra of ZnO films doped with Al, Ga and In from 0-3 at% 

The shape and transmittance of all spectra are similar, showing little variation both 

with increasing dopant level, and between samples of different dopants. The data 

suggests that varying dopant types and dopant level (at least up to 3 at%) has no 

discernible effect on the optical transmission. The films all show an excellent 

transmittance upwards of 80 % at 530 nm, once again showing the suitability of doped 

ZnO films for using as transparent coatings. The interference patterns are not strong 

enough to measure the thickness of the films, however, the similar shape and intensity 

of the spectra is enough to suggest that the films are of very similar thickness. This is 

confirmed by profilometry measurements. Considering the large influence film 

thickness can have on the electronic properties, shown in section 4.2.2, the similar 

measured thickness is of the films gives confidence in the validity of these results. 
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Tauc analysis was also performed upon the Ga and In doped films shown in Figure 5. 

20, the Al doped samples are included for comparison.  

 

Figure 5. 20 – Tauc analysis of ZnO films doped with Al, Ga and In from 0-3 at%. 

The linear part of each line was fitted using Origin software. The band gap was 

calculated from the gradient and y intercept of the linear fit. All films were all found to 

be 3.24 +/- 0.003 eV and there are no global trends to be seen in the bands gaps of the 

sample.  

The IZO doped samples generally exhibit a slightly lower bandgap; this is observed 

across all samples, including that at 0 at%. The difference is believed to be a results of 

minor measurement errors, in particular, from the reference used in the UV-Vis 

analysis. 

 XRD analysis of GZO and IZO 5.3.2

XRD patterns were taken of the Ga and In doped films and the results compared with 

those doped with Al shown in Figure 5. 21. 
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Figure 5. 21 – XRD patterns of ZnO films doped with Al, Ga and In from 0-3 at%. Films were 

measured post analysis by Hall effect and *s represent metallic indium. a) shows the full 

pattern of undoped ZnO, b)-d) highlight the dominant (002) peak for AZO, GZO and IZO 

respectively.  

The XRD patterns display a similar preferential orientation towards the (002) 

reflection at all dopant percentages and across all dopants. Studying the (002) peak in 

more details, uncovers subtle changes to the crystallinity. Overall there appears to be a 

general decrease in crystallinity as dopant level increases. This affect is more 

pronounced as the ion size is reduced (AZO>GZO>IZO) suggesting this may be a result 

of lattice strain. 

Differences in the lattice size caused by doping with Ga and In was measured from the 

d(002) spacing calculated from the positions in Figure 5. 21.  No discernable change in 

lattice size is seen upon addition of Ga and In with all films displaying a d(002) of 2.58 Å. 

The degree of texturing towards (002), (101), (102) and (103) was calculated from the 

XRD patterns shown in Figure 5. 21, the results of which are shown in Figure 5. 22. 
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Figure 5. 22 – Texture coefficients of (002), (101), (102) and (103) orientations for GZO and 

IZO films doped from 0-3 at%. 

The degree of preferential orientation towards the (002) once again matches well with 

the trends in charge mobility; in fact the correlation is stronger with GZO and IZO than 

it is with AZO. These correlations are highlighted in Figure 5. 23. 

 

Figure 5. 23 – (002) Texture coefficients of 0-3 at% AZO, GZO and IZO (top) compared with 

carrier charge mobility (bottom) 
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Whether the variation in charge mobility is driven by the degree of (002) texturing, or 

that both the charge mobility and texture are controlled by an exterior factor is not 

clear.  

In favour of texturing directing charge mobility; greatly improved charge mobility was 

observed when undoped ZnO was templated towards the (002) as seen section 4.2.15 

(albeit with large increases to crystallinity and grain size). 

However, the changes in texturing can be also associated with changes to the defect 

chemistry. This is seen as addition of dopant impurities causes variations in the 

texturing of films. The fact that impurities defects formed are electronically active, 

suggests that the trends seen in texture and charge mobility are both linked to the 

variations in defect states present in the films. 

The crystallite size was extracted from the XRD patterns shown in Figure 5. 21 using 

the Scherrer equation. The crystallite sizes of the GZO and IZO samples are shown in 

Figure 5. 24. 

 

Figure 5. 24 – Crystallite size of ZnO samples doped with varying levels of Ga (orange) and In 

(red). 
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The crystallite sizes of GZO and IZO are similar until 0.5 at%. After this point a decrease 

of 10 nm is seen in the average size of IZO crystallites to a minimum of 21 nm. GZO 

does not decrease in the same way as IZO (or AZO). Again the drop in crystallite size is 

not reflected in the electrical properties of IZO backing up the theory the electronic 

properties are not dominated by grain boundaries in trivalently doped ZnO.  

 SEM analysis of GZO and IZO 5.3.3

To gain a more in depth idea of how doping affects the grain size and topography of the 

ZnO films, three SEM micrographs were recorded for GZO and IZO at doping of 0, 0.2 

and 2 at%. These are shown in Figure 5. 25, the micrographs for AZO are shown for 

comparison. 

 

Figure 5. 25 – SEM micrographs of films doped with a) 0 at%, b) 0.2 at% AZO, c) 2 at% AZO, d) 

0.2 at% GZO, e) 2 at% GZO, f) 0.2 at% IZO and g) 2 at% IZO. Scale markers indicate 1 μm.  
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The micrographs displayed in Figure 5. 25 were taken at 0, 0.2 and 2 at% for 

comparison with AZO. At 0.2 at% doping the GZO shows little change in size or shape 

compared with ZnO, whereas, a slight decrease is seen in IZO. When doping is 

increased to 2 at% GZO once again seems to show little change, however, the IZO film 

shows a large decrease in grain size.  

The changes in the surface morphology are consistent with crystallite size 

measurements taken by XRD (Figure 5. 24) and back up the conclusions that the 

electronic properties are not dominated by grain size but instead by ionised impurity 

scattering. 

 Doping mechanisms in GZO and IZO and a comparison with AZO 5.3.4

Analysing the data described in section 5.3 and in partnership with theory, 

mechanisms for discreet the sections of GZO and IZO doping are proposed. 

 Doping with Gallium 5.3.4.1

1. Electronic properties: 0-0.2 at% gallium doping 

- The observed electronic properties are explained by Ga3+ impurities filling 

Zn2+ positions in the wurtzite lattice. The doping of Ga is very similar to that 

of Al. 

- The increase in charge carrier concentration is caused by free electrons 

added to the conduction band by GaZn defects.  

- Reduction in charge mobility is believed to be caused by the combined 

effect of an increase in ionised impurity scattering; and an increased 

charge-charge/ charge-phonon interactions.  

- The reduction in charge mobility happens more gradually for Ga3+ ions 

compared with Al3+ ions. This is reflected in, or driven by, changes in the 

orientation of the films observed in texture analysis. 

- The increase in charge carriers drives a sharp decrease in resistivity very 

similar to that seen in AZO 

 

2. Electronic properties: 0.2-3 at% gallium doping 

- Once again the theory proposed involves hybrid defects, this time Ga3+ 

impurities combine with VZn to form hybrid GaZnVZn acceptor defects:  
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- Measured charge carrier concentration slows greatly at 0.2 at%. As GaZn are 

added, the Fermi energy is increased allowing the creation singly accepting 

hybrid GaZnVZn defects. Further free electrons from the Ga3+ are trapped in 

this defect and do not add to the conduction band.  

- In GZO, the charge carrier concentration increases gradually until 3 at%; 

this suggests that some GaZn are still formed and are not trapped.  

- The increase thereafter, until 3 at%, is again explained by the replacement 

of VZn doubly trapping defects by GaZnVZn singly trapping defects allowing 

easier movement of charge across the thin film. 

- The decrease in resistivity from 0.2-3 at% is driven by the increase in 

charge mobility, caused by the filling of charge trapping states. 

 

3. Electronic properties: after 3 at% gallium doping 

- The saturation point of GaZn defects and migrating to grain boundaries 

occurs after 3 at% and is not seen in this data set. The increased solubility 

of Ga in the ZnO lattice is likely caused by the close match of ionic (and 

covalent) radii. Further experiments would be needed to study the effects 

of doping past 3 at%. 

 Doping with Indium 5.3.4.2

1. Electronic properties: 0-0.4 at% indium doping 

- The observed electronic properties are explained by In3+ impurities filling 

Zn2+ positions in the wurtzite lattice, the doping of In is similar to that of Al 

and Ga. 

- The increase in charge carrier concentration is caused by free electrons 

added to the conduction band by InZn defects. The charge carrier 

concentration does not saturate in this region 

- Again the reduction in charge mobility is caused by the combined effect of 

an increase in ionised impurity scattering; an increased charge-charge and 

charge-phonon interactions.  

- The reduction in charge mobility occurs at a similar rate to Ga3+ and this is 

reflected in, or driven by, changes in the orientation of the films observed in 

texture analysis. 

- This increase in charge carriers drives a sharp decrease in resistivity 

similar to that seen in AZO and GZO 



209 
 

 

2. Electronic properties: 0.4-1 at% indium doping 

- The theory again uses hybrid defects, this time In3+ impurities combine 

with VZn to form hybrid InZnVZn acceptor defects:  

- Measured charge carrier concentration increases steadily until 1 at%. As 

InZn are added the Fermi energy is increased. However, the close match in 

ionic radii of Zn2+ and In3+ mean that the InZn remains preferable at higher 

doping levels. InZnVZn begin to form past 0.5 at% as the rise in charge carrier 

concentration slows. At this at%, some free electrons from the In3+ are 

trapped in this defect and do not add to the conduction band.  

- The charge mobility continues to decrease until 0.4 at%, as ionised 

impurity scattering, charge-charge and charge-phonon interactions, and/or 

orientation changes continue to act. The increase from 0.4 at% to 3 at% is 

explained by the replacement of VZn doubly trapping defects by InZnVZn 

singly trapping defects allowing easier movement of charge across the thin 

film. 

- The decrease in resistivity from 0.2-1 at% is driven by both an increase to 

the charge carrier concentration and an increase in charge mobility caused 

by the filling of charge trapping states. 

 

3. Electronic properties: 1-3 at% indium doping 

- The saturation point of InZn defects appears to lie at 1 at%. At this point, In3+ 

ions begin to migrate grain boundaries. This is reflected in a plateauing in 

the resistivity and a drop in charge mobility.  
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5.4 Annealing studies on Al, Ga and In doped ZnO 

It is well documented that post deposition annealing treatment can improve the 

electronic properties of spray deposited ZnO, this is highlighted in Figure 5. 1. A 

literature review was undertaken to study the state of the art in terms of minimum 

resistivities achieved in AZO films deposited by spray pyrolysis, the results of which 

are shown in Table 5. 6.  

Al at% 
Thickness 

(nm) 

Resistivity 

(Ω.cm) 

Hall 
Charge 

mobility 

(cm2/V.s) 

Charge carrier 
concentration 

(cm-3) 

Anneal 
temp 
(°C) 

Anneal 
environment 

Year and 
reference 

3 200 3.6 x 10-3 7 2.5 x 1020 600 N2 + 5% H2 2012 [105] 

3 2400 2 x 10-3 - - 400 Vacuum 2007 [11] 

0.3 1000 0.9   700 O2 2004 [180] 

3 ~200 1 x 10-1 - - 500 N2 2004 [173] 

3 ~200 1 x 10-2 - - 500 N2 +  5% H2 2004 [173] 

1 ~450 1.4 x 10-3 - - 350 H2 1995 [109] 

2 2200 9.1 x 10-3 4.4 1.6 x 1020 400 Ar + H2 2014 [164] 

1.2 6600 2 x 10-3   400 H2 1991 [181] 

1.75 ~500 7 x 10-3 - - 350 N2 2014 [170] 

3 600 4 x 10-3 ~1 ~1020 400 Vacuum 2007[153] 

Table 5. 6 – Electronic properties of AZO films cited in literature allowing post deposition 

annealing 

Data in Table 5. 6 shows how AZO films show excellent electronic properties after 

annealing, even at lower thicknesses. Indeed some are close to the state of the art for 

any TCO using this technique. An inherent problem, however, with this lies in the extra 

processing step required to achieve these properties. This partly negates the 

advantages of the technique in that it would no longer be as rapid or low cost. 

Nevertheless such treatments still offer economic advantages to vacuum techniques 

and are worthy of further study.  

The mechanism behind the increased conductivity from post depositional annealing 

treatments is not well understood despite many investigations. Further study in the 

this area, using theories developed in the previous section, may help elucidate the 

mechanics behind the improved electronic properties.   
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Looking back over theory discussed in section 1.4.1, the native point defects of ZnO are 

highlighted and the potential roles of VO and Zni and hydrogen impurities in adding 

charge carriers to the conduction band are studied.  Annealing in oxygen deficient 

environments can, unsurprisingly, create oxygen vacancies in the lattice. [172]  

If these defects were to act as donors, two electrons would be added to conduction 

band resulting in an increase in charge carrier concentration. This theory is considered 

unlikely however, due to the fact that oxygen vacancies are deep donors, [23] 

therefore, such donations would require too great an energy to occur at high levels. 

Another theory is that the annealing process could cause desorption of oxygen 

acceptor states at the surface or at grain boundaries. These states act as electron traps 

to remove free carriers and lower charge mobility. [182] The removal of desorbed 

oxygen trapping states by annealing, would act to increase the charge carrier 

concentration and improve charge mobility. The final commonly held theory is that 

annealing may facilitate unintentional hydrogen doping in the films. This mechanism is 

possible because, unlike some other semiconductors, in ZnO hydrogen acts exclusively 

as a donor adding an electron to the conduction band. [27] The hydrogen impurity like 

group three dopants acts as a donor at low Fermi energy. When the formation energy 

increases at high Fermi energy, it can form a hybrid defect with VZn defects release free 

carriers as described in section 5.3.4. 

n-type conductivity is most prevalent in zinc-rich films. One possibility is that this is 

solely due to the lower formation energies of VO and Zni defects. It is proposed 

however, that the increase in the formation energy of VZn defect is also likely to be an 

important factor. The oxygen deficient deposition environment found in vacuum 

deposition techniques favours the growth of zinc-rich ‘as deposited’ films. When using 

solution techniques however, a post deposition treatment is required to achieve these 

enhanced electronic properties. 

 Annealing studies on AZO 5.4.1

Six ZnO films, doped at 2 at% Al, were deposited to study the effects of annealing. 

Three films were annealed at 500 °C for 2 hours in an ambient environment. The other 

three films were annealed at 500 °C for 2 hours in vacuum. Spray parameters are set as 

previously described in Table 5. 2. 
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 Analysis by Hall Effect 5.4.1.1

he pressure was reduced to 1 x 10-6 Torr during anneals. Follow this annealing 

treatment, the electronic properties were investigated using Hall effect measurements 

(at room temperature). The results of this study are shown in Figure 5. 26. 

 

Figure 5. 26 – Electronic properties of AZO films as-deposited and following annealing in 

ambient and vacuum environments. a) shows the charge carrier concentration and carrier 

charge mobility), b) shows the resistivity.  

Annealing in ambient air and in vacuum both increase the charge mobility from 

roughly 0.04 - 3 cm2/V.s. This increase alone, however, does not appear to have a major 

impact on the resistivity. The air annealed sample is only slightly lower in resistivity 

than the as-deposited sample.  
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This is explained partly by the variations in charge carrier concentration. From the as-

deposited sample to the air annealed, there is a subtle decrease seen in the charge 

carrier concentration. In the vacuum annealed sample, however, the increase in charge 

mobility is coupled with an order of magnitude increase in free carriers. This drives a 

two order of magnitude decrease in the resistivity.  

The structural properties of the films were studied by XRD to gain a clearer idea of the 

mechanisms most likely to be driving the decrease in resistivity. Following this a 

detailed mechanism is proposed 

 XRD analysis of Annealed AZO  5.4.1.2

The films were analysed by XRD to study how annealing affects the structure of the 

AZO films. Typical XRD patterns are shown in Figure 5. 27. 

 

Figure 5. 27 – Typical XRD patterns of as-deposited AZO and following anneal in air and in 

vacuum.  

A shift is seen in the position of the (002) peak position highlighted in Figure 5. 28 and 

seen in all measured XRD patterns. 
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Figure 5. 28 – The peak position of the (002) reflection of ‘as deposited ’ AZO, following 

annealing in air, and in vacuum d(002)  spacing for each film is also displayed. 

This shift suggests an increase in lattice spacing. A small increase is seen after 

annealing in air whereas a pronounced increase is seen after vacuum annealing. This is 

indicative of thermally or vacuum induced changes in the defect chemistry as 

macroscopically, the film remains unchanged. Mechanisms to explain this are discussed 

in detail below. 

 Defect Mechanisms in Annealed AZO 5.4.1.3

- The large increase in charge mobility upon annealing AZO films in air, coupled 

with the lack of change to the structure, suggests that a speciation change is 

occurring at the grain boundaries or the surface rather than reorganisation 

within the grains themselves. 

- The removal of impurities at the grain boundaries provides an explanation for 

the increase in charge mobility without any significant variation being 

observed in charge carrier concentration.  

- Upon annealing AZO films in vacuum, there are significant changes to the 

electronically active defects. This is observed in the large increase to the charge 

carrier concentration.  

o As conditions are moved towards a zinc-rich regime, the removal of VZn 

defects would result in a decrease in lattice size, therefore, this 

mechanism seems unlikely.  
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o Desorption of oxygen to remove trapping states from grain boundaries 

seems possible. This mechanism, however, does not account for the 

increase observed in the lattice spacing.  

o Donor defects which do give an increase in lattice spacing are Zni and Hi. 

Zni defects in particular, become more favourable in zinc-rich 

conditions. However, even in zinc-rich conditions, the high formation 

energies at high Fermi energies makes both defects unlikely 

contributors.  

o VO** lead to an increase in the lattice size (section 1.4.1.1.1) and become 

more favourable in zinc rich conditions. The fact that they are deep 

donors however, suggests that they too cannot provide the answer to 

the increase in n-type conductivity.  

- As there is no obvious solution considering just one defect, it is concluded that 

there must be two or more mechanisms working to give the observed trends in 

the data. The formation energy of many of the defects is too high to provide 

these observations. This must take precedence in the chosen hypothesis. The 

most thermodynamically appealing solution involves the creation of Vo and 

removal of VZn.   

It is proposed that an increase in the Vo** defect causes the observed increase in lattice 

size. These are considered electronically inactive and cannot cause the observed 

increase in free carriers. In parallel, however, removal of VZn compensating defects 

provides the observed increase in free carriers. The lattice decrease expected is 

compensated for by the creation of Vo defects. It has been suggested that Hi can act to 

pacify the VZn defect [183] and this would help to further reduce the presence of the 

acceptor defect.  

This proposal fits with the theoretically predicted lattice modifications from the two 

defects. Oxygen vacancies give a 23 % increase in lattice size whereas a zinc vacancies 

lead to just a 10 % reduction. Assuming roughly as many VO are created as VZn are 

removed a small increase in lattice size would be observed. This theory is therefore 

consistent with the data.  

In addition to this hypothesis, it is also possible that meta-stable defect clusters could 

be induced by the kinetics of the deposition technique. Much more difficult to interpret, 

these may have a contribution to the observed properties of the material.  
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The hypothesis attributes the rise in charge carrier concentration, following annealing, 

to removal of charge trapping states and not to the creation any new carrier species. 

This implies that there are existing, albeit trapped, n-type carriers in the as-deposited 

film. The cause of this inherent n-type conductivity in ZnO films, the topic of much 

debate, is not given further clarity in this work.  
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 Further Annealing studies on AZO 5.4.2

To test this hypothesis, and further study the mechanisms involved, AZO samples used 

in Figure 5. 18 were subjected to subsequent anneals in Ar and O2.  

Annealing was carried out in argon rather than in vacuum due to technical problems 

with the vacuum furnace after initial experiments. Annealing in argon is believed to 

release oxygen from ZnO samples in the form of O2 or H2O, therefore, is suitable to 

provide the required zinc rich conditions. [28]  

The aim of the experiment was to shift the system from the oxygen rich regime in as-

deposited films, to a zinc-rich regime. This was achieved by annealing in argon. The 

electronic properties were measured using the Hall effect and changes to the lattice 

spacing were extracted from XRD measurements. The samples were then annealed in 

oxygen to revert the films back to an oxygen rich regime. The electronic and structural 

properties were then re-measured. Finally, the films were annealed once more in argon 

to bring the system to the zinc-rich regime and further electronic and structural 

measurements were made. 

 Analysis by Hall effect measurements 5.4.2.1

Hall effect measurements, shown in Figure 5. 29, generally show the expected trends. 

Annealing in argon gives an increase in charge carrier concentration and charge 

mobility and decrease in resistivity in films of all doping levels.  

These results are in agreement with the electronic properties of AZO following vaccum 

annealing, seen previously in Figure 5. 26. The effects are less pronounced following an 

Ar anneal than that seen following vacuum annealing. It is proposed that vacuum 

annealing allows for greater removal of oxygen from the system than argon annealing.  
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Fig ure 5. 29 –  C harge carrie r conce ntarion, cha rge mobilit y and re sistivity of 0- 3 at% AZO as- deposited film s and following subse quent two hours a nnea ling treatme nts at 500 °C in  Ar , O 2 the n a second a nneal in Ar.  
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Three typical points, at doping levels of 0.2, 1 and 2 at%, have been extracted from 

results shown in Figure 5. 29 to provide a clearer idea of the trends seen. These are 

displayed in Figure 5. 30.   

 

Figure 5. 30 – Trends in Hall effect measurements following annealing treatment experiment 

for of 0.5, 1 and 3 at% AZO  

Following XRD measurements, mechanisms for the observed behaviour are proposed.  
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 Analysis by XRD 5.4.2.2

The structure of the films were analysed by XRD to detect any variation in the position 

of the (002). Such changes can be attributed to changes in the lattice spacing as 

observed in vacuum annealed samples. Typical XRD patterns of the as-deposited 

samples and following all three anneals are shown in Figure 5. 31. 

 

Figure 5. 31 – XRD measurements of the (002) position of  as-deposited 2 at% AZO and 

following subsequent anneals in argon, oxygen then a sec ond anneal in argon. 

It is clear from the patterns that there is little change in the position of the (002) peak 

position. The increase in lattice spacing observed following vacuum anneal is not seen 

to nearly the same extent in the argon anneal. This may be expected as the increase in 

charge carrier concentration and charge mobility are less. This suggests that the effect 

switch from oxygen-zinc regimes is less pronounced following argon anneal than 

following vacuum anneals 

 Mechanisms for observations 5.4.2.3

- The ingress of charge carriers from the system following annealing in argon 

and egress following annealing in oxygen is clear to see.  

o This gives support to the notion that the charge carrier concentration is 

directly linked to the zinc/oxygen ratio in the system and the ingress 

and egress of VZn donor compensating defects.  
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 To gain further proof of the film composition x-ray 

photoemission spectroscopy (XPS) analysis could be used. EDX 

analysis was obtained, however, it was not possible to 

distinguish oxygen in the film from that in the substrate. 

 Photoluminescence spectroscopy could be used to confirm the 

migration of VZn in and out of the system. [184] This was 

technique was attempted however no results could be obtained 

on the oxide system. 

- The charge mobility of the system is seen to increase upon all annealing 

treatments.  

o The increase is partly attributed to speciation changes at grain 

boundaries. 

o This is backed up by the observation that charge mobility is increased 

more dramatically in the 2 at% which has smaller grains (more grain 

boundaries) than on the 0.2 at% sample which has larger grains (Figure 

5. 25).  

o The charge mobility, however, increases by much less in the 1 and 2 

at% following annealing in oxygen.  

 It is proposed that the stagnation in charge mobility on oxygen 

annealing is caused by the recreation of VZn acceptor defects 

 VZn act as charge trapping states and would compensate for the 

increase in charge mobility expected from the speciation 

changes.  

 Additionally, annealing in O2 is likely to mean that some oxygen 

adsorbs to the surface and grain boundaries producing trapping 

states. This provides another mechanism for the lack of 

increase.  

 Stability of defects 5.4.3

The usefulness of improvements to the electronic properties brought about by 

annealing is dependent upon their. If the defects are not stable in ambient conditions, it 

would restrict their application to encapsulated devices. 
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To investigate the long term stability of induced defects, an undoped ZnO sample and 

an AZO sample (doped at 2 at%) were annealed in vacuum using the conditions 

described in section 5.4.1. The films were stored in ambient conditions and the 

electronic properties measured over the course of 180 days. Improvements to the 

electronic properties are observed to be stable for the length of the study, shown in 

Figure 5. 32. There are no significant decreases in charge carrier concentration or in 

charge mobility over this time in either the ZnO sample or the AZO sample.  

The data suggests that the created defects are inherently stable in ambient conditions 

and resistant to photo-degradation. This is promising for the practical use of this 

technology. 

 

Figure 5. 32 – Stability of vacuum induced defects in ZnO and 2 at% AZO over 180 days  
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 Conclusions on group three doping studies 5.4.4

Whatever the cause of inherent n-type conductivity, it is clear that the electronic 

properties of ZnO, AZO, GZO and IZO can be controlled using post deposition annealing 

to great effect. Improvements to charge mobility are possible without changes to the 

charge carrier concentration. It is also possible to produce a large decrease in the 

resistivity of samples by increasing the charge carrier concentration. These 

improvements are inherently stable and the technology has potential for real world 

application.   

The films shown this section are not at the state of the art for the field, where 

resistivities of down to 3 x 10-3 Ω.cm have been shown to be possible at this thickness 

using spray pyrolysis. The annealing process has not been optimised fully and it is 

believed that further work on this system could lower the resistivity of the films to be 

consistent with literature. 
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CHAPTER VI –  CONCLUSIONS AND FURTHER WORK 

The work presented has focused on spray pyrolysis of doped ZnO as a transparent 

conducting oxide. An extensive study of spray pyrolysis processing conditions is 

provided.  Using the AC field Hall effect technique the electronic properties of high 

resistivity native and lightly doped ZnO have been probed. This has given novel insight 

into the effect of processing conditions on the charge mobility and charge carrier 

concentration and helped link the electronic properties to observed structural 

properties. It has also facilitated a comprehensive investigation into the introduction of 

dopants into the ZnO system studying the doping mechanisms and the nature of the 

intrinsic defects upon doping.  

A thorough review of the background theory and experimental methods is given in 

Chapters I and II. Equipped with an understanding of the underlying principles, initial 

experimental results in Chapter III quickly exposed the need for an improved 

deposition method. The remainder of the chapter details the design and fabrication of a 

custom, automated spray rig and presents data displaying the enhanced film quality 

and repeatability of the system. 

Chapter IV describes the utilisation of the automated rig to carry out an in depth study 

of deposition parameters. A critique is given of the literature concerning precursor 

solvent; precursor salt; precursor concentration; substrate temperature; nozzle height; 

nozzle size; carrier gas pressure; and carrier gas parameters. The importance of 

maintaining film thickness when comparing samples is highlighted and brings into 

question some of the conclusions made in previous studies. Owing to the lack of 

complete study of all parameters performed on one deposition system in the literature, 

an examination of the structural and electronic properties of each parameter is 

provided in this work.  

Of all the parameters studied the substrate temperature is shown to have the largest 

impact on the structural properties of ZnO, this is consistent with literature results. 

However, these properties were also affected by a number of other parameters, the 

variations in structural and optical properties when altering nozzle height and carrier 

gas pressure and substrate temperature is displayed. This examination brings the 

literature forward a further stage by analysis these films by AC Hall effect measures, 

the first study of its kind, showing the optimal conditions for the greatest charge 

carrier concentration and charge mobility.  
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The structural, optical and electronic properties are studied for a number of other 

parameters including varying the precursor concentration; the nozzle size; the speed of 

the stage and the carrier gas. These parameters in particular are not well studied in the 

literature and more complete investigations are made in this report.  

The major outcome of this research shows that the structural properties can be tuned 

to control the charge carrier concentration. Examining this with respect to the 

structural properties suggests that the faster deposition rates are a good way of 

implanting defects into the system and thus increasing the charge carrier 

concentration. Charge mobility appears to be grain boundary dominated, with 

increases to crystallite size (fewer ground boundaries) showing significant increases in 

charge mobility.  

Future work lies in the fine control of film properties to optimise ZnO layers in devices 

such as for the semiconducting component of thin film transistors (TFTs) and as 

electron transport layers in solar cells. Some initial work was undertaken in these 

fields. Preliminary TFT devices showed that the non-optimised films acted as 

degenerate semiconductors leading to poor device performance. Preliminary solar cells 

displayed a maximum power conversion of 1.03 %. Surprisingly the lower 

conductivity, slower deposition rate films gave better efficiencies than a faster 

deposition rate, despite the better measured conductivity the faster deposition rate 

samples. Further studies examining this phenomenon further and better optimising 

films sprayed using this system for PV applications would be interesting. 

The final work of Chapter IV highlights effects of depositing on different surfaces. The 

enhanced charge mobility when depositing upon a textured surface created by PLD 

shows the possibility of pseudo epitaxial growth by spray pyrolysis and opens the door 

to further studies of this kind. PLD is an expensive route to create a textured surface, 

investigating low cost transparent substrates which provide similar epitaxy offers an 

interesting route to improved conductivity in spray deposited ZnO for TCO 

applications.   
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The work also paves the way for comparative studies on different oxide systems. Initial 

studies were performed depositing SnO2 using the automated rig. The different 

precursor salt (SnCl2) required re-optimisation with early results suggesting that SnO2 

offers greatly enhanced electronic properties when deposited in ambient conditions. 

As-deposited, undoped SnO2 produced films of comparable optoelectronic properties 

to those deposited by PLD. This is attributed to a more naturally oxygen deficient 

system owing to the Sn:O ratio in this system. In terms of a rapid, low cost, ambient 

deposition the SnO2 looks more promising.  

The first challenge to overcome in possible future work in this field may involve 

maintaining spray equipment in increased acidity brought about by the SnCl2 

precursor salt. Following this, doping with F or Sb offers a route to greater conductivity 

which could be explored. 

Chapter V utilises the optimal conditions for depositing low resistivity ZnO from 

Chapter IV, and investigates the trivalent dopants as a means to the further reduce 

conductivity.  

Preliminary investigations studied a range of trivalent dopants. It was determined that 

group three elements formed the best dopant species due to their ionic/covalent radii 

and their preferred coordination number. There is potential for further work here 

carrying out a study of all potential dopants and recording the doping ability of each. 

An investigation into the optimum Al doping level was implemented owing to the lack 

of a definitive answer in the literature. The structural and optoelectronic properties of 

films doped between 0 and 3 at% were studied with the aim of elucidating doping 

mechanisms and identifying the associated changes in the physical properties.  

Studies revealed that the uncertainty as to the optimum doping level in literature was 

caused by an interplay between the charge carrier concentration and charge mobility; 

this meant that the lowest resistivity could be found between 1 and 3 at%. The increase 

in charge carrier concentration was seen to saturate between 0 and 0.5 at%, continued 

reduction in resistivity was the result of a recovery in charge mobility. The region 

between 0 and 0.5 at% had not yet been investigated in the literature. This report 

studied this low doping regime and determined the point of charge carrier saturation 

addition to be 0.2 at% in AZO. Experiments were replicated in GZO and IZO yielding 

similar results albeit with different saturation points (GZO ~ 0.5 at%, IZO 1 at%). 
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This was found to be significantly lower than implied by literature the location of the Al 

dopant past this saturation point was investigated. In parallel, the cause for the 

increase in charge mobility following this saturation was studied. Using cross sectional 

TEM, SEM, XRD and UV-Vis the physical properties of films were studied to identify 

characteristic properties of different dopant locations. Dopant was not seen to be 

migrating to grain boundaries, a mechanism often cited as the potential route to carrier 

saturation. A number of other possibilities were considered and a mechanism 

proposed in line with experimental observations.  

An interesting future study would be to verify this mechanism, ideally by observation 

of the identified AlZnVZn hybrid defect and an investigation of its varying concentration 

in the system. Detection and identification of defects in AZO is considered difficult, 

photo-luminance spectroscopy is one possibility however, there are many 

interpretations of the signals received and the sensitivity of the technique was seen to  

be a problem in a preliminary study made for this work. Furthermore, similar studies 

could be made on the GZO and IZO systems. 

To further reduce the resistivity of doped ZnO to a level in which it may find potential 

application as TCO annealing in an oxygen poor environment was essential. The AZO, 

system was investigated annealing both in vacuum and Ar environments showing a 

decrease in resistivity. High vacuum annealing was seen to give greater reductions in 

resistivity than Ar annealing. Samples were systematically annealed in oxygen poor 

then oxygen rich environments, highlighting the importance of intrinsic defects to the 

use of ZnO as a TCO. Mechanisms for the observations were proposed involving the 

creation and destruction of VZn defects. At this level of annealing these defects are seen 

to be stable in ambient conditions for >180 days. 

This work could be followed by a full study of the annealing conditions, varying oxygen 

partial pressure, and also, in increasingly high vacuum and studying the conductivity of 

the system. It would also be useful to investigate the hydrogen partial pressure of the 

system. Following this it would be of interest to study the stability of samples annealed 

in each environment as TCOs which do not require encapsulation have a significant 

advantage. 
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APPENDIX  

Data from Chapter III  

A. 1 Coding for Spray Rig (see section 3.3) 

The automated spray rig was programed on an Arduino Uno microcontroller in C++. 

Two stepper motors were used to move the gun trigger and the stage; to make this 

possible an ‘Adafruit MotorShield’ was attached. Two buttons and an LED from 

TinkerKit were included to control the program. The appropriate libraries were 

included to facilitate this. 

The coding for all components is given below: 

// include the appropriate libraries 
 
#include <TinkerKit.h> 
#include <Wire.h> 
#include <Adafruit_MotorShield.h> 
#include "utility/Adafruit_PWMServoDriver.h" 
 
//define inputs and outputs on arduino  
 
TKButton startbutton  (I3); 
TKButton stopbutton (I2); 
int TKButton (LOW); 
TKLed led(O4); 
Adafruit_MotorShield AFMS = Adafruit_MotorShield();  
Adafruit_StepperMotor *myMotor = AFMS.getStepper(200, 2); 
Adafruit_StepperMotor *myActuator = AFMS.getStepper(200, 1); 
 
//Set spray conditions 
 
// a = number of iterations, b = position of stage and trigger, c = seconds delayed between sprays 1s 
= 1000 
 
int a = 5;  
int b = 0; 
int c = 25000; 
 
//run program    
 
void setup(){ 
 
   //welcome message 
 

Serial.println("Hi my name is Errol my belly is full of flammables and I’m liable explode at any 
moment. In the meantime let’s deposit some films :)"); 
 

   //initiate motors and set speeds 
 
   Serial.begin(9600);  
   AFMS.begin();   
   myMotor->setSpeed(100);   
   myActuator->setSpeed(9000);} 
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void loop(){ 
     

//wait for start button to be pressed 
 

if(startbutton.read() == LOW){  
    led.on(); 
  }  
  if(stopbutton.read() == HIGH){ 
  led.off(); 
        myActuator->step(600, FORWARD, DOUBLE); 
        myActuator->release(); 
        delay (30000); 
        myActuator->step(600, BACKWARD, DOUBLE); 
        myActuator->release(); 

} 
 

// when start button pressed 
 

if (startbutton.read() == HIGH){  
  
    while (stopbutton.read() == LOW){ 
   
    //runs the spray cycle "a" times 
  
    for(int spraycycle = 1; spraycycle <= a; spraycycle++){ 
       
         // press trigger 
       
         Serial.println("start spraying"); 
         myActuator->step(600, FORWARD, DOUBLE); 
         myActuator->release(); 
         b = 1; 
 
         // run belt motor 
       
         Serial.println("run belt motor");  
        myMotor->step(1000, FORWARD, DOUBLE); 
         myMotor->release(); 
         myActuator->step(600, BACKWARD, DOUBLE); 
         myActuator->release(); 
         b = 2; 
 
         // stop at one end and wait for ‘c’ seconds 
       
         delay (c); 
       
         //return to start position 
       
        myActuator->step(600, FORWARD, DOUBLE); 
         myActuator->release(); 
         b = 1; 
         myMotor->step(1000, BACKWARD, DOUBLE); 
         myMotor->release(); 
         myActuator->step(600, BACKWARD, DOUBLE); 
         myActuator->release(); 
         b = 0; 
 
         // stop again and wait for ‘c’ seconds 
       
         delay (c); 
        } 
    } 
   

//if stop button is pressed – to allow program to be manually terminated, b gives 
position of stage and directs action 
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    if (stopbutton.read() == HIGH && b == 1){ 
    myActuator->step(600, BACKWARD, DOUBLE); 
         myActuator->release(); 
         myMotor->step(500, BACKWARD, DOUBLE); 
         myMotor->release(); 
    } 
   if (stopbutton.read() == HIGH && b == 2){ 
       myMotor->step(1000, BACKWARD, DOUBLE); 
       myMotor->release(); 
   } 
  

if (stopbutton.read() == HIGH && b == 0){         
   } 

} 
}   
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Data from Chapter IV 

A.2 XRD patterns from section 4.2.7.2 

 

Figure A. 1 - Full XRD patterns from substrate temperature, stage height, gas pressure 
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A.3 XRD patterns from section 4.2.9.2 

 

Figure A. 2 – Precursor concentration experiments: 0.05M 

 

Figure A. 3 – Precursor concentration experiments: 0.1M 
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Figure A. 4 – Precursor concentration experiments: 0.2M 

 

Figure A. 5– Precursor concentration experiments: 0.4M 
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A.4 XRD patterns from section 4.2.11.2 

 

Figure A. 6 – Nozzle size experiments: 0.2mm 

 

Figure A. 7 – Nozzle size experiments: 0.35mm 
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Figure A. 8 – Nozzle size experiments: 0.5mm 
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Data from Chapter V 

A.5 XRD data from section 5.2.1 

 

Figure A. 9 – XRD patterns of ZnO doped with Al, Y, In, Ga, Ce and Bi. The (002) refection is 

highlighted to show minimal peak shift.  
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