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Cation and Anion Doping of ZnO Thin Films by Spray

Pyrolysis

Nazanin Rashidi

A thesis submitted to the department of Chemistry of the University of Oxford for the

degree of Doctor of Philosophy in Inorganic Chemistry

Abstract

ZnO is an n-type semiconducting material with high optical transparency in the visible
range (400 - 750 nm) of the electromagnetic spectrum. When doped with group 13 or 14
metal oxides, ZnO exhibits almost metallic electrical conductivity. ZnO thin �lms have been
recognised as promising alternative material for the currently widely-used but expensive
indium oxide in the form of indium tin oxide (ITO), in terms of their low cost and the
high abundance of zinc. At the moment, even the best solution-processed ZnO �lms still
can not compete for ITO replacement especially in solar energy utilization and OLED
lighting applications, and the performance of ZnO �lms needs to be further improved.
The objective of this work was to enhance the electrical and optical properties of spray
pyrolysed ZnO thin �lms by simultaneous cation and anion doping. This was achieved
by growing several series of undoped, single-doped, and co-doped ZnO thin �lms over a
wide range of conditions, in order to understand the growth behaviour of undoped and
doped ZnO, and to establish the optimum growth procedure. Spray pyrolysis process
has advantages over vacuum-based techniques in terms of its low-cost, high deposition
rate, simple procedure and can be applied for the production of large area thin �lms.
Various techniques were employed to characterize the properties of the prepared thin �lms,
and thus determine the optimum growth conditions (i.e. X-ray di�raction (XRD), X-
ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), scanning electron
microscopy (SEM), UV-Vis-NIR spectroscopy and Hall e�ect measurement).

The growth of doped ZnO on glass substrates using Si and F as dopants, yielded highly
conducting and transparent thin �lms. The co-doped thin �lms exhibited distinct widening
of band gap upon increasing deposition temperature and doping concentration as a result
of increasing electron concentration up to 4.8 × 1020 cm−3 upon doping with Si and F
at the same time. The resistivity of the �lms deposited from Zn(acac)2 · xH2O solutions
and at the optimum temperature of 450 ◦C, was found to decrease from 4.6 × 10−2 Ω cm
for the best undoped ZnO �lm to 3.7 × 10−3 Ω cm, upon doping with 3% Si. The �lms
co-doped with Si and F in the ratios of [Si] / [Zn]= 3 - 4 mol% and [F] / [Zn]=30 - 40 mol%
were the most conducting (ρ ∼ 2.0 × 10−3 Ω cm). The associated optical transmittance
of co-doped ZnO was above 85% in the whole visible range. Results compare favourably
with In-doped ZnO deposited under similar conditions. Si+F co-doped ZnO �lms o�er a
suitable replacement for ITO in many applications such as LCD and touch screen displays.
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Chapter 1

Introduction

1.1 Aim of this study

Recently, transparent conducting oxides (TCOs) that contain a reduced amount of or no

indium have attracted much attention as substitute for indium-based semiconductor ma-

terials for a variety of optoelectronic applications. [1] The main goal of this project is to

introduce a low-cost highly-abundant ZnO-based TCO material as a potential alternative

for the currently widely-used but expensive indium tin oxide (In2O3:Sn, ITO) materials for

large area optoelectronic and photovoltaic applications. Developing alternatives to ITO is

desirable because of the high cost and low abundance of indium. ZnO is lower in cost and

also more abundant than ITO, so it may replace ITO as a front electrode in some future

displays, such as �at-panel displays. In order to develop such optoelectronic devices, one

important issue that must be resolved is the fabrication of low-resistivity ZnO thin �lms.

To achieve this goal, production of highly transparent and conducting ZnO thin �lms at

the lowest possible temperature, using a solution-based deposition technique was attempted.

Di�erent zinc compounds have been selected and their decomposition temperatures were

studied. Dopants which have not been thoroughly studied yet such as silicon and �uorine

have been explored, and comparisons of the optical and electrical properties of undoped,

1



Chapter 1. Introduction

Si-doped, F-doped, Cl-doped, and Si+F co-doped ZnO thin �lms have been made.

1.2 Strategy

In the present study we report, for the �rst time, the preparation of highly conducting and

transparent Si-doped and Si+F co-doped ZnO thin �lms deposited on glass substrates by

the spray pyrolysis technique. Zinc acetylacetonate, which had the lowest decomposition

temperature amongst the precursor compounds studied, was used as the Zn precursor.

Silicon tetraacetate and/or ammonium �uoride were added to the zinc precursor solution as

dopants. We �nd that Si doping and Si+F co-doping of ZnO thin �lms lead to a signi�cant

improvement in the electrical and optical properties as compared to undoped ZnO prepared

under similar conditions. The variations in the structural, electrical and optical properties

of t he �lms as a function of critical parameters such as deposition temperature and dopant

concentration are investigated and reported. These results provide a potential solution-

based route for the production of highly conducting ZnO thin �lms for low cost and large

area optoelectronic applications.

1.3 Transparent Conducting Materials

In recent years, there have been rapid and signi�cant advances in the �eld of material

science, especially in semiconductor physics. One of the most important �elds of current

interest centres on the fundamental aspects and applications of Transparent Conducting

Materials (TCMs), which are both optically transparent and electrically conducting and

introduce completely new areas of applications. Generally materials that combine optical

transparency in the visible spectrum with reasonable electrical conductivity fall into three

classes: very thin pure metals, highly doped conjugated organic polymers, and degenerately

doped wide band gap post-transition metal oxide semiconductors. [2]

According to the Electromagnetic Theory (Maxwell's equations), [3] optically transpar-

2



Chapter 1. Introduction

ent materials tend to be electrical insulators because of their large electronic band gaps

(Eg > 3.1 eV). The absolute limit to the resistivity would be 3.0 × 10−5 Ω cm for the

TCOs and the corresponding carrier concentration would be about 9.0 × 1021 cm−3. [4]

At higher concentrations, the re�ectivity due to the carriers would be very high and the

�lm can no longer be used as a transparent conductor. However, transparent conductors -

of which TCOs are a prototypical class of materials - exhibit a remarkable combination of

properties whereby they transmit light and conduct electric current simultaneously, [5, 6]

and despite their large band gaps, show high electrical conductivity, of the order of > 103

Ω−1 cm−1. TCOs have been known for a century, with the �rst discovered in 1907 by

the German scientist Bädeker, who used a simple vapour deposition system to deposit Cd

metal thin �lms, which could be to be oxidised to optically transparent CdO after heating

in air, while remaining electrically conducting. [7] In the 1960s, it was recognized that

thin �lms composed of other binary compounds such as ZnO, SnO2, In2O3 and their alloys

were also TCOs. [8] In addition to binary compounds, the ternary compounds such as

Cd2SnO4, CdSnO3 and CdIn2O4 were developed as TCO materials prior to 1980, but their

TCO �lms have not been used widely. [9] Impurity-doped ZnO thin �lms such as ZnO:Al

(AZO), ZnO:Ga (GZO), ZnO:Si (SiZO) and ZnO:In (IZO) along with the abundance of

binary compounds previously mentioned were developed in the 1980s by Minami et.al using

magnetron sputtering techniques. [10�12] In the 1990s, new TCO materials consisting of

combinations of ZnO, CdO, In2O3 and SnO2, such as Zn2SnO4, Cd2SnO4, Zn2In2O5, and

In4Sn3O12 were developed. [9] Over the last �fty to sixty years, the most utilised TCO

materials have been undoped, doped and multicomponent indium oxide (In2O3), tin oxide

(SnO2) and zinc oxide (ZnO) because they o�er the best available performance in terms of

electrical conductivity and optical transparency.

Transparent conducting tin-doped indium oxide (In2O3:Sn or ITO), which was the �rst

of the modern TCOmaterials, was prepared using spray pyrolysis technique for the �rst time

by Mochel in 1951. [13] A few years later in 1954, ITO was developed by Rupprecht [14] for

3



Chapter 1. Introduction

window coating. In the subsequent half-century, ITO has been the most widely used TCO

for optoelectronic device applications. Recently, TCOs that contain a reduced amount

of indium have attracted much attention as substitute materials for ITO in transparent

electrode applications, [15] due to the fact that the ITO thin �lms are very expensive for

device applications and a stable supply of ITO cannot be assured. [16] Impurity-doped

ZnO, In2O3 and SnO2 and multicomponent oxides composed of combinations of these

binary compounds such as ZnO-In2O3, In2O3-SnO2 and ZnO-In2O3-SnO2 are examples

of reduced-indium TCO materials. [9, 15] Figure 1.1 shows the TCO composition space

in which individual oxides are located at the corners, edges are lines of mixing between

two oxides (binary systems), and faces are areas of mixing between three oxides (ternary

systems). [17] Moreover, the continued depletion of raw materials and concerns about the

environmental impact of, particularly, Sn, make it increasingly important to employ more

abundant and less toxic elements in the fabrication of high performance TCO materials.

In these regards, zinc oxide and doped ZnO thin �lms continue to attract considerable

interest, [18] owing to their high performance along with lower costs, reasonably adequate

stability and reproducibility.

Figure 1.1: The hexahedron represents the conventional TCO composition space and their mul-
tiple combinations (adapted from [17])
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TCOs are employed in a diverse range of applications for solar energy utilization [19] and

optoelectronic devices [20], and critical research is needed for these applications. [21] TCO

thin �lms need to encompass high optical transmission (mostly in the visible spectral range),

low electrical resistivity, low surface roughness and good thermal and chemical stability. In

addition, the development of low-cost and energy-e�cient thin �lm deposition processes to

these advanced energy materials are needed, particularly for large area applications.

1.4 Applications of TCO materials

Owing to unique combined electrical and optical properties, TCO thin �lms are an essential

part of technologies that require both large-area electrical conduction and optical trans-

parency in the visible portion of the light spectrum. A wide range of optical and electrical

properties are needed for various industrial uses of TCOs (Figure 1.2), and optimisation of

these properties will depend on the application, but in most cases, both parameters should

be as large as possible. [5]
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Figure 1.2: Sheet resistance range required for various TCO applications (Figure adapted from
[22]), Sheet resistance, Rs , of TCO thin �lms is calculated from: Rs =

ρ
t , where ρ is the bulk

resistivity and t is the �lm thickness

The major applications of TCOs are photovoltaic solar cells, [19, 23] transparent elec-

trodes in touch screen and �at panel display technologies, [2] energy e�cient windows,

[24, 25] organic light emitting dioeds (OLEDs) [26, 27] and transparent thin �lm transist-

ors (TFTs). [28]

A solar cell is a solid-state electrical device which converts the energy of sun directly into

electricity using the photoelectric e�ect. A solar cell is a multi-layered device including p-

type (acceptor) and n-type (donor) semiconductor materials (a so-called p-n junction). The

process of conversion �rst requires a donor material to absorb the solar energy (photon),

whereupon an electron is excited from the valence band to the conduction band. The �ow of

high-energy electron will be transferred to the acceptor material at an interface and �nally

to the cathode and an external circuit for charge collection. [29] TCOs have attracted

considerable interest in recent years towards the development of TCO-based solar cells.
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[19, 30, 31]

An organic light emitting diode (OLED), which is widely used in the display industry,

is a semiconductor device made by placing a series of organic thin �lms between two con-

ductors (electrode) one of which must be transparent. A typical OLED display consists of

a number of layers including a cathode, an emissive layer, a conductive layer and a trans-

parent anode. When an external voltage (typically a few volts) is applied to the device,

electrons and holes are injected from the cathode and the anode, respectively, and drift

towards each other. When the initially free electrons and holes meet, they form strongly

bound electron�hole pairs, which then may decay and emit photons. [32] TCO coatings

have been used in various display devices such as liquid crystal displays (LCDs) [33] and

OLEDs as transparent electrodes, where the e�ciency of the devices is increasing with the

transparency and optical properties. [34]

There are four main touch screen technologies; 1) resistive, 2) capacitive, 3) surface

acoustic wave, and 4) infrared (IR). [35] TCO materials such as ITO are fundamental

components of resistive and capacitive touch screen displays, where the highest possible

optical transparency is vital and relatively high electrical conductivity is also a necessity.

One of major tasks of energy saving windows (also called smart or energy e�cient

windows) is to minimise of radiative heat losses. The reduction of heat losses through

glass can be achieved by applying special coatings. TCO thin �lm coatings deposited on

the glass serve as mirrors for long-wave infrared radiation and thus, reduce radiative heat

losses. [25] High conductivity of TCOs, when it arises from high carrier concentrations,

is usually accompanied by high re�ectance in the near-infrared region (NIR), due to the

Plasmon Resonance e�ect. [36] This high re�ectance in the NIR region, allows the window

to remain highly transparent in the visible region, while keeping infrared energy inside the

buildings or cars, etc. The function of TCOs in energy e�cient windows is mainly derived

from their optical transparency rather than their electrical conductivity.
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1.5 Thin Film Deposition Techniques

Deposition of high quality, uniform thin �lms is an intensive area of research which has

yielded many varied deposition techniques. The methods employed for thin oxide �lm de-

position can be divided into two broad categories based on the nature of the deposition

process: physical deposition methods and chemical deposition methods. The physical meth-

ods include physical vapour deposition and sputtering while the chemical methods comprise

gas phase deposition methods and solution techniques. Some of the most common methods

in each category are shown in Figure 1.3. Physical vapour deposition technology consists

of a variety of vacuum deposition processes such as evaporation and sputtering techniques,

which can result in the production of a high-quality thin �lm.

As mentioned above, the chemical deposition techniques can be divided into two sub-

categories, based on the precursor initial phase; gas and solution phase techniques. The

most widely-used gas phase methods include chemical vapour deposition (CVD) [37, 38]

and atomic layer deposition (ALD) [39], while spray pyrolysis, [40] sol-gel, [41] spin-coating,

[42, 43] and dip-coating [42] methods employ precursor solutions. Depending on the ma-

terial being deposited and the �nal application of the thin �lm, some methods might be

more e�ective than others.
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Figure 1.3: Classi�cation of the most common thin �lm deposition techniques

Some properties of the thin �lms such as crystallinity (polycrystalline or amorphous)

and morphology, depend strongly on the growth process. These properties can directly

in�uence the other properties of the thin �lms such as optical and electrical properties, and

thus, an appropriate control over the properties of the thin �lms can be achieved by careful

selection of the deposition technique. [44] Each of the categories and a range of common

individual techniques are very brie�y described as follows.

¶ Physical deposition methods:

In evaporation techniques a hot source of the pure material is evaporated in a high

vacuum. In high vacuum, evaporated particles can travel ballistically to the deposition sub-

strate, where they condense back to a solid state. There are many di�erent types of evap-

oration methods characterised by the use of di�erent evaporation sources such as thermal,

electron-beam, �ash, and resistive evaporation methods. [45] Pulsed laser deposition

(PLD), which is one of the most popular techniques for the deposition of semiconductor

materials, [46, 47] uses a high-power pulsed laser beam to strike a target of the material
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to be deposited. As a result the material is vaporized from the target and deposited as

a thin �lm on a substrate. PLD deposition allows controlled chemical composition of the

deposited compounds. This process may occur in ultra high vacuum or can be done in the

presence of a background gas, such as oxygen. [48] A schematic of a typical PLD system is

shown in Figure 1.4 (a).

Sputtering processes involve ejecting atoms or molecules from a �target� (or cathode)

plate consisting of the material being deposited onto a substrate in a vacuum chamber. This

e�ect is caused by the bombardment of the target by plasma, which is usually formed from

an inert gas such as argon. The ejected particles are then directed toward the substrate

and a thin �lm is deposited as seen in Figure 1.4 (b). [49, 50]

(a) (b)

Figure 1.4: Schematics of (a) PLD (adapted from [51]) and (b) sputtering (adapted from
www.en.rigaku-mechatronics.com website) systems

· Chemical deposition methods:

Chemical vapour deposition (CVD) is a generic name for a group of processes that

involve depositing a solid material from a gaseous phase. In these processes precursor gases

(often diluted in carrier gases) are delivered into the reaction chamber at approximately

ambient temperatures. As they pass over or come into contact with a heated substrate, they

react or decompose forming a solid phase that is deposited onto the substrate. [37] Di�erent
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types of CVD methods are in wide use and are frequently referenced in the literature. These

processes di�er in the means by which chemical reactions are initiated and the process

conditions. Some of the most important types of CVD processes are: atmospheric pressure

chemical vapour deposition (APCVD), low pressure chemical vapour deposition (LPCVD),

and metal-organic chemical vapour deposition (MOCVD). [38] Atomic layer deposition

(ALD) is a special variant of the CVD technique with a self-limiting nature which allows a

very precise (atomic level) thickness control. [39, 52]

Figure 1.5: Typical CVD reactor (Figure adapted from www.AzoNano.com website)

Sol-gel techniques, consist of coating a substrate with prepared polymeric or colloidal

inorganic precursor solution (sol) by dip-coating [53] (or spin-coating [54]), followed by

gravitational draining, solvent evaporation (drying), and further condensation reactions,

which result in the deposition of a �lm (solid gel) on the substrate surface. Afterwards,

a thermal treatment, or annealing process (usually at quite high temperatures), is often

necessary in order to enhance the properties and stability of the �lms. The structure of

the �lm deposited depends on the size and the structure of the precursor, relative rates

of condensation, evaporation, drying, substrate withdrawal speed and drying temperature.

[41]

Spin coating deposition techniques involves depositing a small solution puddle (coating

material) onto a centre of a �at substrate and then rotating the substrate at relatively high

speed in order to spread the solution, accompanied by a drying step to eliminate excess
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solvents from the resulting �lm. [42] In this method, �nding a balance between centrifugal

forces controlled by spin speed and solution viscosity is extremely important. Final �lm

thickness and other properties will highly depend on the nature of the solution material such

as viscosity, drying rate, concentration and surface tension. The spin process parameters

such as acceleration and rotation speed, drying temperature and drying atmosphere will

also a�ect the properties of the thin �lms. [43]

As mentioned previously, thin �lm samples in this thesis were prepared on glass sub-

strates using spray pyrolysis. Among all the deposition methods, spray pyrolysis, which

was �rst introduced and developed as a low cost thin �lm deposition technique in the 1940s

for the preparation of transparent oxide �lms (TCOs), [55] is one of the simplest, most

e�ective and low cost routes to continuous and scalable deposition of thin �lms with easy

compositional control. [40] One of the early applications of the spray pyrolysis technique

was the deposition of a sul�de thin �lm by Chamberlin, et al. [56]. The technique attracted

great interest after they extended their studies and published the �rst paper on preparation

of CdS �lms for solar cells using the spray pyrolysis deposition technique. [57] A few years

later, Bube and co-workers applied the spray pyrolysis method to prepare a complete range

of solid solution �lms of (Cd, Zn)S and Cd(S, Se) using the technique [58] and later on in

1979 investigated the spray pyrolysis of ZnO �lms onto glass for solar cell applications. [59]

Owing to its simplicity and inexpensiveness, spray pyrolysis technique has been studied

extensively for the preparation of thin �lms of numerous metal oxides. [60]
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Figure 1.6: Schematic diagram of a spray pyrolysis system

Spray pyrolysis involves the generation of a �ne mist of a dilute solution of an appro-

priate metal precursor using a nebulising technique and carrying this mist in a gas �ow to

a preheated substrate where the precursor thermally decomposes on the substrate surface

and gives rise to continuous �lm growth. The process is carried out at atmospheric pres-

sure using argon, nitrogen or air as the carrier gas to transport the precursor mist. The

precursor solutions are usually made by dissolving suitable chemicals in solvents such as

ethanol, butyl acetate, isopropanol, aqueous HCl or H2O. Doping is achieved by adding

proper amount of dopant compound to the spray solution. [61] A schematic-like drawing

of an experimental apparatus used for spray pyrolysis is shown in Figure 1.6.

In this process, the important variables that should be taken into consideration in order

to obtain uniform and good quality �lms are the chemical composition of the carrier gas,

the precursor solution composition, and most importantly, the substrate temperature. To

this list one should add the carrier gas �ow rate, nozzle-to-substrate distance, droplets
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radii, solution concentration, and solution �ow rate. The chemical reactants are selected

such that the products other than the desired compound are volatile at the temperature

of deposition, and are easily removed from the system. The ease and scalability of the

spray pyrolysis technique makes it particularly suitable for the preparation of large area

thin �lms. [62] Some other advantages of the spray pyrolysis process are:

f Doping of the �lms can be easily done almost with any element or compound, at

almost any molar ratio, by adding the correct quantity of dopant to the precursor solution.

f The thickness of the coating can be easily controlled by changing either the precursor

solution volume or the precursor solution concentration.

f The precursor solution components can be changed in the middle of the process,

therefore production of the layered �lms is possible.

f The process is very cheap and diverse types of precursor compounds and substrates

can be used.

f The technique can be used for large area deposition using low-cost materials and

thus, it can be extrapolated to an industrial scale.

The substrate can also have a signi�cant in�uence on the properties of the �lms, depend-

ing on the deposition technique. [63] Substrate such as glass (borosilicate and soda-lime),

alumina (sapphire and Al2O3), SiO2 (quartz and silica), silicon (Si), and gallium nitride

(GaN) are commonly used for thin �lm deposition. [64, 65] Glass substrates are the most

commonly used substrates, but in processes which involve high deposition temperatures,

the e�ect of the di�usion of alkali ions from the glass substrate to the �lm is extremely im-

portant. The problem is most severe in the case of soda-lime glass substrates, which have a

high sodium content, or for very thin coatings. [44, 66�68] In contrast the low temperature

processes such as sputtering or PLD techniques allow the deposition of the TCO �lms onto

plastic substrates. [69�72]
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1.6 ZnO

The low cost and high abundance of ZnO, as well as good optical and electrical properties,

reasonable chemical and mechanical stability make ZnO thin �lms a cost-e�ective altern-

ative and one of the most promising TCO materials to the currently used indium tin oxide

(ITO) coatings, particularly for large scale applications. Zinc oxide and doped ZnO thin

�lms continue to attract considerable interest because of their potential use in many current

and emerging opto-electronic applications. [18, 73] Zinc oxide itself is an n-type semicon-

ductor material with a direct optical band gap of 3.28 eV, [74] which is large enough to

transmit most of the visible spectrum. In addition to oxygen vacancies and Zn interstitials,

electron doping is accomplished either by substitutionally adding a higher valent metal, or

by replacing some oxygen with �uorine or chlorine, etc. When doped with group 13 or 14

metal oxides above a certain critical doping level, ZnO thin �lms exhibit metal-like elec-

trical resistivity. A combination of high optical transparency and good electrical transport

properties therefore, makes doped ZnO one of the most promising transparent conducting

oxides (TCOs) in a number of applications such as TFTs (Thin Film Transistors) and �at

panel displays, [75, 76] OLEDs (Organic Light Emitting Diodes), [27, 77] LCD (Liquid

Crystal Display) panels, [78] energy-e�cient windows, [79] photovoltaics, [80, 81] touch

screen displays, [82] as well as an active material in the developing area of transparent

electronics/optoelectronics. [20, 83, 84]

Several synthetic methods have been applied to prepare ZnO thin �lms including chem-

ical vapour deposition (CVD), [85] metal organic CVD (MOCVD), [86, 87] pulsed laser

deposition (PLD), [88] magnetron sputtering, [89] radio frequency (RF) sputtering, [90]

atomic layer deposition (ALD), [91] sol-gel, [92, 93] spin coating, and [94, 95] spray pyro-

lysis. [61, 96�99]
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1.6.1 Precursors to ZnO

As explained in section 1.5, spray pyrolysis uses a precursor solution, which is atomised and

sprayed onto a heated substrate, where it thermally decomposes to the desired products

and gives rise to a thin �lm growth. Therefore, the use of the spray pyrolysis technique

for the preparation of ZnO thin �lm requires a soluble zinc compound which can thermally

decompose into ZnO after being sprayed onto a hot substrate. An ideal precursor should

have relatively low decomposition temperature, and by-products of the decomposition re-

action should be volatile gases which can easily escape and not leave any residue behind in

the deposited material. [100] A number of zinc precursors are already used to prepare ZnO

thin �lms by spray pyrolysis including zinc chloride, [101, 102] zinc nitrate, [61, 100, 103]

zinc acetate, [96, 97, 104] and zinc acetylacetonate. [98, 99, 105]

During the last decade or so, much attention has been devoted to low temperature routes

that are compatible with plastic substrates, which is particularly relevant for speci�c applic-

ations such as �exible displays. [106] In general, optimal thin �lm deposition temperature is

highly dependent on the identity of the precursor compound and the details of preparation.

Although the decomposition temperature of most of the common zinc compounds to ZnO

is not very high, in order to improve optical and electrical properties, high deposition or

annealing (post treatment) temperatures have been usually applied for preparation of thin

oxide �lms by solution-based techniques. [93, 97] As mentioned earlier, all thin �lm samples

in this thesis were prepared from solutions of zinc acetylacetonate, because among several

Zn salts studied (Chapter 3), thermal decomposition of zinc acetylacetonate occurred at

lower temperature temperature and through a one-step process.

Zinc acetylacetonate hydrate, Zn(C5H7O2)2 · xH2O (Zn(acac)2) is a white crystalline

powder with solubility of 12 g L−1 in water (95 g L−1 in ethanol, 70 g L−1 in isopropanol,

and 160 g L−1 in methanol) at room temperature. In the solid state, both oxygen atoms of

the acetylacetonate ligand are bound to the zinc, forming a six-membered ring. [107]
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Figure 1.7: Molecular structure of Zn(acac)2

Several researchers have studied the decomposition reaction of Zn(acac)2 to ZnO. Figure

1.8 shows the schematic of decomposition reaction mechanism of Zn(acac)2 to ZnO nan-

oparticles proposed by Ambroºi£ et al., [108, 109] in agreement with the literature report

on the alcoholysis of 1,3-diketones in an acidic medium into acetone and the corresponding

ester. [110]

Figure 1.8: Schematic of decomposition of Zn(acac)2 to ZnO in alcoholic-acidic medium (adapted
from [108])

The thermal decomposition of Zn(acac)2 has been studied using di�erent techniques

such as thermogravimetric analysis (TGA), di�erential thermal analysis (DTA), infrared

spectroscopy (IR) and X-ray di�raction (XRD). Charles and co-workers carried out a

comparative study on heat stabilities of some other metal acetylacetonates (including

Zn(acac)2) at 191
◦C as a function of heating time, but the nature of the products was

not reported. [111] Although mass spectrometer studies of thermal decomposition of some
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metal acetylacetonates had been done earlier, [112] one of the �rst detailed thermal de-

composition studies of Zn(acac)2 was conducted by Rudolph, et al. in 1964. Their results

indicated that it decomposes at 130 ◦C in an inert solvent, such as toluene and xylene.

[113] Hussein thoroughly studied the thermal decomposition products of Zn(acac)2 · xH2O

to ZnO using XRD and IR and proposed a mechanism for this route. He concluded that

the formation of ZnO from Zn(acac)2 occurred in six stages. [114] In another work, Arii,

et al. proposed a simpli�ed decomposition mechanism in controlled humidity atmospheres,

as shown below in Equation 1.1:

Zn(CH3COCHCOCH3)2 · H2O→ ZnO + 2CH3COCH2COCH3 (1.1)

They also claimed that at high partial pressure of water, synthesis of crystalline ZnO from

Zn(acac)2 can be achieved at low temperatures below 100 ◦C. [115]

1.7 Doping of ZnO

1.7.1 Ability to dope

Substitutional doping is a key requirement for a semiconductor to be used in practical

devices. There are three factors can limit the ability to dope a material e�ectively [116, 117]:

• Lack of solubility of the dopant in the lattice

• Deepness of the dopant level

• Compensation of the dopant by native defects

Point 1 is usually easily satis�ed and point 2 becomes more important when designing

the p-type TCOs, but compensation (point 3) is the the key limitation. This occurs if

moving the Fermi energy, EF , to a band edge causes the formation of compensating defects

because the formation energy of that defect has fallen to zero at that Fermi energy. In

that case, if there is thermal equilibrium, the donor action is completely compensated by

the defect. In the other words, the creation energy of the intrinsic defect (say the vacancy)
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depends on the Fermi energy. So, there will be some Fermi energy at which the cost of the

vacancy creation is zero. If a dopant would move the Fermi level to this energy, called the

dopant pinning energy, then vacancies will be spontaneously created at no cost. There will

be two pinning energies, one for n- and one for p-type doping. Thus, if equilibrium holds,

it will be impossible to shift the Fermi level beyond these two pinning energies E pin,n and

E pin,p . Practical doping will only occur if these pinning energies lie in the conduction or

valence band, respectively, and not in the gap. If for example, E pin,p lies above the valence

band edge VB, then there will be no p-type doping, because it will not be possible to shift

E F to the valence band edge.

The dopability of oxides can be viewed in terms of the valence band maximum and the

conduction band minimum on an absolute energy scale or with respect to a common align-

ment energy such as the charge neutrality level (CNL) derived from their band structures.

The well-known n-type oxides (ZnO, In2O3, and SnO2) are found to have conduction band

edges deep below the vacuum level, while the known p-type oxides (NiO, Cu2O, CuAlO2,

CuGaO2, and CuCrO2) have high-lying valence band edges. N-type and p-type pinning-

limit energies are plotted in Figure 1.9.

Figure 1.9: Band diagrams of various oxides semiconductors aligned according to their charge
neutrality levels, with dopant pinning levels indicated (Figure adapted from [116])
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The pinning-limit energies set the range over which E F can be varied, without causing

the formation of compensating defects that stop doping. If the n-type limit lies above CB

of that oxide, E F can be shifted to CB without defect formation and it can be doped n-

type. If the p-type limit is below VB, then that oxide can be doped p-type without defect

formation. Figure 1.9 says that the criterion is that the CNL should lie in midgap or the

upper gap for n-type dopability, or at midgap or in the lower gap for p-type dopability.

SnO2, In2O3 are very unusual in that their CNLs actually lie above the conduction band

edge [118, 119], rather than in the gap as normal. In ZnO, the CNL lies close to the

conduction band edge. This accounts for their ease of n-type doping. On the other hand,

that the CNL is so far above the valence band edge in SnO2, In2O3 and ZnO accounts for

why these oxides are di�cult to dope p-type. [116]

The position of the CNL relative to the band extrema also has implications for the

bulk electronic properties of the oxides. Native defects tend to drive the Fermi level in

the bulk towards the CNL. For example, as the CNL lies well above the CBM in In2O3,

native defects favourably form as donors, increasing the Fermi level, while compensating

acceptor defects will have higher formation energies. This, therefore, provides an overriding

band-structure explanation of the propensity for In2O3 to have a high background electron

density even when nominally undoped. [119]

1.7.2 Doping of ZnO

Extrinsic doping is the process of addition of foreign atoms (impurities or dopants) into the

crystal structure of the semiconductor materials, by which more electrons are inserted into

or removed from the lattice. There are two di�erent types of doping; n-type and p-type

doping. N-type doping (n for negative charge carriers or electrons) involves substituting

semiconductor atoms by elements that contribute excess free electrons. For example, small

amounts of Al, In or Si can substitute for Zn (or F can substitute for O), and donate

their extra valence electrons to the ZnO lattice (also called donor dopants). In n-type
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semiconductors, the doping atoms form a set of energy states that lie in the band gap

between the valence and conduction bands. Because the impurity atoms have more electrons

than the semiconductor material atoms, these energy states are �lled. Since electrons are

present close to the bottom of the conduction band and can easily be excited into the

conduction band, the conductivity of the material is increased (Figure 1.10 (a)).

Figure 1.10: Schematic band diagrams of undoped, n-type and p-type semiconductors. (a) Ele-
ments with more valence electrons result in a new �lled state between the valence and conduction
bands of the host. (b) Elements with fewer valence electrons result in a new empty level between
the valence and conduction bands of the host

In extrinsic p-type doping (p for positive charge carriers or holes), semiconductor atoms

are replaced by impurity atoms with fewer valence electrons, such as, Li for Zn, or N for

O in ZnO. These impurity atoms can accept electrons from the host atoms, in order to

compensate for their de�ciency of valence electrons (they are also called acceptor atoms).

Therefore, for every host atom replaced by impurity atom, there is an electron missing

from the valence band. A semiconductor like this is called p-type semiconductor because

its conductivity is related to the number of the positive holes produced by the impurity

atoms. Figure 1.10 (b) depicts energy band in p-type semiconductors.

ZnO is naturally an n-type semiconductor material, as a result of non-stoichiometry
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from intrinsic lattice defects such as O vacancies and Zn interstitials. The optical and

electrical properties of solution-processed undoped ZnO thin �lms can be further improved

without extrinsic dopants by annealing the thin �lms at low partial pressure of oxygen and

relatively high temperatures to increase the concentration of donor defects in ZnO lattice

such as O vacancies or Zn interstitial atoms, [120, 121] extrinsically through doping with a

variety of chemical elements, [122�124] or by combination of both strategies.

1.7.2.1 P-type doping

P-type doping of wide band gap semiconductor materials such as ZnO is very di�cult for

several reasons. Generally, three main factors can lead to low e�ciency of p-type doping;

(1) low solubility of dopants, (2) self-compensation, and (3) the formation of deep impurity

levels. [125, 126] One of the major issues is a self-compensation e�ect, in which p-type

dopants may be compensated for, by low energy native n-type defects such as Zn interstitial

or O vacancy. [122, 127] As mentioned previously ZnO is naturally only n-type due to the

presence of native n-type defects associated with deviations from perfect stoichiometry,

making the acceptor doping of ZnO di�cult.

Known p-type (acceptor) dopants in ZnO are group 1 (IA) elements such as Li, Na,

and K substituting at Zn sites and group 15 (VA) elements such as N, P, and As sub-

stituting at O sites. [125] However, group 1 elements may occupy interstitial sites rather

than substitutional sites, because of their small ionic radii, and therefore behave as donor

dopants. Among group 15 elements, N is the most promising and commonly used p-type

dopant in ZnO, as N has close ionic radius to O, thus can substitute for O with minimal

lattice distortion (rN−3 = 1.46 Å and rO2− = 1.38 Å). [128] Other group 15 elements such

as P, As, Sb have much larger ionic radii than O ion. Their large size causes low solubility

and large lattice distortions. [125]
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1.7.2.2 N-type doping

N-type doping of ZnO is easier than p-type doping. Among all known n-type dopants for

ZnO, group 13 and 14 (IIIA and IVA) elements such as Al, Ga, In, Si and Sn as substitu-

tional elements for Zn, and group 17 (VII A) elements such as F and Cl as substitutional

elements for O, have been most widely investigated. [129�134] Doping with group 13 ele-

ments (Al, Ga, and In) usually results in highly conducting and transparent ZnO thin

�lms. The ionic radius of Al3+ is 0.39 Å, which is smaller than that of Zn2+ (0.60 Å),

so the Al3+ can occupy the place of Zn2+ in lattice, leading to a reduction of the lattice

parameters. [135] Ga3+ in comparison with Al3+, has closer ionic radius (0.47 Å) to Zn2+

ions, which minimises the ZnO lattice deformations even at higher doping concentrations.

[136, 137] Aktaruzzaman et al. reported a low resistivity of 2.0 × 10−3 Ω cm for spray

pyrolysed Al-doped ZnO �lms deposited at 425 ◦C. [131] Major et al. grew In-doped ZnO

�lms by spray pyrolysis technique at 450 ◦C with a minimum electrical resistivity of 8.0 -

9.0 × 10−4 Ω cm. [138] Reddy et al. succeeded in Ga doping of ZnO thin �lms grown on

glass substrates by spray pyrolysis at temperature of 350 ◦C, and they reported resistivities

as low as 1.5 × 10−3 Ω cm. [133] In has been used as the most prominent and e�cient

n-type dopant in ZnO probably due to its almost identical ionic radius to Zn (rI n3+ = 0.62

Å and rZn2+ = 0.60 Å). Doping with Sn and Si has been less thoroughly investigated and

literature review results show that doping with group 14 elements is less e�cient than that

with group 13 elements, particularly if solution-based techniques are applied for thin �lm

deposition. Cheng et al. studied the optoelectronic characteristics of Sn-doped ZnO thin

�lms prepared on �exible PET substrates at room temperature by pulsed laser deposition

(PLD) technique. The lowest electrical resistivity of their ZnO:Sn �lms was 3.8 × 10−2 Ω

cm. [134]

Minami et al. pioneered the �rst Si-doped ZnO thin �lms using RF magnetron sput-

tering, reporting resistivities as low as 3.8 × 10−4 Ω cm in 1986. [12] Afterwards, various

groups have reported that Si acts as an n-type dopant in ZnO �lms prepared by magnetron
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sputtering, [139, 140] PLD, [141, 142] ALD, [143] and sol-gel spin-coating deposition. [144]

Das et al. deposited thin �lms on sapphire substrates using PLD at a substrate temperat-

ure of 600 ◦C. They found the resistivity decreased from ∼ 3.0 × 10−2 to 6.2 × 10−4 Ω cm,

while the carrier density of the �lms increased to a maximum value of 3.25 × 1020 cm−3

upon increasing Si concentration up to 6.5 at.%. [141] Sato et al. obtained very low res-

istivity of 4.7 × 10−4 Ω cm and an average transmittance above 85% for Si-doped ZnO �lms

prepared by magnetron sputtering at a substrate temperature below 140 ◦C. [139] Yuan

grew Si-doped ZnO thin �lms at 300 ◦C using ALD method. They reported a minimum

resistivity value of 9.2 × 10−4 Ω cm, with a carrier concentration of 4.3 × 1020 cm−3 and a

mobility of 15.8 cm2 V−1 s−1 for the �lms deposited at Si concentration of 2.1 at.%. [143]

In another study, Sorar et al. reported the preparation of Si-doped ZnO thin �lms using

the sol-gel spin-coating method. However, they only investigated the optical and structural

properties of the �lms after heat treatment of the samples at 550 ◦C. [144]

The �rst preparation of Si-doped ZnO by spray pyrolysis was reported by Kuznetsov and

Edwards in 2011. [145] ZnO thin �lms were deposited on glass substrates at 400 ◦C from

precursor solutions containing zinc acetate and 2 mol.% silicon tetraacetate. A minimum

electrical resistivity of 5.6 × 10−3 Ω cm was obtained for the Si-doped ZnO samples.

N-type doping of ZnO with anion impurities to substitute for O such as F and Cl,

seems to be e�ective particularly if the �lms are deposited by vacuum-based techniques.

However, there are many reports available on solution processed F-doped ZnO. [146�149]

Unlike elements which substitute for Zn2+, the e�ect of F− is less discussed. Fluorine

incorporates into the lattice by substituting oxygen atoms due to the comparability of

ionic radius (rF− = 1.31 Å and rO2− = 1.38 Å [150]). For the �rst time, Hu and Gordon

reported F doping of ZnO �lms in 1991. They deposited F-doped ZnO thin �lms on soda

lime glasses using atmospheric pressure CVD at temperatures between 350 ◦C and 470 ◦C.

The lowest resistivity of about 6.0 × 10−4 Ω cm, was achieved at [F] / [Zn] at.% of 0.5

for the �lms deposited at 400 ◦C. [151] Choi et al. fabricated F-doped ZnO (FZO) thin
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�lms by ALD deposition technique at 140 ◦C. The lowest resistivity was 1.8 × 10−3 Ω cm

for the ZnO �lm doped with 1.0 at.% F. [152] Cao et al. prepared FZO thin �lms via

PLD, getting a resistivity of 4.8 × 10−4 Ω cm, carrier concentration of 5.4 × 1020 cm−3,

and Hall mobility of 23.8 cm2 V−1 s−1. The average optical transmittance in the visible

wavelength was reportedly higher than 90%. [153] Bhachu et al. deposited FZO thin

�lms on a glass substrate at temperature of 450 ◦C by aerosol assisted chemical vapour

deposition technique. The resistivity of obtained �lms was 3.7 × 10−4 Ω cm. [154] F-doped

ZnO thin �lms were synthesized at 400 ◦C substrate temperature using chemical spray

pyrolysis technique by Shinde et al. Films with [F] / [Zn] ratio of 15.0 at.%, annealed at

200 ◦C showed the lowest resistivity, about 0.9 × 10−4 Ω cm. The reported transmittance

of their �lms was of the order of 90%. [146] The lowest resistivity value in the order of

10−2 Ω cm was obtained for F-doped ZnO thin �lms deposited at 475 ◦C by chemical spray

pyrolysis technique using zinc acetylacetonate and ammonium �uoride as precursors in a

work by Guillén-Santiago et al. [147]

Only a few studies have been conducted on Cl substitution for O over the past few years,

and in all those studies Cl-doped ZnO �lms prepared using vacuum deposition processes.

[155�157] The Cl doping of ZnO is not as successful as F doping, presumably because of

signi�cant di�erence between ionic radii of O and Cl (rCl−1 = 1.81 Å and rO2− = 1.38

Å). Chikoidze et al. grew the Cl-doped ZnO �lms by MOCVD on sapphire substrates.

They obtained the lowest resistivity ρ = 3.6 × 10−3 Ω cm for layers deposited at growth

temperature of 425 ◦C. [155]

1.7.2.3 Co-doping method

In addition to doping with a single dopant, co-doping with more than one doant at the

same time, for achieving enhanced properties in ZnO has also been investigated. Di�er-

ences of radii between doping ions and Zn2+ or O2− ions will result in variation of lattice

constants and degradation of crystallinity in ZnO. This issue can be partially resolved by
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co-doping methods, which have seen heightened interest in recent years. [135] Co-doping

techniques were �rst introduced in order to improve the p-type doping of wide band gap

semiconductors, using two potential acceptor dopants (A-A, such as N and As), [128] or

with both donor and acceptor dopants (A-D, such as Al and N). These co-doping methods

are mainly used to reduce the acceptor energy level, while leaving the valence band struc-

ture of the matrix unchanged. [158] In the A-D co-doping method, it has been suggested

that the dopant solubility can be enhanced by attractive interactions between acceptors

and donors and that the activation energy of dopants can be lowered by the level repulsion

between donor and acceptor levels. [159, 160] Co-doping with both donor and acceptor im-

purities has been realized to result in p-type doping of ZnO. [159, 161] Ga+N, [161, 162],

Al+As, [163], Al+N, [164] and Ga+Cu [165] co-doped ZnO thin �lms are some examples of

donor-acceptor co-doping. Co-doping with two acceptor impurities such as Li+N co-doped

ZnO �lms has been also demonstrated. [166]

Interestingly, besides the afore mentioned co-doping technique, another type of co-

doping has also developed for further improvement in the electrical properties of n-type

TCOs. This type of co-doping method involves using two donor dopants (D-D) simultan-

eously. One class of D-D co-doping applies two di�erent cations which can substitute for

the metal atom in TCO materials (cation-cation co-doping). Doping of Zn with two

dopants such as Al, Ga, In or Si falls into this category. For example, preparation of Al+Ga

co-doped ZnO thin �lms, [167] Al+Ga co-doped ZnO �lms [168] and Si+Al co-doped ZnO

thin �lms [169] using vaccum-based techniques such as the RF sputtering method has been

reported by various researchers.

In the other class of D-D co-doping, the lattice metal ion (Zn) is substituted by a cation,

while the lattice oxygen is replaced by an anion (cation-anion co-doping). Obviously

both cation and anion should have more valence electrons than Zn and O, respectively.

Based on this assumption, the simultaneous doping of TCO materials with both cation and

anion can be an interesting way to decrease the electrical resistivity values. In the case
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of ZnO, di�erent combinations of cationic and anionic elements such as In, Al, Cl, and F

have been studied previously. In fact, co-doping with Al+F in ZnO thin �lms deposited

by sol-gel [170] or RF magnetron sputtering, [171] with In+F in ZnO thin �lms prepared

by chemical spray pyrolysis [172�174] or sol-gel, [175] and with Al+Cl in ZnO thin �lms

grown by the spray pyrolysis technique [176] have been previously studied.

In the present work, we studied the properties of Si+F co-doped ZnO thin �lms depos-

ition by spray pyrolysis technique for the �rst time. Afterwards, Si-doping, F-doping and

Cl-doping of ZnO thin �lms was also investigated.

1.8 Structural properties of ZnO

TCO materials can structurally be classi�ed into three main categories [177] as summarised

in table 1.1.

Structural feature Carrier type Examples
Tetrahedrally-coordinated cations n-type ZnO, BeO
Octahedrally-coordinated cations n-type CdO, In2O3, SnO2, Cd2SnO4, etc.
Linearly-coordinated cations p-type CuAlO2, SrCu2O2, etc.

Table 1.1: Structural categories of TCOs (Adapted form [177])

The �rst category has n-type character and includes cations tetrahedrally coordinated

by oxygen. ZnO and BeO are the only known metal oxides which crystallise in this type

of coordination. The second category, which is the largest category and includes most of

the best n-type metal oxide materials, has cations in octahedral coordination. The third

category with p-type character has cations in linear coordination with oxygen. [177]

ZnO crystallises in three forms; hexagonal wurtzite, cubic zinc blende, and cubic rock-

salt. [122] The hexagonal wurtzite structure is the most stable under ambient conditions,

and therefore, is the predominant form of ZnO. In the hexagonal wurtzite structure, each

anion is surrounded by four cations at the corner of a tetrahedron, and vice versa. Thus,

both Zn2+ and O2− have the coordination number of four. The various crystal structures
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of ZnO are shown in Figure 1.11.

Figure 1.11: ZnO crystal structures: (a) cubic rocksalt, (b) cubic zinc blende, and (c) hexagonal
wurtzite. The shaded grey and black spheres denote Zn and O atoms, respectively (Figure adapted
from Özgür et al. [122])

The lattice parameters of a semiconductor material can be a�ected by several paramet-

ers; 1) free-electron concentration which occupy and deform the potential of the conduction

band, [178] 2) di�erence between ionic radii of impurity atoms and substituted host ions,

[179] 3) external strain, and 4) temperature. [122] One of the �rst X-ray di�raction (XRD)

studies on the crystal structure of wurtzite ZnO was carried out by Bragg in 1920. [180]

The hexagonal wurtzite structure has two lattice parameters a (a = b) and c in the ratio

of c/a =
√
8/3 =1.633 (in an ideal wurtzite structure) and belongs to the space group C 4

6v

in the Schoen�ies notation and P63mc in the Hermann�Mauguin notation. In a real ZnO

crystal, the wurtzite structure deviates from the ideal arrangement, by changing the c/a

ratio. The experimentally c/a observed ratios are smaller than ideal, where it has been

suggested that not being so, would lead to zinc blende phase. [181] The lattice constants

mostly range from 3.2475 to 3.2501 Å for the a-parameter and from 5.2042 to 5.2075 Å

for the c-parameter. Lattice parameters a and b are at 120◦ in the horizontal plane, while

lattice parameter c is in the vertical plane parallel to the z -axis and 90◦ from both a and

b. [123, 182]
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At extremely high pressures (∼ 10 GPa), ZnO can be transformed to the rocksalt struc-

ture. [183] The reason for this is that the reduction of the lattice dimensions causes the

interionic Coulomb interaction to favour the ionicity more over the covalent nature. [181]

The rocksalt structure is a cubic crystal structure with cation and anion coordination num-

bers of six. In the unit cell of the rocksalt structure anions arranged on the face centred

and corners of the cube while one cation is in the centre of the cube and there are another

12 cations on each of the cube edges.

The zinc blende structure is a metastable structure that can only be stabilised by growth

on cubic substrates, such as ZnS [184] or Pt/Ti/SiO2/Si, using topological compatibility

to overcome the intrinsic tendency of forming the wurtzite phase. In the case of highly

mismatched substrates, there is usually a certain amount of zinc blende phase of ZnO

separated by crystallographic defects from the wurtzite phase. [181, 185] Zinc blende is a

cubic structure with coordination number of four and there are four atoms per unit cell in

zinc blende structure, and each cation is tetrahedrally coordinated by four anions, and vice

versa. In the zinc blende unit cell anions occupy the face centred and corners of the cube

and cations occupy half of the tetrahedral sites.

1.9 Optical properties of ZnO

Optical measurement constitutes the most-important means of determining the band struc-

tures of semiconductors. Photon-induced electronic transitions can occur between di�erent

bands, which lead to the determination of the energy band gap, or within a single band

such as the free-carrier absorption. [186]

Several deposition parameters such as microstructure, impurity content and growth

technique can in�uence the optical properties of TCOs. [187] Typical transmission, re-

�ection, and absorption spectra of TCO materials is shown in Figure 1.12. The optical

properties of TCO materials are closely related to its electrical properties, as the electric

�eld component of light can interact with the electrons of the material according to the
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Drude free electron model. [17]

Figure 1.12: Typical transmission, re�ection, and absorption spectra of a typical TCO thin �lms
(Figure adapted from [17])

The transmission spectrum shows that for wavelengths longer than plasma wavelength

the TCO re�ects radiation while for shorter wavelengths TCO is transparent. There are

three characteristic regions in the spectra. First, a transparent conducting oxide must be

transparent in the visible region of the spectrum, typically de�ned as λ = 400 - 750 nm

(hν = 3.1 - 1.7 eV). Second, light with energy above the band gap is absorbed in band

transitions. This occurs as an abrupt drop in transmission and increase in absorption

at shorter wavelengths (< 350 nm or 3.5 eV - UV region). Lastly, a second decrease in

transmission and increase in re�ection is observed at longer wavelengths (> 1500 nm -

IR region). The optical phenomenon in the IR range, corresponding to a maximum in

absorption, can be understood on the basis of Drude's theory of free electrons. [188] This

transition is de�ned by the plasma wavelength (λp), where the frequency of the light is the
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same as the frequency of the collective oscillation of free electrons in the material. For most

TCO materials, λp falls in the near-infrared (NIR) part of the spectrum. The electrons

oscillating in phase with the electric �eld component of the light results in absorption.

At wavelength below the λp (λ < λp) the wavefunction is oscillatory and radiation can

propagate, resulting in a transparent material, while at λ > λp the wavefunction decays and

no radiation can propagate, resulting in re�ection. [17] The validity of Drude's theory has

been tested by several researchers and shown to be in good agreement with experimental

results for higher wavelengths (IR region). [189�191] Hu and Gordon showed that the values

of carrier density and mobility for ZnO �lms determined from Hall measurement and from

optical analysis are in quite good agreement. [189]

In heavily doped semiconductors, there are two competing e�ects which can a�ect the

absorption edge; Burstein-Moss (BM) band-�lling e�ect and band-gap narrowing (BGN)

e�ect (Figure 1.13). [192, 193] The well-known optical band-gap blue shift in heavily doped

semiconductors occurs because the lower states in the conduction band are blocked, thus

increasing the e�ective size of the band gap. [135] The second e�ect is due to the change

in the nature and interaction potentials between donors and host materials, and impact

the optical absorption edge with increasing donor density. This phenomenon increases the

tailing of the absorption edge and therefore, results in band gap shrinkage. [194, 195] For

very high carrier concentrations the band gap narrowing (4Eg) is proportional to n1/3.
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Figure 1.13: Burstein-Moss (BM) band-�lling and band-gap narrowing (BGN) e�ects contribu-
tions to the E g (Figure adapted from [135])

Thin �lms of ZnO have a sharp UV transmission cut-o� at around λ = 380 nm. ZnO thin

�lms are, in general, transparent in the wavelength range 400 - 2500 nm, and the plasma

edge, depending upon the carrier concentration, lies in the range 2000 - 4000 nm. Normally

as carrier concentration increases, the band edge shifts towards lower wavelengths (blue

shift). The band gap varies approximately linearly with n2/3. [187] This variation of band

gap with carrier concentration can be explained by Burstein-Moss band-�lling model. Both

oxygen partial pressure and substrate temperature play an important role in determining

the optical properties of ZnO thin �lms. The optical transmission of ZnO thin �lms grown

under optimum conditions can reach greater than 80%. Films are highly transparent, but

poorly conducting when the oxygen concentration is > 2%. On the other hand, the �lms are

conducting but opaque up to a substrate temperature ∼ 200 ◦C. The �lms are conducting

and more transparent at substrate temperature about 300 ◦C and higher. The re�ectance

of ZnO thin �lms in IR region depends strongly on the carrier concentration, the higher the

carrier concentration, the greater the value of re�ectance. Therefore, even in doped ZnO

thin �lms the re�ectance is signi�cantly lower than other materials such as ITO.
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In general, the optical properties of ZnO have been studied using various experimental

techniques such as optical absorption, transmission, re�ection, photore�ection, spectro-

scopic ellipsometry, photoluminescence, cathodoluminescence, calorimetric spectroscopy,

etc. [122]

1.10 Electrical properties of ZnO

Electrical conductivity is a vital property of TCOs. Therefore, a general understanding of

electronic properties is necessary. Numerous investigations have been made on the electrical

properties of TCO �lms to understand their electrical conductivity. Various parameters

such as type and temperature of substrate, �lm thickness, growth rate, post-deposition

treatments, dopants and their concentrations, etc. can a�ect the electrical properties of

TCO �lms. [60] Optimisation of the growth conditions of the metal oxide �lms depends on

the thorough study of these parameters.

Most of TCO materials have n-type conductivity and the high conductivity in undoped

TCOs mainly results from non-stoichiometry. [44] Electronic carriers are generated both

intrinsically and extrinsically. The conduction electrons in undoped TCO �lms are supplied

from donor sites associated with thermal introduction of defects such as oxygen vacancies

or excess interstitial metal ions. [187] Such a process for oxides can be illustrated with the

following equilibrium reaction: [17]

(null) Ox
o �

1

2
O2(g) + V ..

o + 2e− (1.2)

where V ..
o is an oxygen vacancy and e− is a free electron. Thus, the resulting material is

non-stoichiometric. Intentional doping, for example with Sn in In2O3, F in SnO2, or Al

in ZnO will increase the conductivity of TCO �lms via extra free electrons donating by

dopant atoms.

The electrical conductivity of a material comes from the results of various resistance
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forces when electrons are in motion under the action of internal or external �elds. [4]

Conductivity is given by the relation:

σ =
1

ρ
= neµ (1.3)

where n is the carrier concentration, e is the electronic charge, and µ is the mobility of the

charge carriers. The fundamental charge of an electron is 1.602 × 10−19 C. The reciprocal of

electrical conductivity is known as electrical resistivity, ρ. For a rectangular-shaped sample

the resistance, R, is given by:

R = ρ(
l
bt

) (1.4)

where l is the length, b is the width and t is the thickness of the sample. If l ≈ b, equation

1.4 becomes:

R =
ρ

t
= Rs (1.5)

Rs is known as the sheet resistance. Sheet resistance is independent of the actual size of

the thin �lm, and useful parameter for describing thin �lms of uniform thickness. Rs is

expressed in Ω/square. The conductivity of the thin �lms is signi�cantly in�uenced by the

thickness of the �lms. The conduction of the charge carriers might be a�ected by scattering

at the surface of the thin �lms. Any surface is by de�nition a defect and will scatter carriers

and thus, result in a decrease in conductivity of the thin �lms. The charge carrier might

be either scattered or re�ected on such a surfaces. In addition, other factors such as lattice

impurities, and structural defects in the �lms can also in�uence the conductivity.

Mobility can be described as the ability of carriers to move freely and easily through

the material. It is de�ned in terms of the average scattering time (τ) and the charge carrier

e�ective mass (m∗e) as: [17]

µ =
eτ
m∗e

(1.6)

According to the Equation 1.6, in order to increase the mobility, the scattering time
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must be increased or the e�ective mass must be decreased. Charge transfer mobility is

a major factor governing the conductivity of TCO �lms. Mobility of the carriers in the

crystalline �lms is dependent on the mechanism by which carriers are scattered by lattice

imperfections. The various scattering mechanisms involved in semiconducting thin �lms are

lattice scattering (including acoustic deformation potential scattering and optical phonon

scattering), neutral impurity scattering, ionised impurity scattering, and electron-electron

scattering. [187] Among all the scattering mechanisms, ionised impurity scattering has

the greatest impact on the scattering of the carriers, mainly because the electrostatic �eld

due to ionised impurities is still e�ective at large distance. Other scattering mechanisms,

such as neutral impurity scattering that was proved to play a role at low temperatures and

electron-electron scattering, have been assumed to have little e�ect on the total scattering

mechanisms. [4] In addition, grain boundary scattering is another important scattering

mechanism in polycrystalline semiconductors. [196, 197] In polycrystalline thin �lms, de-

pending on their mean grain size, the conduction mechanism is dominated by the inter-

crystalline boundaries (grain boundaries) rather than the intra-crystalline features. Grain

boundaries usually have very high densities of interface states which can trap the free car-

riers from the bulk of the grains and result in charge regions. These charge regions can

cause band bending, resulting in the formation of potential barriers to charge transport.

Minami et al. found that the mobility of Al-doped ZnO �lms with a carrier concentration

in the range of 1020 - 1021 cm−3 was mainly dominated by ionized impurity scattering, and

that of ZnO �lms with a carrier concentration in the range of 1019 - 1020 cm−3 was mainly

dominated by grain boundary scattering. [198]

With respect to the application of ZnO as a transparent electrode, the aim is to achieve

a resistance as low as possible with the constraint of a high transparency, both by increasing

the carrier concentration and the mobility. At high deposition temperatures, polycrystalline

ZnO �lms usually grow with the c-axes of the crystallites oriented approximately perpendic-

ular to the �lm plane. [199, 200] Therefore, the electrical transport in polycrystalline �lms
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occurs in almost all cases perpendicular to the c-axes of the crystallites. [201] The elec-

trical properties of ZnO thin �lms are mainly controlled by the deposition method, thermal

treatment and oxygen species chemisorption. As mentioned previously, conductivity in

undoped ZnO is due to deviation from stoichiometry. In the 1930s, Wagner investigated

the dependence of the electrical properties of oxides on their stoichiometry. Wagner and

Schottky could show that the oxygen content of the crystals, varied by annealing at di�er-

ent oxygen partial pressures, strongly determines the electrical carrier concentration and

hence the conductivity due to a reaction balance between oxygen vacancies (Equation 1.7)

or interstitial zinc atoms (Equation 1.8) and electrons in the conduction band according

to: [201]

O2(g) + 2Zn(l) + 2O
··

(v) + 4e− ⇐⇒ 2ZnO (1.7)

O2(g) + 2Zn
··

(i) + 4e− ⇐⇒ 2ZnO (1.8)

where l, v, and i are lattice place, vacancy, and interstitial position, respectively. The

electrical properties of the ZnO are unstable in long term, and this instability is associated

to the change in conduction of the surface of ZnO thin �lms due to the oxygen chemisorption

and desorption. It is apparent from Equation 1.3 that the conductivity is a function of two

parameters: mobility and carrier concentration. Typical carrier concentrations for doped

ZnO are 1019 - 1021 cm−3 compared to 1022 - 1023 cm−3 for metals. Electron mobility in

highly conductive ZnO is typically in the range of 10 - 50 cm2 V−1 s−1. [17]

f E�ect of substrate temperature; The variation of resistivity with substrate

temperature has been studied by many researchers and results are in good agreement.

Generally in the case of substrate temperatures higher than 350 ◦C, the increase in electrical

conductivity arises from an increase in carrier concentration, and decrease in electrical

conductivity at lower substrate temperatures is consistent with the decrease in carrier

concentration. Webb et al., [202] and Natsume and co-workers [203, 204] reported this

behaviour for undoped ZnO. This can probably attributed to more complete oxidation
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of organic products on the substrate surface at higher temperatures, resulting in better

stoichiometry. However, mobility is usually increasing with substrate temperature. This

might be because of better crystallisation, larger grain size, and reduced grain boundaries

barrier potential of ZnO �lms. [205]

f E�ect of doping; Doping of ZnO �lms not only improves their electrical properties,

but also enhances their thermal and chemical stability in various ambients. Major et al.

showed the �lms doped with 3 wt.% indium exhibit thermal stability up to 375 ◦C in

vacuum and up to 175 ◦C in oxygen atmosphere. [206] In most cases, doped ZnO �lms

have higher carrier concentration and lower mobility compared with undoped ZnO �lms.

The higher carrier concentration is attributed to the contribution from dopant ions on

substitutional sites of Zn2+ or O2− ions, or interstitial dopant ions in the ZnO lattice,

which can provide a large number of free electrons in the �lm. For very high dopant

concentration, the conductivity is expected to to decrease due to the phase segregation of

large amount of non-conductive dopant atom oxides, such as SiO2 or Al2O3 when Si or Al

is used as dopant, respectively, in the �lms. [131] As the dopant atoms in the �lms produce

not only conduction electrons, but also ionised impurity scattering centres, the mobility

generally decreases with increasing in dopant content. [1]

f E�ect of �lm thickness; Resistivity of the �lms decreases with an increase of �lm

thickness for thicknesses less than 2500 Å. After that, resistivity is almost independent of

�lm thickness. Surface scattering is the main reason for the resistivity variations in very

thin �lms. [187] This behaviour has been reported by Minami et al. for Al-doped ZnO

[164, 207] and by Major et al. for In-doped ZnO. [206]

f Post-deposition annealing e�ect; Appropriate post-deposition heat treatment

improves the conductivity and transparency of the ZnO thin �lms. Excess oxygen con-

centration increases the electrical resistivity, while too low an oxygen content makes the

�lms more metallic and deteriorates the transparency. Therefore, optimisation of oxygen

concentration seems to be necessary in order to obtain highly conducting, transparent ZnO
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�lms. Annealing in reducing atmosphere such as H2 can reduce the resistivity of highly

resistive �lms, by lower the oxygen content of the �lm. Many researchers have studied the

annealing e�ect on properties of ZnO thin �lms. [208�210]

1.11 Correlation of optical and electrical properties

The resistivity, ρ, of a semiconductor is related to the charge carrier density, n, and the

carrier mobility, µ, by the relation in Equation 1.3. If n is increased to reduce ρ, the

TCO �lm transmission especially in the near-infrared (NIR) region is reduced as a result

of absorption by free carriers or by metal-like re�ection. It is therefore important that

reductions in the TCO resistivity must not adversely reduce the optical transparency of the

�lm. However, ρ of a TCO �lm may be decreased without reducing the NIR transmission

by increasing µ rather than n. [211]

Drude's theory which is based on the interaction between radiation and free electrons,

correlates the optical constants with the electrical quantities n and µ. According to Drude's

theory, for free electrons in metals, the plasma resonance frequency, ωp , can be expressed

as: [187]

ωp = (
4πne2

ε0m∗e
)1/2 (1.9)

where n is the carrier concentration, e is the electronic charge, ε0 is the dielectric constants

of the free space, and m∗e is the e�ective mass of the charge carriers. On the other hand, the

carrier concentration is inversely related to the plasma wavelength as λp ∝ 1/
√

n. Thus,

the higher the carrier concentration, the lower will be the plasma wavelength. Plasma

wavelength is not directly in�uenced by the change in mobility, and therefore as mentioned

previously, one approach to improving conductivity without adversely impacting visual

transmission is to increase the mobility instead of the carrier concentration, which can

be done by eliminating scattering mechanisms or by choosing a di�erent material with

improved mobility. [17]
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1.12 Defect structures of Si, F, or Cl doped ZnO (First-principles

electronic structure calculations)

1.12.1 Zn and O defect models

Few possible types of Zn and O native point defects in ZnO are vacancies (VZn, VO), inter-

stitials (Zni, Oi), and anti-site defects (ZnO, OZn). The O vacancy, Zn interstitial and Zn

anti-site, which are associated with O de�ciency or Zn excess (Zn-rich/O-poor conditions),

are donor-type defects. The Zn vacancy, O interstitial and O anti-site are acceptor-type de-

fects associated with Zn de�ciency or oxygen excess (O-rich/Zn-poor conditions). [212, 213]

Zn vacancies, which have been suggested to be the dominant acceptor-type defect in

ZnO, introduce partially occupied sites in the band gap. These states are derived from

the broken bonds of the four oxygen nearest neighbours and lie close to the valence band

maximum (VBM). They are partially �lled and can accept additional electrons, thus causing

VZn to act as an acceptor. In n-type ZnO, zinc vacancies have the lowest formation energy

among the native point defects under the O-rich limit. [213] Among the native donor-

type defects, oxygen vacancies have the lowest formation energy under O-poor conditions.

Oxygen vacancy has a deep donor level and has been proposed to be the source of non-

stoichiometry in ZnO. In contrast, in another local density approximation (LDA) analysis

by Janotti and Van de Walle, the formation energy of VO was reported quite high in n-

type materials. They claimed that VO concentration will always be very low, even under

extreme Zn-rich conditions. [213, 214]

There are two distinct types interstitial sites in the wurtzite structure: the tetrahedral

(tet) sites and the octahedral (oct) sites, as shown in Figure 1.14. The di�erence between the

tetrahedral and octahedral interstitial sites can be understood by considering a view of the

wurtzite structure along the hexagonal axes. There are open, six-member channels in the

structure, and a location within one such channel approximately equidistant from six oxygen

sites is the octahedral interstitial location. In contrast, the tetrahedral site can be viewed
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as a site along the c-axis projected from a host site away from the associated host bond,

such that it is approximately equidistant from four host oxygen atoms at lower distance.

[215] Therefore, Zn atom placed at the tetrahedral site will be dynamically unstable, [213]

and Zn interstitial prefers the octahedral site where the geometrical constraints are less

severe. [212] A Zn interstitial will always donate electrons to the conduction band, thus

Zni is suggested to be a shallow donor. With regard to the high formation energy of Zni

(even at O-poor limit), the concentration of the Zni is expected to be very low in n-type

ZnO under thermal equilibrium. However, Kim et al. has found by means of local density

approximation (LDA) calculations, that the Zn interstitial may be stabilized in the presence

of a high concentration of the O vacancy. [216]

Figure 1.14: (a) Unit cell of ZnO. Smaller (grey) and larger (red) circles denote Zn and O
atoms, respectively. (b) Crystal structure of ZnO viewed from the [0001] direction. Octahedral and
tetrahedral interstitial sites are denoted by dashed and solid circles, respectively (Figure adapted
from Oba et al. [212])

Excess oxygen atoms in the ZnO lattice can be incorporated in the form of oxygen

interstitials. The oxygen atoms can also occupy the octahedral or tetrahedral sites or from

split interstitials (O
i(split)). A split interstitial is a con�guration in which oxygen shares a

lattice site with one of the nearest neighbour substitutional oxygen atoms. The Oi at the

tetrahedral site is unstable and spontaneously relaxes into a split interstitial. Interstitial
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oxygen can exist either as electrically inactive split interstitials O0
i(split) in p-type materials

or as deep acceptors at the octahedral interstitial site O−2i(oct) in n-type materials. However,

the formation energies of both forms are very high except under extreme O-rich conditions,

and oxygen interstitials are not expected to be present in signi�cant concentrations under

equilibrium conditions. [124]

Zn anti-site defects consist of a Zn atom located at the O site (ZnO), and oxygen anti-

site defect is an O atom that wrongly occupies a site on the Zn sub-lattice (OZn). Zn

anti-sites behave as shallow donors, but �rst principle calculations showed that ZnO defects

have higher formation energy than the other donor-type native defects (Zni and VO). Thus,

ZnO is unlikely to form at substantial concentration in n-type ZnO. [213, 214, 217] OZn is

an acceptor-type point defect with a very high formation energy, even higher than Oi, even

under O-rich conditions. This makes it very unlikely that OZn would be present at thermal

equilibrium.

Since the native defects possibly cannot explain the observed n-type conductivity in

ZnO, it was proposed that other impurities may be present in di�erent growth environments

and act as donors. Among the possible impurities, hydrogen is a likely candidate. First

principles calculation showed that hydrogen can substitute on an oxygen site and form a

multi-centre bond with the four nearest neighbour Zn atoms. [124, 213, 218] Substitutional

hydrogen (HO) has a low formation energy, acts as a shallow donor, and can explain the

variation of conductivity with oxygen partial pressure, consistent with a wide range of

experimental results. [219, 220]

1.12.2 Si defect models

Doping of the ZnO �lms is achieved by introducing dopant atoms to the lattice. The ideal

ZnO structure is a hexagonal wurtzite structure with two Zn and two O atoms in each

primitive cell. For a dopant such as Si acting as an electron donor, three possible defect

models can be considered: A substitutional Si (Sis(Zn)) which is created by substituting
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one Zn atom with one Si atom, and interstitial Si, where one Si atom is embedded into a

interstitial space. [221] The potential doping sites of Si atoms, including Sis(Zn), Sii(oct) and

Sii(tet)), are indicated as 1, 2, and 3, respectively, in Figure 1.15.

Figure 1.15: A 2 × 2 × 2 ZnO supercell model containing substitutional and interstitial Si
atoms. 1, 2, 1nd 3 show substitutional, octahedral interstitial site, and tetrahedral interstitial site,
respectively (adapted from Wu et al. [221])

Results of density functional theory (DFT) analyses demonstrate that Sis(Zn) defect

exhibited the lowest formation energy, indicating that substitutional Si defects are formed

more easily than interstitial defects. [221] For all Si defects, the Fermi level shift upward

into the conduction band with typical n-type conductive characteristics. Substitutional Si

defect creates shallow levels near the conduction band minimum (CBM), which can serve as

donor levels and improve the conductivity. In both interstitial models, the larger e�ective

masses of electrons obtained from the calculations are related to a reduction in carrier

mobility and electrical conductivity. Additionally, the calculations have shown that the

presence of interstitial Si atoms can generate resonant levels within the conduction band

but also deep levels below the CBM of ZnO. These levels can lead to a reduction of the

optical transparency of Si-doped ZnO. According to DFT calculations, Si acts as a double

donor. [221] However, in experiments, Si apparently does not act as an fully e�ective double

donor. A possible reason for the reduction of free electrons has been claimed to be the

presence of native intrinsic acceptors like the zinc vacancies which can trap electrons and
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thus reduce the e�ective number of free charge carriers related to Sis(Zn). DFT calculations

suggest that the formation energies of the Si substituting O states (SiO) is much higher

than Si on Zn site and SiO defect is very unlikely to form. [222]

1.12.3 F defect models

F has one more electron than O and, when inserted on the O site (FO), can act as a shallow

donor in ZnO. [124, 214] As discussed earlier, oxygen vacancy has the lowest formation

energy under O-poor conditions. [213, 214] Therefore, less energy is required for a �uorine

atom entering into the site where the oxygen vacancy forms. F ions at oxygen sites could

result in a reduction in oxygen vacancy concentration. The formation energy of FO is much

lower in p-type ZnO than that in n-type ZnO, where FO is assumed to be in 1+ charge

state. [223] At high �uorine doping concentration, Fi could appear, where �uorine atoms

could occupy the tetrahedral or octahedral interstitial sites (Fi(tet) and Fi(oct)), but only

octahedral interstitial site could be stably occupied. The results of DFT calculations of

formation energies by Liu et al. indicated that for ZnO:F under O-poor condition, FO

has lower formation energy than Fi, and the formation energies for Fi defects are relatively

high, even under the F-rich condition. [223] In polycrystalline ZnO thin �lms, a considerable

amount of surface dangling bonds can trap free carriers and decrease the mobility of carriers.

Fluorine ions at grain boundaries could cause surface passivation e�ect by saturating these

dangling bonds and thus increase carrier concentration and mobility. [224]

1.12.4 Cl defect models

Figure 1.16 shows the structure of wurtzite ZnO:Cl, with Cl substituted for oxygen. Doping

of ZnO with Cl produces a structural distortion around the dopant site. These distortions

arise from the larger ionic radius of Cl− (1.81 Å) compared to the ionic radius of oxygen

anion (1.38 Å). Calculation results showed that in stoichiometric ZnO, the Zn−O distances

are 1.97 Å, while with Cl-doping, the Zn−Cl bond distances range from 2.38 - 2.43 Å. [155]
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Figure 1.16: (a) (2 × 2 × 2) and (b) (4 × 4 × 4) supercells of ZnO, each with one Cl dopant
substituting for a lattice oxygen. Zn and O atoms are indicated in the �gure and the dopant is the
large grey sphere (Figure adapted from Chikoidze et al. [155])

The calculated formation energies from the density functional theory (DFT) calculations

performed by Liu et al., indicated that interstitial site Cli has relatively high formation

energy and is unlikely to form during the growth. The calculation results also showed that

although the Cl− ion may occupy the tetrahedral or octahedral interstitial sites in the ZnO

structure, but only octahedral interstitial site could be stably occupied. However, they

suggested that Cl when inserted on the O site, ClO, has lower formation energy in the O-

poor condition and therefore, is energetically more favourable. [225] They also found that

the formation energies of ClO and Cli are higher than those of FO and Fi in ZnO:F [223]

and they correlated that to the radii of Cl− and F− ions, and to the fact that the radius

of F− is closer to the radius of O2−. They calculated the Zn−O, Zn−F, and Zn−Cl bond

distances to be 1.95 Å, 2.11 Å, and 2.33 Å, respectively, and thus the higher formation

energy of ClO and Cli might be due to the considerable lattice distortion caused by the

large radius Cl−.
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Experimental Techniques and Data

Acquisition

Characterisation techniques such as X-ray di�raction (XRD), atomic force microscopy

(AFM), X-ray photoelectron spectroscopy (XPS), ultraviolet, visible and near-infrared

(UV-Vis-NIR) absorption spectroscopy, Hall e�ect measurement and scanning electron mi-

croscopy (SEM) are widely used to understand and determine the structural, optical and

electrical properties of the semiconductor thin �lms. A brief introduction to the background

and applications of these techniques and di�erent types of data that can be achieved from

each of them will be presented in this chapter.
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2.1 X-ray di�raction (XRD)

2.1.1 Introduction

X-ray scattering and spectroscopy methods can provide useful information concerning the

physical and electronic structure of crystalline and non-crystalline materials. X-ray Di�rac-

tion (XRD) is generally the �rst and most commonly used technique for investigating the

atomic and crystal structure of crystalline materials. The technique is non-destructive and

can be applied to any polycrystalline phase such as powders, cast solids and �lms grown

on a substrate. Extensive amounts of information can be extracted from an XRD pattern.

The key applications of this technique can be summarised as: [226]

- Identi�cation an unknown material by comparing the positions and intensities of the

the observed peaks in the XRD spectrum to a database of known materials.

- Determination of the crystal structure.

- Detection of lattice vacancies, texture analysis and determination of the preferred

orientations.

- Measurement of internal strain and crystallite size.

- Quantitative phase analysis of a mixture of two or more crystalline phases.

Some of these objectives can only be achieved with high-resolution data and high sample

quality.

2.1.2 Principles of the technique

The technique involves generating electrons by heating a �lament (usually tungsten) elec-

trically in vacuum and accelerating the electrons by a high voltage power (20 - 50 kV)

toward a metal target (copper, molybdenum, etc.). The collision of the electrons with the

anode material results in emission of a continuous spectrum of X-rays.

When an X-ray strikes an atom, it will be scattered in all directions. A crystal is made

up of a families of lattice planes (hkl, called Miller indices) and the X-rays re�ected by each
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plane will only emerge as a single beam of a reasonable intensity if they reinforce and arrive

at the detector in-phase with one another. For constructive interference to take place, the

path length of the incident beams must di�er by an integral number of wavelengths.

Figure 2.1: Bragg re�ection from a set of crystal planes with a spacing dhkl

This results in a relationship between the X-ray wavelength λ, the spacing d between

lattice (hkl) planes, and the angle of incidence θ, as shown in Figure 2.1 and known as the

Bragg's law: [227]

nλ = 2dhkl sinθ (2.1)

where n is an integer and when n = 1, the re�ections are called �rst order, and when n =

2 the re�ections are second order, and so on. However, the Bragg equation for a second

order re�ection from set of planes hkl is:

2λ = 2dhkl sinθ (2.2)

which can be written as:

λ = 2
dhkl

2
sinθ (2.3)

Equation 2.3 represents a �rst order re�ection from a set of planes with inter-planar spacing

dhkl

2 . The set of planes with inter-planar spacing dhkl

2 has Miller indices 2h2k2l. Therefore,
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the second order re�ection from hkl is indistinguishable from the �rst order re�ection from

2h2k2l, and the Bragg equation may be written more simply as:

λ = 2dhkl sinθ (2.4)

From the Bragg equation, each set of lattice planes with a unique d -spacing will give

rise to a distinct di�raction peak in the XRD pattern and the lowest angle peaks will come

from crystal planes with the largest spacing. The characteristic set of d -spacings and their

intensity generated in a X-ray scan provides a unique �ngerprint of the planes present in a

sample. d -spacing can be calculated from cell constants (a, b, c) and Miller indices (hkl).

As an example, d -spacing for cubic crystal structure, is calculated from the equation below:

1

dhkl2
=

h2 + k2 + l2

a2
(2.5)

2.1.3 Applications of XRD

2.1.3.1 Phase determination by �ngerprinting

Any crystalline material produces a di�raction pattern that is characteristic of its constitu-

ent compounds or phases. In order to identify the contents of a sample and to determine

the presence or absence of any particular phase, the position and approximate relative in-

tensities of a set of peaks in an XRD pattern can be compared to a database of patterns for

known materials. International Centre for Di�raction Data (ICDD) is one of the world's

largest centres which has provided a large set of di�raction and related data from almost

every known inorganic and many organic crystalline substances. Generally, to have a valid

match, all expected re�ections should be seen in the reference data. If the measured pattern

contains more re�ections than the reference, more than one phase might be present in the

sample.
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2.1.3.2 Quantitative phase analysis

A mixture of two or more crystalline phases can be analysed in terms of its phase fractions.

The relative proportions of crystalline phases present in a sample can be determined with

a high quality XRD data. [226]

Figure 2.2: Peaks intensities as a function of weight fractions for a mixture of two phases (adapted
from [228])

The ratio of peak intensities varies linearly as a function of weight fractions for any two

phases in a mixture as shown in Figure 2.2. [228]

Iα
Iβ
= K

χα
χβ

(2.6)

where Iαand Iβ are the intensities of 100% peak, and χα and χβ are the weight fractions

of phases α and β respectively, and K is calibration constant which can be determined by:

- Empirical measurements of known standards

- Calculating from published reference intensity ratio (RIR) values (K = RIRα

RIRβ
)

- Calculating by whole pattern �tting/Rietveld re�nement
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RIR method gives semi-quantitative results, whereas quanti�cation by using Rietveld method

is more accurate but more complicated.

2.1.3.3 Calculation of lattice parameters

Alloying, substitutional doping, temperature and pressure, etc. can create changes in lattice

parameters. The unit cell lattice parameters of phases in a sample can be determined

by accurately measuring peak positions over a wide range in 2theta. The observed peak

positions are converted to corresponding dhkl values using Bragg equation (Eq. 2.1) and the

Miller indices (hkl) of the di�raction peaks are identi�ed from published reference patterns.

Once dhkl and hkl values are determined, the lattice parameters can be calculated by

replacing them in the d-spacing equation. For example, in cubic crystal structure a = b = c

is calculated from the equation below: [227]

dhkl =
a√

(h2 + k2 + l2)
(2.7)

Using many peaks over a long range of 2theta will help to identify and correct the peak

position (angle) errors arises from mechanical faults or instability of the instrument or

from displacement of the sample from the axis of the di�ractometer. Moreover, the unit

cell volume can easily be calculated from lattice constants. The cell volume V for cubic

crystal structure is given by:

V = a3 (2.8)

2.1.3.4 Analysis of crystallite size and strain

As the crystallite size decreases, the width of the di�raction peak increases. Therefore,

crystallites smaller than ∼ 100 nm create broadening of the peaks. This peak broadening

can be used to calculate the average crystallite size using Scherrer equation: [227]

τ =
Kλ
βcosθ

(2.9)
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where τ is the mean crystallite size, K is Scherrer constant (∼ 0.94, dependent on crystallite

shape and crystallite-size distribution), λ is the wavelength of the radiation, β is the full-

width at the half-maximum (FWHM, also known as additional broadening, in radians) and

θ is the Bragg angle.

Peak broadening may also be caused by non-uniform lattice strain and defects. In the

cases where both stress and �nite crystallite size lead to broadening of the di�raction peaks,

a more comprehensive method must be used to separate the contributions.

2.1.4 Instrumentation

The X-ray di�raction (XRD) measurement of all samples was carried out on a PANalytical

X'Pert PRO di�ractometer, operating in the Bragg-Brentano geometry with a �xed X-ray

source, at the emission current of 40 mA and the anode voltage of 45 kV. The divergence

slit is automatically adjusted to maintain a �xed sample irradiation area during the scan.

The spectra were recorded using high intensity, monochromated Cu-Kα1 radiation (λ =

1.54059 Å) from 5◦ to 80◦ scanning angle (2θ) with a step size of 0.0084◦. Samples in

form of �ne powders or thin �lms were placed on spinner sample holder and to improve

the averaging the crystallite orientation, the spinner stage was rotated at 60 rpm during

the measurement. XRD spectra and structural properties of the samples are studied in

Chapters 6, 4, and 5.

2.2 Atomic Force Microscopy (AFM)

2.2.1 Introduction and principle of the technique

Atomic force microscopy (AFM) is a powerful analytical technique capable of imaging

almost any type of surface, including polymers, ceramics, composites, coatings, glass and

biological samples, the operation of which does not require any particular environmental

conditions. Imaging can be performed in vacuum, at high pressure (air), and in liquids.
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An atomic force microscope is atype of Scanning Probe Microscope (SPM), which works by

measuring a local property such as height, optical absorption, or magnetism, with a probe

(tip) mounted on a very �exible cantilever and maintained very close to the sample. The

physical characteristics of the cantilever and tip can a�ect the performance of an AFM. The

cantilever-tip assemblies in use today are produced by etching single chips of silicon, silicon

oxide, or silicon nitride replacing early metal foil AFM cantilevers cut with manually glued

tips made from crushed diamond particles. Three modes are commonly used in AFMs:

contact mode, non-contact mode, and tapping mode. [229] In contact mode the tip is in

constant contact with the surface of the sample. This can lead to frictional forces as the

tip moves over the sample, which dull the tip and damage the sample. In tapping mode,

the tip periodically contacts the surface for only a short time and then is removed which

can e�ectively overcome the problem of surface damage. The non-contact mode is the least

common mode of operation, in which the tip hovers a few nanometres above the sample

surface. In this mode attractive van der Waals forces between the tips and the sample are

detected as the tips scans over the surface. These forces are weaker than those detected

in contact mode AFMs. Hence, tip oscillation and ac detection techniques are required to

recover the small signals.

The amount of de�ection of the cantilever, caused by the forces developed between

the tip and the sample, is measured by re�ecting light from a laser diode o� the back of

the cantilever, onto an array of position-sensitive photodetectors. This signal is used to

generate an image of the surface as shown in Figure 2.3.
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Figure 2.3: Schematic description of the underlying principles of Atomic Force Microscopy (AFM)
[230]

The force is not measured directly, but can be calculated using Hooke's law, by meas-

uring a de�ection of the cantilever, of known sti�ness:

F = −kz (2.10)

where F is the force, k is the sti�ness of the lever and is a constant, and z is the distance

the lever is bent. Depending on the sharpness of the tip, AFM can generate high-resolution

(1 - 20 nm) topographical images of the surface of a sample. [226]

2.2.2 Applications of AFM

The ability of AFM to provide nanometer-scale three-dimensional images, as well as study-

ing the topography of the surface of the samples with little or no sample preparation in the

sample's native environment, makes this technique extremely useful in materials science.

Some possible applications of AFM are:

- Determination of surface roughness
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- Analysis of grain size

- Analysis of force curves to obtain information regarding the chemical and mechanical

properties of the surface such as adhesion, elasticity, hardness and rupture bond lengths

Force curves measure the amount of force felt by cantilever as the tip is brought close to

the sample surface and then pulled away. In a force curve analysis the probe is repeatedly

brought towards the surface and then retracted, as shown in Figure 2.4. The slope of the

the de�ection (C in Figure 2.4) provides information on the hardness of the sample and the

adhesion (D in Figure 2.4) provides information on the interaction between the probes and

samples surface.

Figure 2.4: A typical force curve showing the various probe-sample interactions [231]

AFM can be used alone or can be combined with other optical and spectroscopic tech-

niques to provide complementary information.

54



Chapter 2. Experimental Techniques and Data Acquisition

2.2.3 Instrumentation

AFM images were recorded on a Digital MultiMode scanning probe microscope, using a

Nascatec GmbH (model NST NCHFR) silicon probe with resonant frequencies of approxim-

ately 320 kHz, and in conjugation with a NanoScope IIIA controller which provides 16-bit

resolution on three dimensions. The MultiMode allows both conductive and non-conductive

samples to be studied. The measurements were carried out in tapping mode, in air across

the surface of the sample, and tip velocities were chosen 2, 5, and 10 µm s−1 for the scan

size of 2, 5, and 10 µm, respectively. AFM images are illustrated in Chapters 6 and 4.

Nanoscope 5.12r3 software was used to analyse the AFM data. Using this software the

Images can be displayed in two- or three-dimensional representations, and analysed with a

wide variety of functions including cross sectional analysis, roughness measurement, grain

size analysis, and depth analysis.

2.3 X-ray Photoelectron Spectroscopy (XPS)

2.3.1 Introduction

X-ray photoelectron spectroscopy (XPS) is a non-destructive analytical method which is

applied to all types of solids, including metals, ceramics, semiconductors and polymers in

many forms, including foils, �bres and powders. It has also been used to study gas phase

compounds. XPS is a surface-sensitive technique with a nominal analysis depth of about

1 - 10 nm. XPS quantitatively measures the elemental composition, atomic concentration

and chemical states of elements, including oxidation states or hybridisation states for the

chemical bonds of the elements present at surface of a sample. All elements with atomic

number greater than 3 can be detected, detection limits for most of the elements are in the

parts per thousand range, and the detection sensitivity varies for each element. XPS is also

known as ESCA ( Electron Spectroscopy for Chemical Analysis).
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2.3.2 Principles of the technique

XPS involves irradiating a sample with soft X-rays (usually Al-Kα= 1.4866 keV or Mg-

Kα=1.2536 keV) of characteristic energy in high vacuum (∼ 10−8 - 10−10 torr) and meas-

uring the �ux of escaping electrons (photoelectrons) leaving the surface. Therefore, the

fundamental event associated with XPS measurements is photoemission precess. A X-ray

photon of frequency ν = c/λ, where λ is its wavelength, has a kinetic energy of hν. Interac-

tion and absorption of the X-ray photon with the electrons in the material can lead to an

electronic excitation of the atom. The kinetic energy (EK ) of the ejected electron from an

atomic orbital is equal to the energy of the primary X-ray photon less the initial binding

energy (E B) of the electron according to the following equation:

EK = hν − EB − w (2.11)

In this equation, w is the work function of the spectrometer, which corrects for the elec-

trostatic environment in which the electron is formed and measured. [229] The binding

energy of an electron is characteristic of the atom and orbital that emit the electron and

can be determined from the kinetic energy of the electron which is experimentally measured

using electrostatic, time-of-�ight, or magnetic analysers. Figure 2.5 illustrates a schematic

diagram of the emission of an electron from the 1s atomic orbital of an atom.
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Figure 2.5: Schematic of the excitation process leading to photoemission (EF is the position of
the Fermi energy, solid circles and open circles are core-level electrons and holes, respectively)

The number of electrons that arrive at the detector is counted for a certain time interval,

and the electron counting is repeated at a new EK value, or alternatively the number of

electrons at the detector is counted concurrently while sweeping the energy selection range of

the analyser. Typical output from XPS measurements is a spectrum of number of electrons

emitted from the sample per unit time (electron counts per time, or Iei ) as a function of

electron binding energy or the EK of the electron. Since core level electrons in solid-state

atoms are quantised, the resulting energy spectra exhibit resonance peaks characteristics of

the electronic structure for atoms at the sample surface, thus peaks appear in the spectrum

at energies where electronic excitation has occurred.

As can be seen in Figure 2.5 the primary ionisation of an electron leaves behind a site of

positive charge (hole) which can be �lled with a secondary ionisation process, of which the

Auger process is one of the important relaxation processes can occur. The Auger process

is shown in Figure 2.6.
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Figure 2.6: Schematic of the Auger relaxation process

An upper lying (lower E B) electron drops into the hole, and the energy available from

this transition is su�cient to cause ejection of a second electron (called Auger electron)

from an upper energy level. Because Auger process is an internal ionisation process, the

kinetic energy for a particular Auger process is independent of the X-ray photon energy

and how the initial hole was created. Auger electron peaks will also appear in XPS spectra

and are more di�cult to characterise than XPS peaks.

Figure 2.7 shows a XPS survey spectrum of ZnO consisting of a plot of electron-counting

rate (CPS) as a function of binding energy E B. It is evident that XPS provides a means of

qualitative identi�cation of the elements present on the surface of solids. ZnO is made up of

two elements and well-separated peaks for each of the elements can be observed. In addition,

a small peak for carbon is present, suggesting that some surface carbon contamination from

the ambient atmosphere had occurred. It can be noted that the binding energies for 1s

electrons increase with atomic number due to the increased positive charge of the nucleus.

Moreover, more than one peak for a given element can be observed; therefore, peaks for 3d,

3p, 3s and 2p electrons for Zn can be seen.
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Figure 2.7: X-ray photoelectron survey spectrum of ZnO. The peaks are labelled according to
the element and orbital from which the emitted electrons originate

The typical components of an XPS instrument are shown in Figure 2.8. The components

include an X-ray source, a sample holder, an analyser, a detector, and a signal processor

and read out. When X-rays irradiate a sample, surface electrons with a range of energies

are ejected in di�erent directions. A proportion of the emitted electrons which can be

transferred through the apertures and focused onto the analyser entrance slit, are collected

by the electron optics consisting of set of electrostatic and/or magnetic lens units.
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Figure 2.8: Schematic of X-ray photoelectron spectroscopy instrumentation

The photoelectrons can be put into a small orbit by placing a negative charge on the

outer plate and a positive charge on the inner plate of the hemispherical analyser (HSA).

Electrostatic �elds within the hemispherical analyser are established to only allow electrons

of a given energy (the so called Pass Energy PE) to arrive at the detector slits and onto

the detectors themselves. Electrons of a speci�c initial kinetic energy are measured by

setting voltages for the lens system that both focus onto the entrance slit the electrons

of the required initial energy and retards their velocity so that their kinetic energy after

passing through the transfer lenses matches the pass energy of the hemispherical analyser.

Hence, it is possible to set the potential between the two plates such that only electrons of

a known kinetic energy will produce a signal at the electron detector. By sweeping a range

of di�erent potentials, an XPS spectrum is obtained.
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2.3.3 Applications of XPS and data analysis

XPS provides qualitative and quantitative information about the elemental composition of

solid surfaces. It can also provide useful structural information. [232]

2.3.3.1 Qualitative analysis

A survey spectrum such as that shown in the Figure 2.7 is used as a basis for the determ-

ination of the elemental composition of samples. Generally, a survey spectrum includes a

kinetic energy range of 250 eV to 1500 eV, which corresponds to binding energies of about 0

eV to 1250 eV. Every element in the periodic table except hydrogen and helium has one or

more energy levels with characteristic binding energies that will result in the appearance of

peaks in this region. In most cases, for the elements with concentrations more than 0.1%,

the peaks are well resolved and can be explicitly identi�ed. Problems such as peak overlap

can be solved by investigating other spectral regions for additional peaks.

2.3.3.2 Quantitative analysis

There has been increasing use of XPS for determining the chemical composition of the sur-

face of solids over the last few years. [233] There are two di�erent approaches to quantitative

analysis with XPS: a) using sensitivity factors and b) calculations from �rst principles. [234]

- Sensitivity factors: When quantifying XPS spectra, Relative Sensitivity Factors

(RSF) are used to scale the measured peak areas so that variations in the peak areas are

representative of the amount of material in the sample surface. By having RSF, the atomic

fractional concentration of element x, C x , can be calculated by:

Cx =

Ix
RSFx∑ Ii
RSFi

(2.12)

where Ix is the measured signal area of element x in the unknown and the summation is

over one term for each element, i, in the unknown. Equation 2.12 can be improved by
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including corrections for atom size and electron inelastic mean free path.

- First principles: If the solid is homogeneous to a depth of several electron mean free

paths, the photoelectron current, I, can be calculated from the following equation: [229]

I = nφσεηATl (2.13)

where:

n : number of atoms of element per unit volume;

φ : �ux of the incident X-ray beam;

σ : total phoionisation cross-section;

ε : angular e�ciency factor for the instrument;

η : e�ciency of producing photoelectrons (photoelectrons/photon);

A : area of the sample from which photoelectrons are detected;

T : e�ciency of detector;

l : total inelastic mean free path of the photoelectron in the sample;

Many unknowns in Equation 2.13 make it di�cult to use for quantitative analysis and in

practice, ratios are taken for pairs of elements.

2.3.3.3 Chemical states and chemical shifts

Obtaining chemical state information from an XPS spectrum is as important as determ-

ination of elemental composition, particularly in applications that should investigate the

relative amounts of di�erent oxides, valence, or hybridisation states of an element. The

chemical state of an atom depends on the number of valence electrons and the type of

bond it forms: metallic, covalent, or ionic. In metals, atoms are neutral (oxidation state

of zero) and in covalent materials, atoms can have partial charges due to electronegativity

di�erences. Although bonding occurs through valence electrons, the EB of all core levels

are also a�ected by the chemical state of the element. Therefore, in atoms with a partial

negative charge, the core levels will shift to lower EB because biding energies decrease as
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the oxidation state becomes more negative and less work is needed. Correspondingly, the

core levels in positively charged atoms shift to higher E B. This chemical shift can be ex-

plained by assuming that the attraction of the nucleus for a core electron is changed by the

presence or absence of outer electrons. For example, when one of these electrons is removed,

the e�ective charge sensed for the core electron is increased and, results in an increase in

binding energy. A peak shift to higher or lower EB cannot always be interpreted as arising

only from a change in chemical (oxidation) states, as other factors such as structure and

various functional groups (local chemical and physical environment) can in�uence it.

2.3.3.4 Spin-orbit splitting

Closer inspection of the spectrum in Figure 2.7 shows that emission from some core levels

(most obviously zinc 2p) does not give rise to a single photoemission peak, but a closely

spaced doublet. This is called splitting of the orbitals and arises from coupling between

the electron spin and orbital angular momenta for the orbitals. Either j-j coupling or

L-S (Russell-Sanders) coupling methods can be applied to determine the magnitude of

spin-orbit coupling.

- In j-j coupling, the magnitude of total angular momentum for a given electron is the

vector sum of its spin and orbital angular momenta. The s orbitals do not split because they

have no orbital angular momentum and electrons in spin-up or spin-down con�gurations

have the same magnitude of total angular momentum. In p orbitals, vector coupling of

spin-up or spin-down states with the ±1 orbital angular momentum vectors gives total

angular momentum of either 1/2 (from |1 − 1/2| or |−1 + 1/2|) or 3/2 (from |1 + 1/2| or

|−1− 1/2|). These two spin-orbit couplings have di�erent binding energies, resulting in the

splitting of the levels.

- In L-S coupling, the total angular momentum is determined by summing the total

spin angular momentum (S ) and the total orbital angular momentum (L) after removal of

the electron (J = L + S). Similar splitting of orbitals is obtained.
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The ground state electron con�guration of Zn is:

(1s)2 (2s)2 (2p)6 (3s)2 (3p)6 (3d)10 (4s)2

The removal of an electron from the 2p level leads to a (2p)5 con�guration for the �nal

state. Since the p orbitals have non-zero orbital angular momentum (l = 1), there will

be coupling between the unpaired spin and orbital angular momenta. Thus, the (2p)5

con�guration gives rise to two states of 2p1/2 and 2p3/2. These two states arise from the

coupling of the L = 1 and S = 1/2 to give permitted J values of 1/2 and 3/2. Since the shell

is more than half full, hence J = 3/2 is the lower binding energy peak. The width of the

spin-orbit splitting depends on the magnitude between electron spins and orbital angular

momentum and is proportional to < 1/r3 >, where r is the radius of the orbital. Therefore,

the width of the spin-orbit splitting for a given element decreases with increasing principal

quantum number (2p levels are split more than 3p levels) and with increasing angular

momentum quantum number (3p levels are split more than 3f levels). The strength of

the spin-orbit splitting also increases with increasing atomic number due to an increase in

nuclear charge. The spin-orbit split levels have di�erent relative intensities (gJ = 2J + 1),

proportion to the degeneracies of the levels. Thus, p 1:2, d 2:3, and f 3:4.

2.3.4 Instrumentation

X-ray photoelectron spectroscopy (XPS) was carried out at the National EPSRC XPS

User's service (NEXUS) located at Newcastle University (Newcastle upon Tyne, UK).

Spectra were collected on an AXIS Nova (Kratos Analytical, Manchester, UK) using a

monochromatic Al-Kα X-ray source (1486.6 eV) operating with an anode voltage of 15

kV and emission current of 15 mA (a power of 225 W). The Nova utilises a 180◦ hemi-

spherical analyser (165 mm mean radius) with survey spectra collected with 160 eV pass

energy and high resolution (narrow scan) spectra collected with 20 eV pass energy. Mul-

tiple sweeps were averaged for each chosen region; 3 sweeps for survey spectra, 10 sweeps

for narrow scans, and 25 sweeps for XPS valence band spectra. Charge neutralisation was
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used throughout the analysis and achieved through low energy electrons directed at the

surface. The spectrometer was calibrated using standard silver, copper and gold reference

materials. Cleaning of the surface of the samples was achieved in-situ via a 15 second ion

etch by argon ions at 5 keV (5 mA ion current). XPS data will be shown and analysed in

Chapter 6.

CasaXPS 2.3.16 Pre-rel 1.4 software was used to analyse the XPS spectra. The software

suite as a whole may be regarded as being structured from �ve interacting components; data

display and browser, element library, graph annotation, data processing and quanti�cation.

2.4 Ultraviolet, visible and near-infrared (UV-Vis-NIR) ab-

sorption spectroscopy

2.4.1 Introduction

Ultraviolet, visible and near-infrared (UV-Vis-NIR) absorption spectroscopy is the meas-

urement of attenuation of a beam of light as it passes through a sample or by re�ection from

a sample surface. A variety of absorbance, transmittance, and re�ectance measurements in

the ultraviolet (UV), visible, and near-infrared (NIR) spectral regions are included in the

term UV-Vis-NIR spectroscopy. The UV-Vis-NIR spectral range is approximately 200 nm

to 3300 nm. Ultraviolet-visible-near-infrared spectroscopy is one the important analytical

and characterisation techniques which is used to study a variety of technologically import-

ant materials including semiconductors for electronics, lasers, and detectors; transparent or

partially transparent optical component; solid-state laser hosts; optical �bres, waveguides,

and ampli�ers for communications; and materials for solar energy conversion. The use of

UV-Vis-NIR spectroscopy in materials research can be divided into two main categories:

- Quantitative measurements of a sample in the gas, liquid, or solid phase, which often

needs the measurement of absorption and re�ectance at a single wavelength. This category

is most useful as a tool for the preparation of the materials or as a process method to
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monitor the concentration of reactants and products during reaction.

- Characterisation of the optical and electronic properties of a material, which is a

more qualitative application and usually requires recording a portion of the UV-Vis-NIR

spectrum for characterisation of the properties of materials.

2.4.2 Basic principles of the technique

UV-Vis-NIR spectroscopy measures the attenuation of light when it interacts with a sample.

Attenuation of the light may occur as a result of absorption, re�ection, scattering, or

interference of the light by atoms or molecules in the sample as shown in Figure 2.9.

Figure 2.9: Schematic of transmittance measurement of a dielectric coating on a substrate

Accurate quanti�cation requires that the measurement record only the absorption (or

transmittance) by the sample, and to compensate for the loss of light from other mech-

anisms, the power of beam transmitted by the sample is usually compared with power of

the beam transmitted by a blank sample (blank sample have everything the same as the

sample minus analyte compound). Experimental transmittance T and absorption A values

are obtained with the equations:

T =
P
P0

(2.14)
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A = −logT = log
P0

P
(2.15)

where P refers to the power of radiation after it passes through the sample and P0 is the

initial power of the radiation. T and A are both unitless and absorption data and spectra

are often presented using A, T, %T, or 1-T versus wavelength.

Instruments for measuring the absorption of ultraviolet, visible, and near-infrared ir-

radiation are made up of (1) light sources; (2) sample container; (3) wavelength selector,

which isolates a restricted region of the spectrum for measurement; (4) radiation detectors,

which convert radiant energy to a usable electrical signal; and (5) signal processor and

readout, which displays the transduced signal on a meter scale, a computer screen, a digital

meter, or another recording device. A diagram of the components of a typical dual-beam

spectrometer is illustrated in Figure 2.10.

Figure 2.10: Instrumental design for a UV-Vis-NIR spectrometer

A beam of light from a visible and near-infrared (tungsten �lament lamp, 350 - 2500 nm)

or UV (deuterium discharge lamp, 190 - 400 nm) light source passes into the wavelength

selector (�lter or monochromator) where the beam is split into its component wavelengths,
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and then through the sample. The instruments automatically swap lamps when scanning

between the UV and visible regions. The UV-Vis-NIR spectrometers utilise a combination

of di�erent types of detectors for di�erent regions. The light beam is redirected automat-

ically to the appropriate detector when scanning between the visible and NIR regions.

2.4.3 Applications of UV-Vis-NIR spectroscopy and data analysis

UV-Vis spectroscopy can be used for chemical analysis of di�erent organic and inorganic

compounds, such as transition metal ions, highly conjugated organic compounds, and bio-

logical macromolecules.

2.4.3.1 Qualitative analysis

UV-Vis-NIR spectroscopy measurements are useful for detecting choromophoric groups

(molecular groups containing unsaturated π bonds). Due to the transparency of most

complex organic compounds in wavelength region higher than 180 nm, the appearance of

one or more peaks in the region from 200 nm to 400 nm is a clear indication of the presence

of unsaturated groups. Although UV-Vis-NIR spectra do not enable absolute identi�cation

of an unknown, the identity of the absorbing groups can be determined by comparing the

spectrum of an analyte with those of simple molecules containing various choromophoric

groups. [235]

The colour can be exploited as the basis of simple and highly speci�c spectrophotometric

determinations. Many transition metal ions form highly coloured complexes and absorption

by these compounds involves transition of electrons between the �lled and un�lled d orbitals,

and thus the wavelength at which absorption occurs depends on the atomic number, the

oxidation state of the metal, and the ligand to which it is bonded.

Many inorganic and organic compounds absorb UV or visible radiation due to charge-

transfer process, and are thus known as charge-transfer complexes. Molar absorptivity

values are very large (ε > 10,000), which leads to high sensitivity for these compounds
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even at very low concentration. A charge transfer complex consists of an electron donor

group together with an acceptor group. When such a compound absorbs light, an electron

from the donor is transferred to an orbital that is largely associated with the acceptor. In

many examples, a metal ion acts as the electron acceptor. Charge transfer bands can occur

from the UV to the NIR.

2.4.3.2 Quantitative analysis

The absorption of light by a sample is directly proportional to the concentration of the

absorbing species and to the distance the light travels through the sample. This linear

relationship is known as the Beer-Lambert law (or simply Beer's law) and makes UV-Vis-

NIR spectroscopy especially attractive for making quantitative measurements. Beer's law

allows accurate concentration measurement of the absorbing species in the sample and is

usually represented as:

A = εbc (2.16)

where A is the measured absorption, ε is the molar absorptivity (also called molar extinction

coe�cient), b is the path length, and c is the concentration of the absorber. It is important

to note that ε is wavelength-dependent and so the Beer's law is valid only if the incident

radiation is monochromatic (has a single wavelength).

2.4.3.3 Materials properties measurable by UV-Vis-NIR spectroscopy

The band gap of a semiconductor depends on the identity and physical dimensions of the

material and can correspond to photon energies ranging from UV to NIR. The optical band

gap (Eg) of semiconductors can be calculated from the UV-Vis-NIR spectrum according to

Tauc relation: [236]

αhν = c(hν − Eg )γ (2.17)
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where α is the absorption coe�cient, hν is photon energy (h is Planck's constant and ν is

the photon frequency), c is proportionality constant, and γ is an index which can assume

values of 2, 3,
1

2
, and

3

2
depending on the nature of electronic transitions responsible for

the absorption (2 for indirect allowed transitions, 3 for indirect forbidden transitions,
1

2

for direct allowed transitions, and
3

2
for direct forbidden transitions). [237] The absorption

coe�cient per unit length is de�ned as: [186]

α ≡
4πk
λ

(2.18)

where k is called the extinction coe�cient. Near the absorption edge the absorption coef-

�cient can be expressed as:

α ∝ (hν − Eg )γ (2.19)

For k = 0 at which the direct band gap is de�ned, only direct allowed transitions (γ =

1/2) occur and thus this relation can be used in determining the band gap experimentally.

A plot of (αhν)2 vs hν when the linear portion of the curves extrapolated to αhν = 0 gives

the value of the direct band gap, E g . The band edge of the semiconductor materials will

be shifted to shorter or longer wavelengths with structural changes in the material such as

the size or dimensions of the particles and presence of impurities (dopants) and defects.

When semiconductor thin �lms have good surface quality and homogeneity, their thick-

ness (t) can be estimated from the interference fringes related to re�ections of the trans-

mission spectrum using �envelope method� originally proposed by Manifacier et al. [238]

and developed by Swanepoel whereby: [239]

t =
Mλ1λ2

2(λ1n2 − λ2n1)
(2.20)

where M is the number of oscillations between the two extrema (M = 1 between two con-

secutive maxima or minima), n1 and n2 are the refractive indices at two adjacent extrema
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(maxima or minima) at wavelengths λ1 and λ2, respectively. The refraction indices n at

various wavelengths are calculated using the envelope curves for Tmax (TM ) and Tmin

(Tm) in the transmission spectra by the expression:

n =
[
N + (N2 − n2s )1/2

]1/2
(2.21)

where

N = 2ns
TM − Tm

TMTm
+

n2s + 1
2

(2.22)

and n s is the refractive index of substrate (n s =1.470 for borosilicate glass). The envelopes

of the maxima, Tmax(λ), and the minima, Tmax(λ), are shown in Figure 6.17.

Figure 2.11: Typical transmission spectrum for thin �lms of uniform thickness, illustrating the
envelope curves for Tmax and Tmin (Figure adapted from [238])

For inorganic complexes, the UV-Vis-NIR spectrum can provide information about

oxidation states, electronic structure, and metal-ligand interactions. For solid materials,

the UV-Vis-NIR spectrum can measure the band gap and identify any localised excitations

or impurities. Collective excitations that determine the absorption or re�ectivity of a

material will also occur in this range. For example, the peak absorption of the plasmon

71



Chapter 2. Experimental Techniques and Data Acquisition

resonance absorption of thin �lms of aluminium, gold and semiconductors occurs in the

ultraviolet, visible, and near-infrared regions, respectively. [226]

2.4.4 Instrumentation

UV-Vis-NIR spectroscopy was carried out on two di�erent spectrometers; a Varian Cary

5000 UV-Vis-NIR spectrometer and a Perkin Elmer Lambda 19. Both instruments are

dual-beam, ultraviolet, visible and near-infrared spectrometers, that can record from about

175 nm to 3300 nm. The spectrometers are equipped with a tungsten halogen Vis-NIR

source, a deuterium arc UV source, a photomultiplier tube UV-Vis detector, and a cooled

PbS photocell NIR detector. Spectra were collected at room temperature from 2500 nm to

250 nm with data collection interval of 1.0 nm on Cary 5000 and 3.0 nm on Lambda 19.

Data from the Varian Cary 5000 UV-Vis-NIR spectrometer will be illustrated and discussed

in Chapter 4, and data from Perkin Elmer Lambda 19 will be presented in Chapters 6 and

5.

2.5 Hall e�ect measurement

2.5.1 Introduction

Hall e�ect measurement has been an important diagnostic and valuable tool for the charac-

terisation of electrical transport properties of materials, particularly semiconductors. The

discovery of Hall e�ect enabled a direct determination of both the type of the charge car-

riers (electron or holes) and their density in a given sample. Hall e�ect measurement is

used in many phases of the electronics industry, from basic materials research and device

development to device manufacturing. Hall e�ect measurement can actually be used to

determine quite few material parameters, but the primary one is the Hall voltage (V H ).

Other important parameters such as carrier mobility (µ), carrier concentration (n), Hall

coe�cient (RH ), resistivity (ρ), and the conductivity type are all derived from the Hall
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voltage measurement.

2.5.2 Theory of Hall e�ect

The fundamental physical principle underlying the Hall e�ect is the Lorentz force (illus-

trated in the upper panel of Figure 2.12) which is a combination of two separated forces:

the electrical force and the magnetic force. Essentially, the Hall e�ect can be observed

when the combination of a magnetic �eld through a sample and a current along the length

of the sample creates a transverse voltage (potential di�erence) perpendicular to both the

magnetic �eld and the current. When an electron moves along the electric �eld direction

perpendicular to an applied magnetic �eld, it experiences a magnetic force, ~F, (~F = −q~ν ~B,

where q is the charge of particle, ~ν is the velocity of the particle, and ~B is the magnetic

�eld) acting normal to both directions, and moves in response to this force. The direction

of this magnetic force can be determined by using the right hand rule convention. For an

n-type semiconductor such as that shown in Figure 2.12, the free carriers are electrons of

bulk density, n.

Figure 2.12: The Hall e�ect and Lorentz force (diagram adapted from the National Institute of
Standards and Technology, NIST, website)

If a constant current I �ows along the x -axis from left to right in the presence of a
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magnetic �lled B along z -axis, electrons subject to the Lorentz force will initially drift

away from the current �ow line toward the negative y-axis direction, thus resulting in an

excess surface electrical charge on that side of the sample. This excess surface charge results

in the Hall voltage, V H , a potential drop across the two sides of the sample. Hall voltage

magnitude is equal to:

VH =
IB
ned

(2.23)

where I is the applied current, B is the applied magnetic �eld , d is the sample thickness ,

and e is the elementary charge (1.602 × 10−19 C). Equation 2.23 is remarkable in two ways.

First, the only sample dimension appearing in the equation is the thickness (the dimension

in the direction of the magnetic �eld). Second, the Hall voltage yields a direct measurement

of carrier concentration. Therefore, by measuring the Hall voltage and from the known

values of I, B, and e, one can obtain the density of charge carriers in semiconductors, n:

n =
IB

edVH
(2.24)

Sometimes it is more convenient to use sheet density nS (nS = nd) instead of bulk density,

n.

Hall mobility, µ, can be easily calculated from the equation below:

µ =
VH

RS IB
=

1

(enSRS )
(2.25)

where RS (in Ω/�) is the sheet resistance of the semiconductor material and is determined

by use of van der Pauw resistivity measurement technique. If the thickness, d, of the

conducting layer is known, the bulk resistivity, ρ, can be determined using sheet resistance

from:

ρ = RSd (2.26)
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Changing the sign of the charge carriers changes the sign of the Hall voltage. Considering

this, the Hall coe�cient can be determined from Hall voltage using:

RH =
VH d
IB
=

1

nq
(2.27)

where q = e for positive carriers and q = −e for negative carriers. The hall coe�cient

is characteristic of the material being measured. The simple relationship between carrier

concentration and mobility, and Hall coe�cient can then be de�ned as:

n =
1

RH e

µ =
RH

ρ
(2.28)

2.5.2.1 The van der Pauw technique

A combination of resistivity measurement and Hall e�ect measurement allows both the mo-

bility µ and the sheet density nS to be determined. The van der Pauw technique is the most

convenient technique to determine the resistivity of uniform thin �lm samples, and thus

is widely used in the semiconductor industry. [240] The van der Pauw technique's power

lies in its ability to accurately measure the properties of a sample of any arbitrarily shape

subject to fairly mild constraints. Thin �lm samples (approximately two-dimensional) with

no holes or non-conducting islands or inclusions, containing four very small ohmic contacts

place on the boundaries of the �lm, are appropriate for the measurement. Some possible

van der Pauw con�gurations, contact placements, and their preference are shown in Fig-

ure 2.13. In order to use van der Pauw method, the sample thickness must be negligible

compared to the width and length of the sample.
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Figure 2.13: Examples of possible sample geometries for van der Pauw measurement and their
preferences (diagram adapted from the National Institute of Standards and Technology, NIST,
website)

Therefore, the van der Pauw technique assumes the following �ve conditions hold; 1)

the sample must have a �at shape of uniform thickness, 2) the surface of the sample must

not have any isolated holes, 3) The sample must be homogeneous and uniform, 4) all four

contacts must be placed on the edge of the sample, and 5) the contacts must be su�ciently

small compared to the area of the entire sample. In addition, ideally all four contacts should

be made of the same material and the same batch of wire.

The conventional technique to measure the resistivity of a certain material involves

cutting a bar-shaped sample and making separate current contacts on the short edges and

voltage contacts on the surface of the sample. This technique is also called four-point probe

resistivity measurement and allows the measurement of the substrate resistivity by passing

a current through two outer probes and measuring the voltage through the inner probes.

[241] According to four-point probe technique, by using the voltage and current readings

from probe, the measurement of the sheet resistance can be obtained using:

RS =
π

ln(2)
(
V
I

) = 4.523(
V
I

) (2.29)

However, as mentioned before, the van der Pauw technique allows determination of

electrical properties of samples of any arbitrary shape without knowing the current pattern.
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Using this method, the resistivity can be derived from a total of eight measurement of

voltage which are made around the periphery of the sample as shown in Figure 2.14.

Figure 2.14: Schematic of a van der Pauw con�guration used in the determination of the Hall
voltage V H [242]

Once all voltage measurements are taken, two values of horizontal and vertical resistance

are derived as follows (the relationship between voltage (V) and current (I) in a circuit of

constant resistance (R): R = V
I )

RA = (R14,23 + R23,14 + R32,41 + R41,32)/4

RB = (R12,43 + R21,34 + R34,21 + R43,12)/4 (2.30)

Therefore, van der Pauw method consists of two characteristic resistance, RA and RB,

which are related to the sheet resistance RS through the van der Pauw equation: [243]

exp(−π
RA

RS
) + exp(−π

RB

RS
) = 1 (2.31)

In order to simplify Equation 2.31 and reduce errors in the measurements, it is desirable

to measure square-shaped symmetrical samples, where RA ≈ RB. In this case, equation 2.31

can be written as:

ρ = RSd =
πd
ln2

(R12,34 + R23,41)
2

f (2.32)
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where

R12,34 =
V34

I12
and R23,41 =

V41

I23
,

d is the thickness of the sample, and f represents the correction factor, which is function

of sample symmetry.

2.5.3 Instrumentation

Room temperature electrical characterisations were carried out by the van der Pauw tech-

nique using an Ecopia HMS-3000 Hall e�ect measurement system with a 0.55 T permanent

magnet and a custom-built cryogenic cooling system. A small section of the samples (5

mm × 5 mm) were mounted on a printed circuit boards designed for the Ecopia HMS-3000

system. Depending on the resistance of the sample, input current could be changed in the

range between µA to mA. Indium solder on the corner of the samples was used to fabricate

ohmic contacts to the thin �lms. The HMS-3000 includes software with I-V curve capability

for checking the ohmic integrity of the user made sample contacts. Hall e�ect measurement

data will be discussed in Chapters 6, 4, and 5. Temperature dependence of the electrical

properties was studied over a wide range of temperature from about 350 K to8 K using

liquid nitrogen as the cryogen. The HMS-3000 measurement capabilities include the Hall

coe�cient, the Hall voltage, the sheet resistance from which the resistivity can be inferred

for a sample of a given thickness, the sign and the concentration of the carriers, and the

mobility of semiconductor materials. Data from temperature dependence studies of the

electrical properties are discussed in Chapter 4.

2.6 Scanning electron microscopy (SEM)

Scanning electron microscopy is widely used to analyse the micro-structure of materials

and thus is a very important technique to investigations on the processing, properties,

and behaviour of materials that involves their micro-structure. The scanning electron
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microscope (SEM) permits the observation and characterization of heterogeneous organic

and inorganic materials on a nanometre (nm) to micrometre (µm) scale and its popularity

stems from its capability of obtaining three-dimensional-like images of the surfaces of a very

wide range of materials. [244] The scanning electron microscope uses a tightly focused beam

of electrons accelerated to high energy to create an image of the specimen. The SEM images

can provide very useful information relating to topographical features, crystal morphology,

compositional di�erences, phase distribution, crystal structure, crystal orientation, particle

size, and presence and location of electrical surface defects.

2.6.1 Principles of the technique

The scanning electron microscope produces a magni�ed image by using electrons instead

of light to form an image. A beam of high-energy electrons is produced at the top of the

microscope by an electron source. The electron beam follows a vertical path through the

microscope, which is held within a vacuum. The beam travels through electromagnetic

�elds and lenses, which focus the beam down toward the sample. The beam electrons

interact with atoms in the sample by a variety of mechanisms such as inelastic interactions,

in which energy is transferred to the sample from the beam, and elastic interactions that

are de�ned by a change in direction of the beam without loss of energy. The main signals

resulting from these interactions of the primary electrons (PE) of the electron beam and

the specimen are secondary electrons (SEs), backscattered electrons (BSEs), X-rays, and

Auger electrons. A secondary electron is a low-energy (2 eV to 5 eV) electron ejected from

the outer shell of a sample atom upon impact of the incident electron beam and after

an inelastic interaction. These low-energy electrons can escape from the surface only if

generated near the surface and thus the secondary electrons are in�uenced more by surface

properties than by atomic number. Backscattered electrons are electrons from the incident

probe that undergo elastic interactions with the sample, change direction, and escape the

sample. These make up the majority of electrons emitted from the sample at high beam
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voltage, and their average energy is much higher than that of the SEs.

Figure 2.15: Schematic of the scanning electron microscope (Figure adapted from the Australian
Microscopy and Microanalysis Research Facility, ammrf, website)

Characteristic X-ray and Auger electrons are generated by inelastic interactions of the

probe electron in which an inner shell electron is emitted from a sample atom. Following

this ionisation process, the atom undergoes a relaxation process by a transition in which

an outer shell electron �lls the inner shell. [226] The electrons scattered by the surface of

the sample and emitted secondary electrons are collected by detectors to give a map of the

surface topography of samples. Image construction in the SEM is performed by mapping

intensity of SE and/or BSE signals from the sample onto a viewing screen or �lm. Key

components of a scanning electron microscope are shown in Figure 2.15.

2.6.2 Instrumentation

Scanning electron microscopy (SEM) was carried out at the Oxford Materials Electron

Microscopy and Microanalysis Facility located at Oxford University Begbroke Science Park

(OUBSP) on two di�erent microscopes. SEM images in Chapter 4 were collected on a JEOL
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JSM-6500F low voltage �eld emission gun scanning electron microscope which operates

between 1 and 30 kV with spatial resolution of 3 nm. Samples were mounted on SEM

stubs using small amount of conductive carbon adhesive paste, and were examined without

platinum or gold coating. The images were obtained at accelerating voltage of 5 kV from

secondary electrons (SE) in the magni�cation range from 10,000× up to 50,000×. SEM

images in Chapters 6 and 5 were collected on a JEOL JSM-840F SEM with a cold cathode

�eld emission electron source. The gun emission current was between 8 - 14 µA and probe

current was 2 × 10−11 A. Samples were observed in the SEM with sputter coating with

platinum. Images were obtained at acceleration voltage of 5 kV and using a secondary

electron detector. The DISS 5 digital image acquisition and processing system was used to

process for data acquisition.
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Chapter 3

Study of the Thermal Decomposition

of Potential Zinc Oxide Precursors

3.1 Introduction and overview

Chemical deposition routes start with a precursor and the nature of the precursor used in

solution-based techniques can signi�cantly a�ect the properties of the thin �lms produced.

The selection of a precursor is dependent upon its solubility in appropriate solvents, for-

mulation, and the desired processing route. Several researchers have studied the e�ect of

using di�erent zinc salts on the structural, optical and electrical properties of ZnO thin

�lms deposited by the spray pyrolysis technique. However, the range of zinc precursors

investigated has been limited. A list of zinc precursors that have been most used is given

in Table 3.1.

Precursor References

Zinc acetate, Zn(C2H3O2)2 · xH2O [96, 97, 104, 245�248]
Zinc nitrate, Zn(NO3)2 · xH2O [61, 100, 103, 245�247]
Zinc acetylacetonate, Zn(C5H7O2)2 · xH2O [98, 99, 105]
Zinc chloride, ZnCl2 [101, 102, 245�247]
Diethyl zinc, Zn(C2H5)2 [249, 250]

Table 3.1: Common Zn precursors for solution processing of ZnO thin �lms
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For example, in a study carried out by Lehraki et al., ZnO thin �lms were deposited

from three di�erent zinc precursors; zinc chloride, zinc acetate, and zinc nitrate. The

�lms deposited from zinc chloride solutions showed rod-shaped particles on the surface,

and these �lms had better crystallinity compared to the �lms deposited from acetate and

nitrate precursor solutions. However, zinc acetate solution yielded a �lm with a higher

transmittance compared to �lms prepared with the chloride and nitrate precursors. [245]

In di�erent studies Bacaksiz et al. and Arca et al. also studied the e�ects of the same

range of precursors on the morphology, structural, and optical properties of ZnO thin �lms

deposited by spray pyrolysis technique. [246, 247] Interestingly, they reported very similar

results to those reported by Lehraki et al.

Zinc acetate has attracted more interest in preparation of ZnO thin �lms (by solution-

based techniques) than other zinc precursors, probably due to its ready availability, high

water solubility and low cost. The thermal decomposition of zinc acetate has been widely

studied. [251�253] Arii and Kishi investigated the thermal decomposition of zinc acet-

ate dihydrate, Zn(CH3CO2)2 · 2H2O, in dry helium and wet nitrogen atmospheres using

thermogravimetric analysis (TGA) and analysed the evolved gas using simultaneous mass

spectrometry and X-ray di�ractometry. [251] They showed that the thermal decomposition

of zinc acetate in dry helium atmosphere began with dehydration at ∼ 150 ◦C followed by

the sublimation around 180 ◦C and then decomposition over 250 ◦C. They also discovered

that ZnO was formed in good yields, only in a humidity-controlled nitrogen atmosphere,

where it could be easily synthesized at temperatures below 250 ◦C. They proposed the

formation of ZnO from anhydrous zinc acetate in humid atmosphere occurs according to

the reaction:

Zn(CH3COO)2(s) +H2O→ ZnO(s) + 2CH3COOH(g) (3.1)

McAdie also studied thermal decomposition of zinc acetate dihydrate in a dynamic

nitrogen atmosphere and drew the conclusion that the decomposition of zinc acetate might
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occurs the following route: [252]

Zn(CH3COO)2 · 2H2O(s)
∼100◦C
−−−−−−−→Zn(CH3COO)2(s) + 2H2O(g)

270−330◦C
−−−−−−−−−−−→

ZnO(s) + CH3COCH3(g) + CO2(g) (3.2)

The thermal decomposition of zinc nitrate hexahydrate is known to lead eventually to

zinc oxide. Zinc nitrate thermal decomposition and chemical analysis of the residue has

been investigated by Sirina et al. in 1970. [254] They observed two distinct endothermic

phenomena and accompanied weight losses at 37 ◦C and 312 ◦C, due to the loss of the

water of crystallisation, and �nal decomposition to ZnO, respectively. They also described

that during this process some NO2 was evolved. Nikolic et al. also showed that thermal

decomposition of Zn(NO3)2 · 6H2O occurs above 300 ◦C from TGA/DSC studies. [255]

They proposed the following decomposition scheme for decomposition of Zn(NO3)2 · 6H2O

to ZnO, but non of the gaseous products were identi�ed:

3Zn(NO3)2 · 6H2O(s)
95−215◦C
−−−−−−−−−→Zn(NO3)2 · 2 Zn(OH)2(s) + 4HNO3(g) + 14H2O(g)

Zn(NO3)2 · 2 Zn(OH)2(s)
215−305◦C
−−−−−−−−−−−→3ZnO(s) + 2NO2(g) +H2O(g) +O2(g) (3.3)

Thermal decomposition of diethyl zinc in oxygen-free atmospheres such as He or H2

will not result in formation of ZnO as reported by Dumont et al. [256, 257] However, ZnO

can be obtained from heating of diethyl zinc in oxygen containing atmospheres such as air

or O2, and water containing solutions as suggested by Yoshino et al. through the reactions

below: [249, 250]

(C2H5)2Zn(s) + 7O2(g) → ZnO(s) + 4CO2(g) + 5H2O(g) (3.4)
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or

(C2H5)2Zn(s) + 2H2O(l) → Zn(OH)2(s) + 2C2H6(g)

Zn(OH)2(s) → ZnO(s) +H2O(g) (3.5)

Very little work has been reported on the possibility of using other commercially avail-

able zinc precursors such as zinc formate and zinc propionate. To the best of our knowledge,

there is only one published study by Ryabova and Savitskaya on utilising zinc propionate as

a precursor for deposition of ZnO thin �lms. [258] In their work, ZnO �lms were deposited

onto mica in an oxygen atmosphere by the thermal decomposition of zinc propionate va-

pour (Zn(C3H5O2)2) at substrate temperature of 450 to 540
◦C. Thermal decomposition of

zinc propionate in di�erent atmospheres have been studied previously by TGA, and some

possible decomposition mechanisms were proposed. [259, 260] For example, Skor²epa et al.

suggested the following scheme for the thermal decomposition of zinc propionate to ZnO

in air and used IR spectroscopy to con�rm the intermediate composition: [259]

Zn(C2H5COO)2(s)
>350◦C
−−−−−−−→(C2H5)2CO(g) + CO2(g) + ZnO(s) (3.6)

However, the decomposition mechanism may change as the experimental conditions

change.

Thermal decomposition of zinc formate, Zn(HCO2)2, in various atmospheres has been

investigated using several techniques. [261, 262] In 1967 Dollimore and Tonge found by

TGA that zinc formate dihydrate was dehydrated at 120 - 180 ◦C in air and at 100 - 180

◦C in nitrogen. The anhydrous salt then decomposed to ZnO at 260 - 350 ◦C in air and at

270 - 340 ◦C in nitrogen in a single step. [261] They proposed the following mechanism:

Zn(HCO2)2(s) → ZnO(s) + CO(g) + CO2(g) +H2(g) (3.7)

Study of the thermal decomposition of zinc formate dihydrate carried out by Zhang et
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al. under nitrogen atmosphere, showed a two-step mass loss in the temperature range of 25

to 375 ◦C. The �rst mass loss in the temperature between 80 - 155 ◦C, was attributed to

the formation of anhydrous zinc formate from zinc formate dihydrate, and decomposition

of zinc formate to ZnO was observed to occur in the region of 155 - 375 ◦C. [262]

Previous studies on thermal decomposition of zinc acetylacetonate have been reviewed

and summarised in Section 1.6, Chapter 1.

3.2 Experimental

Zinc bis(acetylacetonate) hydrate (Zn(acac)2, Zn(C5H7O2)2 · xH2O, ≥ 99.995%, Sigma-

Aldrich), zinc propionate (Zn(prop)2, Zn(C3H5O2)2, 97%, Alfa Aesar), zinc formate hydrate

(Zn(form)2, Zn(HCO2)2 · xH2O, 98%, Alfa Aesar), zinc tri�uoroacetate hydrate (Zn(tfa)2,

Zn(CF3COO)2 · xH2O, Sigma-Aldrich), zinc oxalate hydrate (Zn(ox), Zn(C2O4) · xH2O, ≥

99.99%, Sigma-Aldrich), and zinc acetate hydrate (Zn(ac)2, Zn(C2H3O2)2 · xH2O, 99.99%,

Sigma-Aldrich) were selected as potential candidates for ZnO deposition. Applying ther-

mogravimetric analysis (TGA) and variable temperature X-ray di�raction (VT-XRD), the

decomposition temperature of precursor compounds without any puri�cation were studied.

Thermogravimetric analysis coupled with di�erential scanning calorimetry (TGA-DSC) was

also carried out on zinc acetylacetonate hydrate and zinc acetate hydrate to con�rm the

results from X-ray.

TGA measurements was performed using a Perkin Elmer TGA-7 system. The sample

mass of ca. 15 - 20 mg was weighed into an platinum crucible, and heated up to 500 ◦C at

heating rate of 3.0 ◦C min−1, in dry air with a �ow rate of 30 mL min−1. The decomposition

of powdered samples of zinc precursor was studied in-situ by VT-XRD using a SIEMENS

D5000 X-Ray Di�ractometer with Cu-Kα1 radiation source (λ = 1.54059 Å) operating at

40 kV and 40 mA. The spectra were recorded from 10◦ to 70◦ in 2θ from room temperature

up to 500 ◦C at a heating rate of 1.0 ◦C min−1 and under a static air atmosphere. The

temperature was maintained at a constant value during the X-ray measurements.
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TGA-DSC analyses of Zn(acac)2 and Zn(ac)2 were performed in an argon atmosphere

at a �ow rate of 30 mL min−1, from room temperature to 500 ◦C at heating rate of 5.0 ◦C

min−1 using a Perkin Elmer STA 6000 instrument. Thermal analysis was carried out on

about 10 - 15 mg of the samples in alumina cups used as sample holders.

3.3 Results and discussion

3.3.1 Thermogravimetric analysis-di�erential scanning calorimetry (TGA-

DSC) technique

Thermogravimetric analysis (TGA) is a technique that monitors accurately the mass change

of a sample as a function of time or temperature as the sample specimen is subjected to

controlled temperature program and atmosphere. Changes in the structure of the sample,

such as loss of water of crystallisation or volatile fragments, as well as the decomposition of

the sample are observed as a weight loss, while the oxidation or absorption of gas is seen as

a weight gain. A TGA consists of a sample holder that is supported by a precision balance

and resides in a furnace, thus it can be heated or cooled during the experiment. The mass

of the sample is monitored during the experiment. The sample environment is controlled

by an inert or a reactive gas that �ows over the sample and exits through an exhaust.

TGA sometimes performed simultaneously with DTA or DSC. Di�erential scanning

calorimetry (DSC) measures the variation of heat �ows released (exothermic) or received

(endothermic) by a sample as the temperature is increased or decreased. In fact, DSC is a

thermal analysis technique that monitors how a material's heat capacity (Cp) is varied with

temperature. This allows the investigation of transitions such as melting, glass transitions,

phase changes, and chemical reactions.
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3.3.2 Precursor decomposition analysis

As mentioned earlier, thermal decomposition of various Zn compounds such as Zn(ac)2,

Zn(acac)2, Zn(prop)2, Zn(form)2, and Zn(ox) have been studied by several groups and some

possible decomposition mechanisms under di�erent conditions have been also proposed.

Due to the di�erences in experimental procedures of the reported thermal studies (such as

the atmosphere and heating rate under which the decomposition was studied) and in order

to have comparable thermal decomposition conditions, the thermal analysis of the selected

Zn precursors was undertaken again.

The typical TGA curves for selected zinc precursors at a heating rate of 3 ◦C min−1 in

dry air �ow are shown in Figure 3.1. Small amounts of residue in the crucible was observed

after the thermal analysis of each sample. Among all studied samples, Zn(acac)2 · xH2O

had the lowest decomposition temperature of about 175 ◦C, while Zn(ox) · xH2O had the

highest decomposition temperature of about 425 ◦C. Two major mass losses were observed

on TGA spectrum of Zn(acac)2 · xH2O. The �rst mass loss of about 7%, at about 100

◦C, agrees well with the theoretical value corresponding to the thermal dehydration of one

water molecule, and the second mass loss attributes to the �nal thermal decomposition to

ZnO.
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Figure 3.1: TGA results of selected zinc compounds in dry air �ow at 3 ◦C min−1

Additional information can be extracted from calculating theoretical and experimental

mass loss percentages, for example to determine whether the Zn compounds entirely de-

composes to ZnO, or other thermal processes such as sublimation or evaporation of the

samples are also involved. The total theoretical mass loss percentage is the proportion of

the molecular weight (in g mol−1) of ZnO to the starting anhydrous Zn compound, since

the experimental mass loss percentage is obtained from TGA graph and is the weight of

the starting anhydrous material minus �nal product:

Theoretical mass loss percentage = 100 − (
ZnO Molecular Weight

Zn precursor Molecular Weight
× 100) (3.8)

Experimental mass loss percentage =

Weight percentage of anhydrous Zn precursor − Final weight percentage

For example the theoretical mass loss ratio for �nal decomposition of anhydrous Zn(acac)2
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and Zn(ac)2 to ZnO is calculated from:

Theoretical mass loss percentage for Zn(acac)2 to ZnO conversion =

100 − (
81.38

263.61
× 100) = 69.1%

Theoretical mass loss percentage for Zn(ac)2 to ZnO conversion =

100 − (
81.38

183.48
× 100) = 55.6%

The theoretical and empirical mass losses of Zn compounds, relevant to dehydration of

water of crystallisation and �nal thermal decomposition to ZnO, are listed in Table 3.2.

The correct empirical mass loss percentage equivalent to the second mass loss observed in

the TGA graph is: For Zn(form)2 · xH2O and Zn(ox) · xH2O which also show two mass loss

steps, the dehydration of their crystallisation water occurred at moderate temperatures

of about 125 ◦C and 175 ◦C, respectively. The mass loss percentages agree well with

theoretical values for loss of two molecules of water. Among the Zn compounds studied,

decomposition of Zn(form)2 and Zn(ox) to ZnO did not involve sublimation or evaporation

of the specimens during the heating process and the the �nal empirical mass losses perfectly

correlate with the theoretical values.

Zn(prop)2 which was de�ned to be anhydrous, showed only one step mass loss at about

310 ◦C, and no mass loss associated to the dehydration of water was observed in the TGA

measurement. The only and �nal mass loss of about 85.0% does not correlate perfectly

well with the theoretical mass loss (61.5%) for �nal decomposition of Zn(prop)2 to ZnO,

which suggests that this zinc salt also goes under evaporation or sublimation during heating

process but probably not as fast and severe as Zn(ac)2 and Zn(acac)2 compounds.
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Table 3.2: Calculation of theoretical and empirical mass losses of thermal dehydration and de-
composition of Zn compounds (experimental values obtained from TGA spectra)

To examine the e�ect of heating rate on the thermal processing of the zinc compounds,

Zn(form)2, which is not sublimed in the temperature range of the experiment, was heated up

to 500 ◦C in air, but with much lower heating rate of 0.5 ◦C min−1. The TGA curves of the

sample in two di�erent regimes, were plotted together in one graph for better comparison

(Figure 3.2).

91



Chapter 3. Study of the Thermal Decomposition of Potential Zinc Oxide Precursors

Figure 3.2: E�ect of heating rate on the TGA of Zn(form)2. Inset: XRD pattern of the residue
after TGA measurement

The TGA curve recorded at lower heating rate includes two neat steps of mass loss,

corresponding to the dehydration and decomposition processes. The mass loss percentages

are identical in two TGA curves, but in TGA at lower heating rate, dehydration and de-

composition of the sample occur at about 50 ◦C and 25 ◦C lower temperature, respectively.

This supports the e�ect of the heating rate on the observed results of various thermal pro-

cessing techniques. Inset in Figure 3.2 displays the XRD pattern of the residue after TGA

measurement. Result con�rms the full decomposition of Zn(form)2 to ZnO by heating at

temperatures higher than ∼ 350 ◦C in air.

In order to con�rm the formation of ZnO by thermal decomposition of selected Zn com-

pounds, it is important to identify unequivocally the products formed in the decomposition

process. In-situ VT-XRD patterns of the Zn compounds were recorded from 2θ = 7◦ to 2θ

= 70◦ from room temperature to 500 ◦C in a dry static air atmosphere. Figure 3.3 displays

the in-situ VT-XRD patterns of Zn(acac)2, Zn(ac)2, Zn(prop)2, Zn(tfa)2, Zn(form)2, and
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Zn(ox). The observed lower dehydration and decomposition temperature of Zn compounds

in VT-XRD compared with the TGA data may arise of the smaller amount of sample,

higher applied heating rate, and the e�ect static gas vs gas �ow during heating process.

In fact, the heating process in VT-XRD involves a stepped temperature regime in which

the sample is held at constant temperature for about an hour while the XRD pattern is

recorded, so VT-XRD has much slower heating rate, whereas, in TGA the sample is con-

stantly heated up to the �nal temperature at higher heating rates. On the other hand, the

VT-XRD measurements were carried out under static air, while TGA experiments were

performed under a gas �ow. This might also in�uence the observed results from each tech-

nique. Although the VT-XRD and TGA data are not directly comparable, the relative

di�erences in thermal reactions, observed for various samples, are still valid.

The VT-XRD data clearly de�ne that among the six zinc compounds, Zn(acac)2 has

the lowest decomposition temperature, and in the second step Zn(prop)2 and Zn(ac)2 have

the lower decomposition temperatures than other Zn compounds. It can be seen that the

conversion of Zn(prop)2 and Zn(ac)2 to ZnO occurs without involvement of any crystal-

line intermediates. However, Zn(acac)2, Zn(tfa)2, Zn(form)2 and Zn(ox) pass through an

intermediate crystalline phase of unknown structure. In XRD patterns of Zn(tfa)2, there

is a phase generated at ca. 175 ◦C which shows no distinct di�raction peaks and may be

amorphous.

Additional sharp peaks with low intensity observed in the XRD patterns of the Zn

compounds (particularly in the XRD patterns of Zn(tfa)2), between 43° and 67° degrees in

2θ (43.5◦, 52.5◦, 57.5° and 66.5) at temperatures at which ZnO is already formed (200 ◦C and

higher), are caused by the alumina crucible used as a sample holder for these measurements.

This might be because of signi�cant evaporation and mass loss of the specimen during the

heating process, as was also observed in the TGA measurements (Figure 3.1).
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(a) (b)

(c) (d)
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(e) (f)

Figure 3.3: VT-XRD patterns for the thermal decomposition of (a) Zn(acac)2, (b) Zn(ac)2, (c)
Zn(prop)2, (d) Zn(tfa)2, (e) Zn(form)2, and (f) Zn(ox). ZnO main di�raction peaks are shown in
�gure (b), the XRD pattern of Zn(ac)2

The decomposition temperature ranges in which fully crystalline ZnO is formed from

Zn compounds, obtained from VT-XRD data, are shown in Figure 3.4. The �rst points

correspond to the onset of the formation of the crystalline ZnO phase which in fact might

coexist with the Zn compound, and the last points at higher temperature in each range

show the temperature in which Zn compounds have been fully decomposed to ZnO. The

XRD patterns do not change on further increase of the temperature, although the intensity

or width of the di�raction peaks do change because of alteration in the ZnO particle size.
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Figure 3.4: The ZnO appearance temperature range for Zn compounds obtained from VT-XRD
data

Figure 3.3 (a) shows VT-XRD patterns of Zn(acac)2 · xH2O. It is seen that the de-

composition occurs in two discrete steps, in accordance with TGA-DSC analyses shown in

Figure 3.5. An intermediate phase of anhydrous Zn(acac)2 formed at 85 ◦C decomposes

completely to ZnO at temperature of about 150 ◦C. Very low intensity and broad ZnO

di�raction peaks observed at 140 ◦C indicate a very small (∼ 9.5 nm) crystallite size of the

initially-formed crystalline ZnO phase. The XRD patterns do not change signi�cantly at

temperatures above 150 ◦C. However, ZnO crystallite sizes calculated using the Scherrer

formula increased from 9.6 nm at 150 ◦C to 30.3 nm at 500 ◦C.

TGA-DSC measurements were carried out on Zn(acac)2 and Zn(ac)2, in order to con�rm

the initial data obtained from TGA and VT-XRD and provide some more useful information

about thermal decomposition processes. The TGA-DSC data of Zn(acac)2 · xH2O clearly

indicates that the decomposition begins at around 75 ◦C and is complete by ∼ 220 ◦C. As

can be seen in Figure 3.5, Zn(acac)2 · xH2O loses weight in two discrete steps. The �rst

weight loss of ca. 6.5% in the temperature range of 100 - 110 ◦C is accompanied by a broad
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endothermic DSC peak attributed to the removal of one water molecule forming anhydrous

Zn(acac)2. A sharp endothermic peak observed at 134 ◦C does not involve any weight loss

and corresponds to melting of Zn(acac)2 (135 - 138 ◦C). In the second weight loss step,

ZnO is formed by the decomposition of the anhydrous Zn(acac)2, which is also endothermic

and observed between 210 - 220 ◦C in DSC. The total weight loss reaches over 94.0% at

220 ◦C and is signi�cantly larger than the expected weight loss of about 70% for the total

decomposition of the precursor into stoichiometric ZnO. Such a large di�erence indicates

that the decomposition of anhydrous Zn(acac)2 is accompanied by a signi�cant evaporation

of the specimen during heating in argon �ow. [115]

These results demonstrate that the formation of ZnO via thermal decomposition of

Zn(acac)2 · xH2O precursor in oxygen-containing atmosphere is bene�cial as a simple, low

temperature synthesis route. ZnO thin �lms can therefore be successfully grown above a

substrate temperature of 200 ◦C.

Figure 3.5: Thermogravimetric analysis (black) and di�erential scanning calorimetry (red) curves
for the heating of Zn(acac)2 · xH2O

It has been proposed that ZnO is formed from anhydrous Zn(acac)2 on a hot substrate
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surface according to the following simpli�ed thermal decomposition scheme [6]:

Zn(CH3COCHCOCH3)2 · H2O(s) −→ ZnO(s) + 2CH3COCH2COCH3 (g) (3.9)

Interestingly, the decomposition reaction demonstrates that ZnO is the only product and

there is no organic residue left on the surface.

The VT-XRD patterns of Zn(ac)2 · xH2O in dry air atmosphere is shown in Figure 3.3

(b). The XRD pro�le suggests that the thermal process proceeds via two straightforward

reaction steps, as only an existence of two di�erent solid phases revealed by the XRD

diagrams. The XRD diagram were changed to anhydrous phase which completed the de-

hydration at 85 ◦C, and the resulting phase agreed approximately with the XRD diagram

of anhydrous zinc acetate. It can be clearly observed that the main change in XRD pat-

terns attributed to the formation and growth of crystalline zinc oxide gradually starts from

around 175 ◦C, and is completed after 200 ◦C. The XRD diagrams obtained after 200 ◦C

remained unchanged and had relatively strong crystalline peaks, indicating pure crystalline

zinc oxide. Unlike Zn(acac)2, Zn(ac)2, and Zn(prop)2, the VT-XRD patterns of Zn(tfa)2,

Zn(form)2, and Zn(ox) show that the thermal decomposition occurs in several complicated

reaction steps and di�erent solid phases are involved in the process.

TGA-DSC data clearly indicate that Zn(ac)2 decomposition to ZnO occurs at higher

temperature (∼ 310 ◦C) compared to Zn(acac)2 (∼ 220 ◦C) and these results support the

VT-XRD measurements shown in Figure 3.3 (a) and (b).

From the simultaneous TGA-DSC curves in Figure 3.6, Zn(ac)2 precursor also loses

weight in two major steps. The �rst step of about 4.5% weight loss, is the endothermic

dehydration of the water of crystallisation between 60 - 80 ◦C, and is attributed to the loss

of one water molecule. The major weight loss of 81% on the TGA curve between 310 - 340

◦C is ascribed to the exothermic decomposition of the dehydrated Zn(ac)2 to give ZnO as

the �nal product. The endothermic peak at 250 ◦C corresponds to the melting of Zn(ac)2
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(237 ◦C, from Merck Chemicals website).

Figure 3.6: Thermogravimetric analysis (black) and di�erential scanning calorimetry (red) curves
for the heating of Zn(ac)2 · xH2O

For Zn(ac)2 to form ZnO, the experimental mass loss is much higher than the theoretical

mass loss. This di�erence might be due to the sublimation (or evaporation) of Zn(ac)2 as

reported to occur above 180 ◦C in dry atmosphere by other researchers. [251, 252] Arii

and Kishi suggested that the humid atmosphere was capable of preventing the sublimation

of anhydrous zinc acetate. [251] For Zn(acac)2, as mentioned before, the evaporation of

sample during heating is more dramatic, and this makes it a very promising zinc precursor

for ZnO thin �lm deposition using solution-free deposition techniques such as chemical

vapour deposition (CVD). This is consistent with the use of zinc acetylacetonate as an

agent for atmospheric pressure chemical vapour deposition (APCVD). [263, 264]

At the end it is important to point out that all the experiments presented in this chapter

were carried out in dry atmosphere, and therefore, the discussed decomposition temperat-

ures and mechanisms might not be directly extrapolated to the decomposition processes

take place in the solution and during the deposition of thin �lms using spray pyrolysis. Due
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to the fundamental di�erences between investigation of thermal decomposition and spray

pyrolysis processes, studied zinc salt might decompose to ZnO through di�erent mechan-

isms which would lead to di�erent decomposition temperatures. However, based on several

experimental observations, we found that zinc precursors which decompose via several com-

plicated steps or have very high decomposition temperatures (from TGA data) do not tend

to produce high quality and conductive ZnO thin �lms using spray pyrolysis technique.

3.4 Conclusions

Thermal processes of various zinc precursors were investigated by TGA, TGA-DSC and

VT-XRD in dry atmosphere, and the formation of ZnO from the decomposition of the

zinc salts has been con�rmed. Among all precursors studied, Zn(acac)2 · xH2O had the

lowest decomposition temperature. From TGA-DSC results the thermal decomposition

of Zn(acac)2 · xH2O began with a single-step dehydration at ∼ 75 ◦C, followed by melt-

ing and parallel reactions including the sublimation and decomposition of anhydrous zinc

acetylacetonate. TGA-DSC clearly indicated that the decomposition of anhydrous zinc

acetylacetonate occurred together with evaporation/sublimation of the specimen at tem-

perature of around 220 ◦C. VT-XRD revealed that formation of anhydrous zinc acetylacet-

onate occurred at around 85 ◦C, followed by decomposition around 140 ◦C, and crystalline

ZnO could be identi�ed below 175 ◦C. Heating rate of thermal processes was found to be

responsible for the observed di�erence in thermal decomposition temperatures from TGA

and VT-XRD. On the other hand, thermal analysis of Zn(ac)2 revealed that it decomposes

via a two-step process. TGA-DSA revealed that the thermal process of Zn(ac)2 was com-

pleted by the sublimation around 300 ◦C. VT-XRD showed that anhydrous zinc acetate

formed at 85 ◦C, was directly decomposed to crystalline zinc oxide at ∼ 200 ◦C.

Thermal analysis such as TGA-DSC equipped with mass spectrometer (TGA-DSC-MS)

is essential for determining the accurate decomposition mechanism in su�cient detail.
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Chapter 4

Preparation and Characterisation of

Silicon-doped ZnO (SiZO) Thin Films

4.1 Introduction and overview

As discussed in Chapter 1, low resistivity semiconductor thin �lms can be prepared by

the creation of intrinsic atomic defects that act as donors, for example oxygen vacancies

and zinc atoms on interstitial lattice sites. An intrinsically-doped semiconductor thin �lm

can be achieved by controlling the oxygen partial pressure [265] and temperature during

deposition. On the other hand, an extrinsic semiconductor is a semiconductor with a small

amount of impurities added by a process known as doping. Extrinsic doping in ZnO is

usually achieved by the substitution of of extrinsic such as In, Al or Si on metal lattice sites

or halogens, such as Cl or F on oxygen lattice sites. [147, 157] In real oxide �lms, both

intrinsic and extrinsic doping mechanisms occur simultaneously.

In this and the next chapter, in order to understand the e�ect of single doping on the

properties of ZnO thin �lms, doping of silicon into ZnO (SiZO, this chapter), and doping

of �uorine into ZnO (FZO, next chapter) using spray pyrolysis is explored.

In In-doped, Al-doped or Ga-doed ZnO, In, Al, and Ga atoms on Zn sites act as single
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electron donors. Investigation of the e�ect of tetravalent dopants such as Ge, Sn and Si

dopants, which might act as multi electron donors and more e�ciently improve the optical

and electrical properties of TCOs by increasing the carrier concentration, have attracted

a lot of interest. Clatot et al. studied Sn, Ge, and Si doping of ZnO using the pulsed

laser deposition (PLD) technique. [266] They reported the lowest resistivity for Si-doped

ZnO, whereas, Ge-doped ZnO thin �lms had promising transparency and conductivity and

Sn-doped ZnO thin �lms were non-conductive. Si-doped ZnO prepared by RF Magnetron

Sputtering was reported for the �rst time by Minami et al. in 1986. [12] SiZO thin �lms

with minimum resistivity of 3.8 × 10−4 Ω cm and transmittance above 85% were produced

at low substrate temperatures of about 250 ◦C. More recent reinvestigation of Si-doping

of ZnO has resulted in a large dispersion in reported resistivity values, which vary from

6.2 × 10−2 Ω cm to 1.3 × 10−4 Ω cm. [12, 141�143, 267] The SiZO thin �lms deposited

by Luo et al. at room temperature by reactive magnetron co-sputtering method, using Zn

target attached to several Si chips distributed uniformly around the sputtering racetrack,

showed a minimum resistivity value of 6.2 × 10−2 Ω cm for the Zn1−xSixO (x = 0.02)

composition. [267] Yuan reports an optimum Si concentration of 2.1% corresponding to a

lowest resistivity of 9.2 × 10−4 Ω cm for SiZO thin �lms grown on sapphire substrates at

300 ◦C by atomic layer deposition method. [143] In the work of Rougier et al., transparent

(∼ 80%) 3% SiZO thin �lms with a low resistivity of about 7.9 × 10−4 Ω cm were deposited

at low substrate temperatures of ≤ 150 ◦C by PLD. However, this work only used substrate

surface area up to 1 × 1 cm2. [142] The same group, in a di�erent study, deposited SiZO

thin �lms using co-sputtering from ZnO and SiO2 targets. [268] A resistivity of 3.2 × 10−3

Ω cm at a [Si] / [Zn] ratio of 3.9 at.% was reported for the thin �lms grown at ambient

temperature under an Ar �ow.
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4.2 Experimental

All the ZnO thin �lms presented here and in the next chapters have been extrinsically

doped by adding silicon tetraacetate and/or ammonium �uoride to the zinc acetylacetonate

(Zn(acac)2) precursor solution.

In the present work, several series of undoped and Si-doped zinc oxide thin �lms of thick-

ness ∼ 500 nm were prepared by the spray pyrolysis technique at deposition temperatures

between 250 ◦C to 500 ◦C. A 0.15 M zinc precursor solution was prepared by dissolving zinc

acetylacetonate hydrate (Zn(C5H7O2)2 · xH2O, ≥ 99.995% metals basis, Sigma-Aldrich) in

a 1:2 (by volume) mixture of distilled water (Ondeo Purite Select Analyst) and isopro-

panol (99.5%, Sigma-Aldrich). 10 drops (∼ 0.5 mL) of glacial acetic acid (99.8%, Fischer

Scienti�c) was added to the precursor solution (10 ml) in order to dissolve and prevent

hydrolysis of zinc acetylacetonate monohydrate. After stirring for 30 minutes, a transpar-

ent solution with no suspended particles was obtained. The mixture was gravity �ltered

through qualitative �lter paper, resulting in a clear, homogeneous solution. For each de-

position run, 10 mL of this solution was used. Silicon tetra acetate (Si(OCOCH3)4, 98%,

Aldrich) was added to the base Zn(acac)2 solution as Si source, respectively. For deposition

of doped samples, 10 mL of solution was transferred to a second glass vial equipped with a

stirbar. While stirring, dopant was added to the solution, and the solution left stirring for

24 hours before spraying.

32 mm × 24 mm Schott D263T borosilicate glass cover slips (No. 1, 0.13 mm - 0.17

mm thick, Menzel-Gläser) ultrasonically cleaned in acetone and distilled water and dried in

the oven at 60 - 70 ◦C were used as substrates. The substrate was �rmly mounted on and

heated from below by a stainless steel heating block with two embedded 100 W cartridge

heaters. During �lm deposition the temperature of the block was adjusted and controlled

using an Eurotherm PID temperature controller and a Type J thermocouple inserted into

the centre of the heating block. The block was held at a constant temperature between 250

◦C and 550 ◦C during deposition. The precursor solution was sprayed through an atomiser
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nozzle (0.3 mm diameter, BETE XA PR-050) on to the preheated substrates at at a �ow

rate of ∼ 0.55 mL min−1 using a peristaltic pump (Master�ex® Console Drive, Model:

7519-20). The nozzle was located at the top of the chamber and the nozzle to substrate

distance was 30 cm. Deposition was carried out inside an acrylic chamber with a positive

internal pressure of nitrogen. Dry nitrogen gas was used as the carrier gas at the �ow rate

of 14 - 15 L min−1. Before commencing each deposition process the chamber was �ushed

with nitrogen and the system was heated to the operating temperature and held there for

approximately 20 minutes. After spraying, the system was held at operating temperature

for a further 5 minutes before cooling down. The substrates were heated up to deposition

temperature at a rate of 30 ◦C min−1 and cooled down after deposition to room temperature

under �owing nitrogen. The e�ect of Si doping was studied by adding di�erent amounts

(0.5 to 5 mol.%) of silicon tetraacetate (Si(OCOCH3)4, 98%, Sigma-Aldrich) to the zinc

precursor solution.

Based upon a series of calibration experiments using an optical pyrometer while no

spraying was happening (carried out by Alex T. Vai), it is estimated that the equilibrium

temperature at the top surface of glass substrates is ∼ 0.76 times the temperature measured

in the heater block. It was also found that the substrate temperature is not 100% uniform.

In order to avoid any confusion, all deposition temperatures are expressed as the heater

setpoint temperature and can be corrected any time using the graph shown in Figure 4.1.
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Figure 4.1: Temperature correction at the surface of the substrate

Structural, optical, electrical, morphological and surface properties of the prepared

�lms were characterised by X-ray di�raction (XRD), UV-Vis-NIR spectroscopy, Hall e�ect

measurement, atomic force microscopy (AFM), and scanning electron microscopy (SEM).

X-ray di�raction measurement of samples was performed using a a PANalytical X'Pert

PRO Di�ractometer (monochromated Cu-Kα1 radiation, λ = 1.54059 Å) at an emission

current of 40 mA and an anode voltage of 45 kV. The spectra were recorded from 5◦

to 80◦ scanning angle (2θ) with a step size of 0.0084◦. Samples were placed on a 60 rpm

spinner to improve averaging of crystallite orientation. The optical transmission spectra for

undoped ZnO and SiZO thin �lms in this chapter, were recorded at room temperature for

wavelengths between 2500 and 200 nm using a Varian Cary 5000 UV-Vis-NIR spectrometer.

The optical data were used to calculate the �lm thickness by modelling the interference

fringes of ZnO �lms observed in the visible part of spectra using the envelope method of

Swanepoel. [239] Electrical characterisations were studied by the van der Pauw technique

[240] using an Ecopia HMS-3000 Hall e�ect measurement system with a 0.55 T permanent

magnet on a small piece of the samples (5 mm × 5 mm). Indium solder was used to create

four ohmic electrical contacts on the corners of the thin �lms. Electrical Measurements at
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temperatures below (to ∼ 80 K) and above (to ∼ 350 K) were achieved using a custom-

designed heating and cryogenic cooling system. Sample temperature was measured with

a Type T thermocouple embedded in the sample mount and in contact with the �lm

substrate. AFM images were recorded on a Digital MultiMode scanning probe microscope

with a Nanoscope IIIa controller. Nascatec GmbH (model: NST NCHFR) silicon probe

with resonant frequencies of approximately 320 kHz were used. The AFM probe was

calibrated by scanning a three-dimensional reference from Digital Instruments. The SEM

images in this chapter were collected on a JEOL JSM-6500F low voltage �eld emission gun

scanning electron microscope at an accelerating voltage of 5 kV. Samples were examined

without any platinum or gold coating.

4.3 Results and discussion

4.3.1 Structural studies of ZnO and SiZO thin �lms

4.3.1.1 E�ect of deposition temperature

The X-ray di�raction patterns of undoped and Si-doped ZnO thin �lms deposited at tem-

peratures between 250 ◦C and 500 ◦C are shown in Figure 4.2 (a) and (b). The XRD

patterns show only peaks consistent with the hexagonal wurtzite ZnO phase; no crystalline

phase corresponding to either SiO2 or Zn2SiO4 were observed in the XRD patterns. A

reference pattern for ZnO is also shown in the �gure.
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(a)

(b)

Figure 4.2: XRD patterns of (a) ZnO and (b) SiZO thin �lms deposited at temperatures from
250 ◦C to 500 ◦C

The substrate temperature plays an important role in determining the preferred orient-
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ation of crystallites in the deposited ZnO thin �lms. The variations in intensity ratios of the

(100), (002) and (101) XRD re�ections (expressed as texture coe�cient, TC ), as a function

of substrate temperature are shown in Figure 4.3. The preferred orientation of growth of

thin �lms can be determined by the texture coe�cient of the (hkl) plane, TC (hkl ), using

Equation 4.1.

The texture coe�cient of the (hkl) plane, TC (hkl ), can be used to evaluate the preferred

orientation of growth of ZnO thin �lms, using the following formula introduced by Barret

and Massalski in 1980: [269]

TC(hkl ) =
I(hkl )i/I0(hkl )i

N−1
∑

I(hkl )n/I0(hkl )n
× 100% (4.1)

where I (hkl ) is the measured relative intensity of a plane (hkl), and I 0(hkl ) is the standard

intensity of the corresponding bulk reference plane, taken from the databases (JCPDS).

[270] However, the above formula for di�erent planes of one sample di�ers only by a constant

value. Thus, for di�erent planes in the ZnO pattern Equation 4.1 can be rewritten as:

TC(100) =
I(100)

I(100) + I(002) + I(101)
× 100%

TC(002) =
I(002)

I(100) + I(002) + I(101)
× 100%

TC(101) =
I(101)

I(100) + I(002) + I(101)
× 100% (4.2)

where I(100) and I(002) and I(101) are the intensities of each plane. A TC value close to 100%

arises from a perfect preferential growth along one plane and lack of growth along other

planes.

Both undoped ZnO and SiZO thin �lms deposited at low temperatures exhibit a poly-

crystalline structure with a (100) preferred orientation; the relative intensity of the (100)
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re�ection decreases signi�cantly with an increase of deposition temperature up to 325 ◦C.

As the deposition temperature is raised above 325 ◦C, the intensity of (002) re�ection in-

creases, indicating preferential growth of crystallites with the (002) plane parallel to the

substrate surface. Similar observations were also reported by Solookinejad et al. for ZnO

thin �lms deposited by the sol-gel technique. [271] It is known that preferred orientation of

thin �lms is a�ected by surface free energy of each crystal plane and the surface free energy

depends strongly on the type of hybridised orbital available at the metal. For example,

for materials with sp2 orbitals the surface of the �lms have tendency to be (001)-oriented

and for those with sp3 orbitals the (111) plane is preferred in the cubic structure and the

(001) direction is preferred in the hexagonal structure, because these planes have minimum

surface free energies and the �lm grows to minimise the surface free energy. ZnO has tet-

rahedral coordination formed by sp3 hybridised orbitals and as it has wurtzite structure,

the direction of each apex is parallel to the c-axis ((001) plane), and this is why the ZnO

�lms tends to grow in the (001) direction, and the (001) oriented and self textured �lms

are easily obtained. [200]

The behaviour of undoped ZnO and SiZO diverges at higher temperatures. In pure ZnO

thin �lms, the (100) re�ection in the XRD spectra is not present at temperatures greater

than 400 ◦C. However, for the SiZO thin �lms, the (100) re�ection is still observed even at

high temperatures, indicating that a mixed orientation of crystallites is preserved.
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Figure 4.3: Variations in TC (100), TC (002) and TC (101) of ZnO vs SiZO as a function of the �lm
deposition temperature

The mean crystallite size in thin �lms was calculated from the line broadening in the

XRD patterns using Scherrer equation (Equation 2.9). The results are presented in Figure

4.4. The crystallite size in both ZnO and 3% SiZO �lms exhibits a maximum at deposition

temperatures of around 325 ◦C. At deposition temperatures below 350 ◦C, the crystallite

size of the SiZO �lms deposited is smaller by approximately 10 nm in comparison to that

of undoped ZnO �lms whereas for �lms deposited above 350 ◦C, the crystallite sizes of ZnO

and SiZO �lms are very similar. It is also observed that the crystallite size of undoped and

SiZO �lms decreases as the preferred orientation along the c-axis and the intensity of the

(002) re�ection plane increase.
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Figure 4.4: Calculated Scherrer crystallite sizes as a function of deposition temperature for ZnO
and 3% SiZO thin �lms

The variation in lattice parameters of ZnO and 3% SiZO thin �lms as a function of

deposition temperature was investigated (Figure 4.5). For both ZnO and SiZO thin �lms

the lattice constant a = b is weakly dependent on the deposition temperature, increasing

from 3.245 Å to about 3.252 Åover the range studied. In contrast, the lattice parameter c

decreases from 5.217 Å to 5.203 Å with increasing deposition temperature up to 350 - 400

◦C and then remains almost constant still at higher temperatures. The unit cell volume

for both ZnO and 3% SiZO �lms follows the trend observed for the c lattice constant. The

contraction of the ZnO unit cell at deposition temperatures up to 350 ◦C can be attributed

to increasing solubility of Si in the ZnO structure and substitution of Zn atoms in ZnO

lattice by the smaller Si atoms (ionic radii of Zn2+ and Si4+ under tetrahedral coordination,

are 0.60 Å and 0.26 Å, respectively [150]) during the formation of SiZO thin �lms and also

to an increase in concentration of oxygen vacancies in ZnO thin �lms.
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Figure 4.5: Variation of the lattice parameters of ZnO and SiZO thin �lms deposited at various
deposition temperature

It can be proposed that the concentration of substitutional Si defects and the deviation

from oxygen stoichiometry in ZnO lattice reach their limits at deposition temperatures

of around 400 - 450 ◦C and do not increase at the higher deposition temperatures. The

correlation between the variations in lattice parameters of the �lms prepared at di�erent

temperatures and the degree of Si doping and oxygen non-stoichiometry is also consistent

with the results of electrical property measurements which show that electron carrier con-

centration increases with deposition temperature until it reaches a limiting value above 400

◦C, as will be discussed further in Section 4.3.4.

4.3.1.2 E�ect of Si concentration

Figure 4.6 (a) shows the resulting XRD patterns for the SiZO thin �lm deposited at 450

◦C with variation of Si concentration. For all the samples, the (002) peak has the highest
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intensity, indicating that the as grown SiZO thin �lms exhibit (002) preferential orientation

with c-axis perpendicular to the substrate. No extra peaks related to silicon oxide or silicon

zinc oxide were found in the XRD patterns, even at high concentration of Si. This may be

due to Si ions substituted into the ZnO lattice or Si segregated to the non-crystalline region

in the grain boundary. [143] The position of (002) peak as a function of Si concentrations

are shown in Figure 4.6 (b). It can be seen that the position of (002) peak gradually shift

to higher 2θ angle with increases Si concentration, which indicated that Si has really doped

into the ZnO lattice.

(a) (b)

Figure 4.6: (a) XRD patterns and (b) position of the (002) peak of SiZO thin �lms with various
Si concentration deposited at 450 ◦C

Although, the intensity of the (100) peak increases with increasing Si concentration to

2% and higher, but by looking at variations of the intensity ratios of the (100), (002), and

(101) re�ections more closely, as seen in Figure 4.7, TC values for SiZO �lms deposited

at 450 ◦C do not depend on the Si dopant concentration and the TC (100), TC (002), and

TC (101) values remain almost invariant with increasing Si doping level. This suggest that

the texture of the thin �lms should not considerably change with increasing doping level.
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Figure 4.7: Variations in TC (100), TC (002) and TC (101) of SiZO thin �lms deposited at 450 ◦C as
a function of Si concentration

Using the XRD patterns and the Scherrer equation (Equation 2.9) the in�uence of Si

content on the crystallite size was investigated. The mean crystallite size was found to

decrease slightly from around 80.0 nm at 0% Si to around 50.0 nm at Si concentration of

5%. These results agree well with the variation of the particle size obtained from AFM

images (Figure 4.9).

4.3.2 AFM and SEM studies of ZnO and SiZO thin �lms

4.3.2.1 E�ect of deposition temperature

Figure 4.8 depicts AFM micrographs of ZnO and 3% SiZO �lms deposited at di�erent

deposition temperatures. As seen in Figure 4.8 (a) to (f), the particle size and the uniformity

of the �lms increase with increasing deposition temperature for both ZnO and 3% SiZO

thin �lms. In general, SiZO �lms show a smaller particle size than corresponding ZnO

�lms.
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(a) (b) (c)

(d) (e) (f)

Figure 4.8: AFM images of ZnO and 3% SiZO thin �lms deposited at di�erent temperatures; (a)
250 ◦C, (b) 300 ◦C, (c) 350 ◦C, (d) 400 ◦C, (e) 450 ◦C, and (f) 500 ◦C

Deposition temperature seems to be a key factor in determining the particle shape and

size of ZnO and SiZO thin �lms. The particle size of undoped ZnO thin �lms increased

from 140.0 ± 25.0 nm for the �lm deposited at lower 350 ◦C to about 220.0 ± 30.0 nm
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with increasing deposition temperature to 400 ◦C and above. The mean surface roughness

followed the same trend and increased from about 33.4 ± 4.2 nm for the samples deposited

at 350 ◦C and lower to 43.8 ± 2.8 nm for the �lms deposited at temperatures above 400

◦C. SiZO thin �lms show smaller particle size on the surface comparing to ZnO thin �lms,

but it still increases as the deposition temperature was raised. The particle size grows from

about 120.0 nm for the �lm made at 250 ◦C to around 150.0 nm for the samples prepared

at temperatures higher than 400 ◦C. The surface roughness was more or less similar for all

SiZO and in the range of 21.3 to 27.4 nm.

4.3.2.2 E�ect of Si concentration

Figure 4.9 shows the AFM micrographs of SiZO �lms deposited at constant deposition tem-

peratures and with varying Si dopant concentration at a constant temperature (450 ◦C).

Increasing Si concentration results in smaller particle sizes. These results are in agreement

with the variation of the crystallite size obtained from XRD patterns. In addition, the

surface roughness of ZnO thin �lms was found to decrease with increasing Si dopant con-

centration, in consent with the decrease in particle size. The root-mean square roughness

of ZnO and 3% SiZO �lms deposited at 450 ◦C was found to be 47.7 nm and 21.3 nm,

respectively.

116



Chapter 4. Preparation and Characterisation of Silicon-doped ZnO (SiZO) Thin Films

(a) (b) (c)

(d) (e) (f)

Figure 4.9: AFM images of SiZO thin �lms deposited with various Si concentration at 450 ◦C

The SEM micrographs shown in Figure 4.10 illustrate details of the surface morphology

for ZnO thin �lms deposited at 250 ◦C, 325 ◦C and 450 ◦C, and 3% SiZO �lm deposited

at 450 ◦C. While particle sizes observed in SEM and AFM are larger than crystallite sizes

determined from XRD, this simply suggests that the larger particles may be composed

of several smaller crystallites. A similar di�erence between the particle sizes from SEM

analysis and the crystallite sizes from XRD has also been observed in doped ZnO thin �lms

reported by other researchers. [272] The small particles of about 50 nm observed in the

SEM images of SiZO samples which can be representative of crystallites on the surface of

the �lms.
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(a) (b)

(c) (d)

Figure 4.10: SEM images of ZnO thin �lms deposited at (a) 250 ◦C , (b) 325 ◦C, (c) 450 ◦C, and
(d) 3% SiZO thin �lm deposited at 450 ◦C

The ZnO thin �lm deposited at 250 ◦C shows a structure consisting of small wedge-like

particles that are oriented perpendicular to the substrate surface; this correlates with the

XRD data which show a (100) preferential orientation for this �lm. On the other hand, the

SEM image of the �lm deposited at 450 ◦C revealed a �ake-like structure with preferential

orientation of two-dimensional particle sheets parallel to the substrate surface in agreement

with the XRD results (Figure 4.2 (a)) which show a highly c-axis oriented structure. Figure

4.10 (d) displays the SEM image of a 3% SiZO thin �lm grown at 450 ◦C. The �lm shows
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similar shaped-particles to that observed in the undoped ZnO �lm prepared at 450 ◦C, but

with smaller particle size and weaker c-axis orientation particles. The di�erences in particle

size, orientation and morphology signi�cantly in�uence the electrical properties of the thin

�lms, as discussed in Section 4.3.4.

4.3.3 Optical studies of ZnO and SiZO thin �lms

The e�ect of deposition temperature and Si doping on the optical transmittance spectra of

ZnO thin �lms in the wavelength range from 250 nm to 2500 nm was studied. The results

are presented in Figure 4.11. All of the �lms show high transparency (∼ 65 - 85%) over

the visible range of the electromagnetic spectrum. The high frequency interference fringes

observed in the infrared (IR) part of the spectra originate from the multiple re�ections in

∼ 0.15 mm glass substrates.

(a)
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(b)

(c)

Figure 4.11: Optical transmittance spectra of (a) undoped ZnO and (b) 3% SiZO �lms deposited
at di�erent temperatures, and (c) SiZO �lms with di�erent Si concentration deposited at 450 ◦C

As seen in Figure 4.11 (b) and (c), with increasing deposition temperature and doping

concentration, SiZO thin �lms exhibit a decrease in IR transmittance. According to Drude's

theory the optical properties in the near-infrared (NIR) are closely linked to the properties

of free carriers in the material. [188] A signi�cant decrease in transmittance observed in
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the infrared region is associated with the plasma re�ectivity of free carriers (Equation 1.9).

This is also called Plasmon Resonance e�ect. The plasma edge for samples with n < 1×1020

cm−3 usually lies at wavelengths longer than the wavelength range of these measurements.

High electron concentration (n > 1 × 1020 cm−3) and low electron e�ective mass, therefore,

lead to the observed increase in the infrared re�ectivity. However, in the visible region the

SiZO thin �lms are still highly transparent.

A blue shift in the plasma edge with increasing deposition temperature and Si doping

level is consistent with an increase in free carrier concentration in the �lms. The sharp

fundamental absorption edge at about 380 nm observed for all of the �lms arises from the

intrinsic band gap transitions in ZnO. With increasing carrier concentration in the �lms a

blue shift of the onset of the interband absorption edge is observed due to the Burstein-Moss

e�ect.

Figure 4.12 shows the optical band gaps (E g ) of undoped ZnO and SiZO thin �lms,

calculated from the transmittance spectra using the Tauc relation (Equation 2.17) and the

method described in the Section 2.4 of the Experimental Chapter.

(a) (b)
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(c)

Figure 4.12: Plot of (αhν)2 as a function of photon energy, hν, for (a) ZnO and (b) 3% SiZO thin
�lms deposited at di�erent temperatures, and (c) SiZO thin �lms with di�erent Si concentration
deposited at 450 ◦C. Insets show the variation of the derived ZnO and SiZO band gap as a function
of deposition temperature and Si concentration

The observed widening of the band gap in SiZO thin �lms with increasing deposition

temperature and Si doping level (insets in Figure 4.12) correlates well with the variations in

carrier concentration values determined for both series of thin �lms, which will be discussed

in more detail in Section 4.3.4. The optical band gap of undoped ZnO thin �lms is almost

independent of deposition temperature and is in the range of 3.284 ± 0.004 eV, implying

that the carrier concentration in these �lms is not high enough to cause a Burstein-Moss

shift in ZnO band gap and that the Fermi level is located within the band gap. [273]

4.3.4 Electrical transport properties of ZnO and SiZO thin �lms

The room temperature electrical properties of undoped and Si-doped ZnO thin �lms as

a function of deposition temperature and Si concentration are shown in Figures 4.13 and

4.14, respectively. Increasing deposition temperature induces a steep rise in both carrier

concentration and carrier mobility, which occurs for both undoped and SiZO thin �lms. The

increase in electron concentration for undoped �lms deposited in the range of 250 - 350 ◦C

(Figure 4.13) can be attributed to the higher concentration of intrinsic donor defects i.e.
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oxygen vacancies or zinc interstitial atoms generated at the higher deposition temperatures.

Figure 4.13: Room-temperature variations of electron concentration (n), mobility (µ), and elec-
trical resistivity (ρ) of pure ZnO and 3% SiZO thin �lms as a function of deposition temperature

Signi�cant changes in particle orientation and morphology of the �lms as a function

of deposition temperature observed above in AFM and SEM images should also in�uence

signi�cantly the electrical transport in the �lms. It can be proposed that low carrier

mobilities in both undoped ZnO and SiZO �lms deposited at temperatures below 350 ◦C

are caused by a hindered carrier transport across the grain boundaries and poor electrical

contacts between the wedge-like particles (Figure 4.10 (a)). A steep increase in carrier

mobility at 350 - 450 ◦C (Figure 4.13) coincides with a rise in the intensity of (002) re�ection

in XRD spectra (Figure 4.3). The enhanced alignment of particles with c-axis oriented
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perpendicular to the substrate surface is also clearly visible in SEM images (Figure 4.10 (c))

and can lead to improved intra-particle electrical contacts and increased mobility for �lms

deposited at temperatures above 350 ◦C. Importantly, over the whole range of deposition

temperatures studied, the carrier concentration in SiZO �lms remains more than an order

of magnitude larger than that in undoped ZnO �lms. This fact, as well as a rise in electron

density with increasing Si content in thin �lms deposited at 450 ◦C (Figure 4.14), strongly

suggests that in the ZnO thin �lms grown by spray pyrolysis, Si acts as an e�ective n-type

dopant, presumably due to the substitution of Si for Zn in the crystal structure. E�ective Si

doping results in carrier concentration of 1.7 × 1020 cm−3 and electrical resistivity of 3.7 ×

10−3 Ω cm for 3% SiZO thin �lms obtained at 450 ◦C. Importantly, SiZO �lms deposited at

this temperature demonstrate a lower electrical resistivity and higher carrier concentration

in comparison with 3% Al-doped ZnO �lms prepared by spray pyrolysis at 475 ◦C. [274]

A drop in carrier mobility for 3% SiZO �lms deposited at 500 ◦C (Figure 4.13) might be

caused by a possible formation and segregation of low concentration of small clusters of a

Zn2SiO4 or SiO2 phases, which act as additional scattering centres for charge carriers.
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Figure 4.14: Variations in electron concentration (n), mobility (µ), and electrical resistivity (ρ)
of SiZO thin �lms deposited at 450 ◦C as a function of Si dopant concentration

It is seen in Figure 4.14 that the carrier concentration in the SiZO �lms reaches a

maximum value at around 2 - 3% Si indicating that above this concentration, the addition

of more Si atoms does not contribute to the generation of mobile charge carriers. This

limiting behaviour corresponds well to that reported for other e�cient n-type dopants in

ZnO �lms. [275] Solid solubility limit of Si in the host (ZnO) matrix might be a possible

cause of the this observed limiting behaviour.
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4.4 The conduction mechanism and the insulator-conductor

transition in ZnO, SiZO and FSZO polycrystalline thin

�lms

Oxides of the chemical elements of the periodic table show the most diverse range of elec-

trical behaviour of any class of materials. They include some of the very best insulators,

other highly conducting, genuinely metallic conductors, and highest transition-temperature

superconductors (Figure 4.15). [276] However, there are many examples in nature where

metals can be transformed into highly resistive insulators, and there are many cases where

high resistivity materials transition into the metallic state. [277�280]

Figure 4.15: The room temperature electrical conductivities of oxides (adapted from [276])

In order to understand semiconductor-metallic state transition in TCOs, it is important

to de�ne the ways in which electricity can �ow in n-type doped ZnO polycrystalline thin

�lms and di�erent conduction mechanism which can a�ect the electronic transport in these

types of semiconductor materials. Several parameters such as the impurity (dopant) level
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concentration and temperature can change the conduction mechanisms. [281] Not taking

into account of the role of grain boundaries in electronic transport through the sample,

in general, two di�erent conduction mechanisms of the charge carrier transport can be

considered; (1) The �rst conduction process occurs when temperature is high enough to

thermally excite the carriers from impurity states into the conduction band of the host

(ZnO). In this mechanism, conductivity is approximately proportional to the impurity

concentration, therefore, If donor-to-conduction band excitation is the dominant conduc-

tion process, a substantial change in n with temperature should be observed. (2) The second

mechanism happens when the temperature is low and free carriers can not be thermally ex-

cited into the conduction band, and electronic transport arises only from conduction within

an impurity band, due to the wavefunction overlap between impurities. This process en-

ables carriers to quantum-mechanically tunnel from an occupied to an energetically similar

unoccupied impurity centre. These two processes are characterised by activation energies

E 1 and E 2, respectively. Figure 4.16 shows a schematic representation of the stated energy

level structure in n-doped ZnO.

Figure 4.16: Schematic of impurity band conduction in ZnO at various carrier concentrations in
the absence of grain boundaries. E 1 and E 2 are the average energy required for thermal excitation of
an electron from the impurity band into the conduction band, and the activation energy associated
with electron hopping in an impurity band, respectively (adapted from [281])

Since n-type doped ZnO thin �lms are polycrystalline, grain boundaries between and

within individual crystallites can also strongly in�uence their overall electronic properties.
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The grain boundary scattering in polycrystalline semiconductor thin �lms has often been

analysed using a charge-trapping model. [205, 282] This model assumes that the �lm

consists of small grains joined together by grain boundaries with a small thickness. Due

to incomplete atomic bonding, grain boundaries typically contain a high density of defects

that can also trap impurity atoms, oxygen and hydroxide groups. These acceptor impurity

states trap free electrons from the bulk of the particles thus becoming electrically charged

and creating a potential energy barrier for electron transport across grain boundaries. As

a result, the electrical transport properties in polycrystalline �lms are often governed by

carrier trapping at grain boundaries. The formation of potential barriers due to oxygen

chemisorption on a single crystal ZnO surface has been con�rmed experimentally. [283] It

has been found that oxygen chemisorbed on the ZnO surface can cause the formation of

strong surface depletion layers because oxygen atoms capture electrons from the bulk areas

forming O2− ions. The formation of the potential barriers due to impurity trapping might

be particularly signi�cant for thin �lms prepared by solution-based routes which could

result in a high concentration of hydroxide groups at grain boundaries, thus increasing

the electrical resistance of grain boundary regions. The electrical transport across such

insulating grain boundaries can occur either by thermionic emission (TE ) due to carriers

with energy su�ciently high to surmount the potential barrier of height V b , or by quantum-

mechanical tunnelling (T ) through the barrier for carriers with energy much less than the

barrier height (Figure 4.17 (a)). Of these two conduction mechanisms, only thermionic

emission can give rise to an activated temperature dependence of Hall mobility.
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(a) (b)

Figure 4.17: Schematic band diagram of (a) a polycrystalline n-type doped semiconductor and
(b) a degenerate n-type semiconductor (adapted from [281])

The potential energy barriers can reduce electron mobility, as electrons with energies

less than V b are con�ned to the potential barriers and therefore, can not take part in

charge transport. By increasing carrier concentration, Fermi level shifts to higher energies

and into the conduction band. As a result, the height of the energy barriers reduces, and

more electron can move across the barriers (Figure 4.17 (b)).

As mentioned earlier, at low temperatures, the critical carrier concentration for a non-

metallic to metallic impurity conduction transition, depends on overlap of wavefunctions of

impurity states. Mott established the idea that at high impurity densities, overlapping of

the impurity wavefunctions occurs to such an extent that free carriers become completely

delocalised within the impurity band. The Mott criterion [284] describes the critical carrier

concentration for non-metallic to metallic transition as:

n1/3c a∗H ≈ 0.26 (4.3)

where nc is the critical carrier density for the metal-insulator transition (MIT) transition

to occur, [285] and a∗H is the e�ective Bohr radius of the isolated impurity state at low

concentrations, ranging from approximately 1.4 nm for undoped ZnO to 0.67 nm for Al or

Si doped ZnO, which correspond to an nc between 6.4 × 1018 cm−3 and 6.0 × 1019 cm−3,
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respectively. [286, 287] At higher carrier concentrations, ncb , the impurity band which is

metallic now, merges with the host conduction band (Figure 4.16), and as a result, the

Fermi level shifts to above the conduction band edge and the system will show a metallic-

type conduction. ncb ≈ 3nc for a prototypical MIT system such as phosphorous-doped

silicon. [288] Using the Mott criterion, Edwards and Sienko demonstrated that the MIT

locations of various set of TCOs, including doped ZnO systems, range from n = 1018 to

1020 cm−3. [279]

The electrical transport properties of undoped ZnO, SiZO �lms with di�erent Si con-

centration, and 3%Si - 30%F FSZO �lm deposited at 450 ◦C are presented as a function of

measurement temperature in Figure 4.18 (variable temperature Hall e�ect measurement of

FSZO thin �lm was kindly carried out by Alex Vai). In general, samples show a decrease

in resistivity with increasing temperature, and this change in resistivity is larger for �lms

with lower carrier concentration. For all of the �lms, the carrier concentration remains

practically constant and is independent of temperature across the entire temperature range

studied, indicating that the �lms are degenerate semiconductors and the Fermi energy is

above the bottom of conduction band. Instead, we found that the resistivity change at

higher temperatures is driven mostly by a change in mobility. This suggests that that

another factor - namely, the e�ect of grain boundaries - must also be considered. The

invariance of n with temperature has previously been taken as a strong indication that

an impurity band formed from shallow donor states has now merged with the host (ZnO)

conduction band. [289] The �lms with room temperature carrier concentrations of about

1019 cm−3 and lower display clear thermally-activated behaviour of n in the higher tem-

perature ranges. These results are in agreement with the critical electron concentration

value (nc) for metal-insulator transition (MIT) obtained using the Mott criterion. The

calculated nc value of 6.4 × 1018 cm−3 implies that all undoped ZnO �lms deposited at

temperatures below 450 ◦C (black line+symbol plot in Figure 4.13) are on the insulating

side of the transition. This conclusion also agrees with optical measurements showing a
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constant optical band gap value in undoped ZnO �lms. On the other hand, all of the �lms

presented in Figure 4.18 should be on the metallic side of MIT.

Figure 4.18: Temperature dependence of Hall carrier concentration (n), mobility (µ), and res-
istivity (ρ) of undoped ZnO, SiZO, and FSZO thin �lms with di�erent doping levels deposited at
450 ◦C

As seen in Figure 4.18 the measured Hall carrier mobility at room temperature is around

16.0 cm2 V−1 s−1 for the lowest carrier concentration �lm (undoped ZnO), and initially de-

creases sharply as the carrier concentration is increased, and �nally levelling in the range

of 6 - 10 cm2 V−1 s−1 for �lms with n ≥ 1.0 × 1019 cm−3. The carrier mobility also displays

a positive temperature dependence that becomes less pronounced with increasing carrier

concentration. Such behaviour is indicative of an additional thermally-activated electrical

conduction process present in the �lms. The weaker temperature dependence of mobil-
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ity at low temperatures which has been observed in many systems has been attributed

to the dominant e�ect of thermally-assisted quantum mechanical tunnelling. [138, 205] A

thermally-activated carrier mobility is often explained by either a hopping mechanism, per-

colation conduction, or grain boundary scattering. Conduction occurs by the �hopping� of

electrons between localized impurity states, in a material with a low spatial density of im-

purities. A variable-range hopping mechanism is unlikely to dominate the carrier transport

in the system since, for all samples, a well-de�ned Hall voltage was observed without the

anomalous behaviour usually found in strongly disordered or amorphous materials with an

electron mean free path below the Io�e-Regel limit. [290] Io�e and Regel argued that mean

free path of the free carriers (l e) can never become shorter than the interatomic spacing a,

since at that point the concept of carrier velocity is lost. Therefore, electrical conduction

has to break down when the mean free path of carriers approaches the interatomic distance.

Similar arguments were later proposed by Mott (1972) and the notion of a minimum metal-

lic conductivity compatible with a minimum mean free path l e = a became known as the

Mott-Io�e-Regel (MIR) limit. [291] A MIT will occur when kF le ≈ 1 (the �Io�e-Regel

criterion�), where kF is the Fermi wavenumber. When kF l e � 1, the electronic states are

localized. Given that,

kF le =
h(3π2)2/3

e2ρn1/3
(4.4)

where n is the carrier concentration, ρ is the resistivity (at a given temperature), e is the

electronic charge, the value of n that gives kF l e = 1 can be assigned as the approximate

location of the MIT. Equation 4.4 is only valid at low temperatures.

The percolation conduction model often applied to amorphous and disordered conduct-

ors also fails to explain the observed trend in carrier mobility as a function of electron

density. In the percolation conduction, the carrier mobility should increase with increas-

ing carrier concentration, [292] but such a variation is not observed in these SiZO and

FSZO �lms (Figure 4.18). This suggests that thermally-activated Hall mobility in SiZO

and FSZO �lms can be attributed to grain boundary scattering, as noted earlier. It is often
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assumed that grain boundaries do not disturb the transport of free carriers in polycrystal-

line materials with a carrier concentration above 1019 cm−3, because the mean free path

of carriers in such systems is much smaller that the crystallite size. However, it has been

found that grain boundary scattering of free carriers can have a pronounced e�ect even in

heavily doped (degenerate) microcrystalline ZnO �lms with carrier concentration as high

as 1021 cm−3. [196, 293, 294] This has been con�rmed by comparing the optical carrier

mobility, which is a characteristic of intra-grain scattering, and Hall mobility limited by

both intra-grain and grain boundary scattering processes.

Under the conditions that grain interior mobility is much larger than mobility across grain

boundaries, the thermally activated Hall mobility, µH , for a degenerate semiconductor, due

to thermionic emission over the grain boundary can be expressed as: [295]

µH = LB exp

(
−

Va

kT

)
(4.5)

where L is an e�ective grain size, and B is a material speci�c constant and given by:

B = e(
1

2πm∗ekT
)1/2 (4.6)

m∗e is the e�ective electron mass, k is the Boltzmann constant, and V a is the activation

energy related to the grain boundary barrier, de�ned as Va = Vb− (EF−Ec ), where Vb is the

potential barrier height at grain boundaries and EF − Ec is the energy separation between

the Fermi level and the bottom of the conduction band for the material inside the particles.

According to Equation 4.5, a plot of ln(µHT1/2) values against 1/T should yield a line with

slope and intercept from which the parameters V a and L can be extracted, respectively.

Using experimental Hall mobility data presented in Figure 4.18, the room temperature

activation energy V a obtained by plotting ln(µHT1/2) values against 1/T ranges and �tting

the linear part of the curves for the gradient of room temperature µH data point, as shown

in Figure 4.19. Only data for T > 160 K was used, because data from below this threshold
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show non-linear behaviour (Figure 4.19) which could indicate a transition to a regime with

another conduction mechanism, most likely, the thermally-assisted electron tunnelling that

dominates charge transport across grain boundaries at low temperatures. [205, 296]

Figure 4.19: Plot of ln(µHT1/2) values against 1/T for undoped ZnO, 3% SiZO, and 3%Si - 30%F
FSZO �lms. V a and L values can be extracted from slope and intercepts of the curves, respectively

The activation energy, V a, derived from Equation 4.5 is decreasing from 28.4 meV for

undoped ZnO �lms to 18.5 meV for 3% SiZO, and 13.7 meV for 3%Si - 30%F FSZO �lms

deposited at 450 ◦C. These activation energies are comparable to kT at room temperature

(kT300K =25 meV), indicating that grain boundary scattering might play a signi�cant role in

electron charge transport. The e�ective grain size, L, derived from Equation 4.5, decreases

as the carrier concentration increases, accounting for the decrease in room temperature

mobility in these �lms as a function of n. It is also seen from Figure 4.18 that the temper-

ature dependence of carrier mobility becomes weaker with increasing carrier concentration

in the �lms. This indicates that at high doping levels the grain boundary potential barrier

becomes less signi�cant as a result of a decreasing depletion layer width due to the entry

of Fermi level energy into the conduction band.
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If the height of the potential barrier at grain boundaries is high and the depletion width

is very narrow, thermally-assisted quantum-mechanical tunnelling of electrons through the

barriers can become the main charge transport mechanism. The width of the depletion

region, d, at grain boundaries can be estimated using: [297]

d =
(
2ε0εZnOVb

eND

)1/2
(4.7)

where N D is the donor concentration in the depletion layer, ε0 is the permittivity of free

space and εZnO = 8.5 is the static dielectric constant of ZnO. [298] The potential barrier

height V b can be estimated using obtained V a values and the calculated Burstein-Moss

shift 4EBM in degenerate semiconductors with parabolic bands:

4EBM = EF − Ec =
h2

8m∗e

(3n
π

)2/3
(4.8)

where h is the Planck constant and m∗e is the electron e�ective mass. Taking into account

the dependence of m∗e on carrier concentration in doped ZnO �lms, [299] and assuming that

the charge density N D in the depletion layer is equal to the bulk carrier concentration, the

estimated depletion layer width is around 3.1 nm and 1.3 nm for undoped and 3% SiZO

�lms deposited at 450 ◦C, respectively. A signi�cant decrease in the depletion layer width

with rising carrier concentration facilitates the tunnelling current between grains, which

becomes a dominant conduction mechanism in heavily doped ZnO �lms. The width and

height of the depletion layer at grain boundaries in solution-processed thin �lms is a�ected

by the preparation conditions, in particular, by the deposition temperature.

As seen in Figure 4.13, the electrical transport in �lms prepared at temperatures below 400

◦C is signi�cantly hindered, presumably as a result of a large potential barrier formed at

grain boundaries due to a signi�cant amount of chemisorbed oxygen and hydroxide groups.

With increasing deposition temperature, the density of interface defects decreases due to

desorption of the electrically active oxygen-based species from the inter-grain surface during
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thin �lm growth, thus reducing the potential barrier height and width. This model would be

consistent with an observed rise in electron mobility with increasing deposition temperature

from 350 ◦C to 450 ◦C. It is clear that the electrical transport in polycrystalline ZnO �lms

is signi�cantly a�ected by the �lm morphology, grain size and grain barrier trap densities

of interfacial defects and chemisorbed impurities. The electron mobility in SiZO and FSZO

thin �lms prepared by spray pyrolysis technique is limited by both thermionic emission and

electron tunnelling across the grain boundaries. Further e�orts are required to study the

e�ect of inter-grain scattering on electron mobility of polycrystalline ZnO �lms in order to

improve their electrical transport performance.

4.5 Conclusions

Highly conducting and optically transparent Si-doped ZnO thin �lms were prepared on

glass substrates at a temperature of 450 ◦C using a low-cost spray pyrolysis technique. The

�lms deposited at temperatures lower than 350 ◦C have the (100) preferred crystallographic

orientation, whereas �lms prepared at higher deposition temperatures have the (002) pre-

ferred orientation and show �ake-like structure which we propose to be responsible for the

lower electrical resistivity of the �lms. At optimum doping concentration of 3% Si and a

deposition temperature of 450 ◦C, the thin �lms exhibit an electrical resistivity of 3.7 ×

10−3 Ω cm, a carrier concentration of 1.7 × 1020 cm−3, and an optical transmittance of

around 80 - 85% in the visible region. The temperature dependence of the electrical trans-

port properties of undoped ZnO, SiZO, and FSZO thin �lms have been measured for the

�rst time over the range of 77 - 350 K. A model of grain boundary scattering is invoked to

explain the thermally-activated electron mobility. This work illustrates the great potential

of spray pyrolysis for the fabrication of good-quality TCO thin �lms. The studied SiZO thin

�lms have revealed excellent performance levels in both optical transparency and electrical

conductivity.
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Chapter 5

Preparation and Characterisation of

Fluorine-doped ZnO (FZO) and

Chlorine-doped ZnO (ZnO:Cl) Thin

Films

5.1 Introduction and overview

Among recent investigations of suitable dopants for ZnO, most researchers have used

impurity-doped ZnO transparent conducting thin �lms with metal cation dopants, while

there have been comparatively few studies on the optoelectronic properties of ZnO doped

with halogen anions (i.e. F−, Cl−). In F-doped ZnO (ZnO:F or FZO) �lms, as compared

with metallic-cation-doped ZnO �lms, electronic perturbation is largely con�ned to the

�lled valence band when F− is substituted for O2−. Thus, as compared to more typical

cation doping, the scattering of conduction electrons is reduced, leading to high mobility

and low resistivity for ZnO:F �lms. [151] F− ions are also about the same size as O2−

ions (rF− = 1.31 Å and rO2− = 1.38 Å [150]), and thus F would be predicted to substitute
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readily for O2− with minimal lattice distortion, maintaining high mobility. [223] Other

potential advantages of FZO �lms include the reduction in the number of O2−
s /O−s surface

states, leading to increase in carrier mobility, [224] resulting in a higher doping e�ciency

of the F dopant than for a metallic cation dopant in ZnO for the optimisation of electrical

conductivity. [300] At present, the best reported result regarding �uorine doping of ZnO

was resistivity as low as ρ = 4.0 × 10−4 Ω cm. [151]

Even though doping with F in ZnO �lms is di�cult, the fabrication of FZO �lms

has been attempted using several deposition techniques including chemical spray pyrolysis,

[301�304] sol-gel spin-coating, [148] chemical vapour deposition (CVD), [151] electron beam

evaporation, [224] pulsed laser deposition (PLD), [153] atomic layer deposition (ALD), [152]

and radio frequency (RF) magnetron sputtering. [305] Most investigations into anionic

doping of ZnO �lms using fabrication method relying on solution-based spray pyrolysis

result in resistivity values ranging from 10−1 to 10−2 Ω cm. Sanchez-Juarez et al. reported

on the role of [F] / [Zn] ratio in the starting solution and substrate temperature on the

structural and optical properties of ZnO thin �lms prepared using chemical spray pyrolysis

technique. [301] They used ammonium �uoride (NH4F) as �uorine precursor. Their thin

�lms deposited at substrate temperature of 425 ◦C, showed electrical resistivity of 1.1 × 10−1

Ω cm, Hall mobility of ∼ 10 cm2 V−1 s−1 and e�ective carrier concentration of ∼ 4.0 × 1019

cm−3. Olvera et al. studied the e�ects of �uorine concentration, substrate temperature and

acidity of the spray solution on structural, electrical and optical properties of ZnO �lms.

[304, 306] They used zinc acetylacetonate and ammonium �uoride in the precursor solution.

They also observed that ageing of the solution had signi�cant e�ect on the resistivity of

the resulting thin �lms. Under the optimum conditions, resistivity of 1.5 × 10−2 Ω cm,

mobility of 6.0 cm2 V−1 s−1 and carrier concentration of 2.0 × 1019 cm−3 were obtained.

Maldonado et al. studied the e�ect of aged and fresh solution of precursors on the physical

properties of the FZO �lms. [307] They observed that aged solutions could produce less

resistive �lms. The lowest resistivity values of as-deposited �lms prepared at 500 ◦C using
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a starting solution aged for two days, were 1.4 × 10−2 and 1.8 × 10−2 Ω cm for of zinc

acetate and zinc acetylacetonate precursors, respectively.

The chemical spray method allows a relatively easy fabrication of FZO �lms, but the

electrical properties of FZO �lms made using this method have been far from satisfactory.

Therefore, F-doping of ZnO thin �lms deposited by chemical spray, has not attracted

attention due to the fact that F− incorporation into the host (ZnO) matrix is de�cient

and high resistivities are obtained. [308] There have been notable reports on FZO �lms

fabricated using CVD and electron beam evaporation. [151, 224] Resistivity values are as

low as 4 × 10−4 and 7.95 × 10−4 Ω cm and mobilities are as high as 40 and 46.2 cm2 V−1 s−1

are found in the reports of Hu et al. and Xu et al., respectively. A lowest resistivity of 1.87

× 10−3 Ω cm for ZnO thin �lms doped with 1.0 at.% �uorine when carrier concentration

and mobility were 1.37 × 1020 cm−3 and 24.20 cm2 V−1 s−1, respectively, was reported by

Choi et al. for FZO thin �lms deposited using ALD technique. [152] In spite of the low

resistivity and high mobility of the FZO �lms deposited by the aforementioned techniques,

the growth temperature was over 450 ◦C, and additional post-annealing was necessary.

Apart from studies where �uorine doping of ZnO was studied, doping of ZnO with other

anion impurities substituting for oxygen has not been widely used despite a few promising

reports identifying chlorine as a n-type doping element. [155�157] It is clear that one of the

most important factors in doping is the ionic radius of the dopant atom; being larger or

smaller than the substituted host anion radius, can cause various distortions of the lattice.

Only few techniques such as metal-organic chemical vapour deposition (MOCVD) [155, 157]

and electrodeposition [156] have been applied to deposit ZnO:Cl thin �lms. To the best of

our knowledge, there are no data in the literature for intentional chlorine doping of ZnO

using the spray pyrolysis technique. One of the �rst reports on properties of chlorine doping

in spray pyrolysed ZnO thin �lms was demonstrated by Aranovich et al. and it was believed

that Cl would act as n-type dopant. [59] They observed that when zinc acetate was used as

precursor, resistivity value was higher than that of the sample prepared with ZnCl2. They
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attributed this di�erence as due to the possible doping with Cl in the �lm.

5.2 Experimental

Several series of �uorine and chlorine doped ZnO thin �lms of thickness of ∼ 500 nm were

prepared using the spray pyrolysis technique. A more detailed description of procedures

for deposition of ZnO thin �lms using spray pyrolysis is available in Chapter 4. However,

process parameters used in this chapter are discussed here for clarity.

The e�ect of the �uorine or chlorine doping was investigated by adding di�erent amounts

of ammonium �uoride (NH4F, [F] / [Zn]= 5, 10, 15, 20, 30 and 40 mol%), or zinc chloride

(ZnCl2, [Cl] / [Zn] = 5, 10, and 20 mol%) to the zinc precursor solution, respectively.

NH4F is an amphiprotic salt and on dissolving this salt in water containing solution the

following dissociation reaction will happen: [309]

NH4F(s) +H2O
 NH+4(aq) + F
−
(aq) +H2O (5.1)

NH+4 can donate a proton to solution and F− can accept a proton. Thus, the two following

equilibria can happen, considering that the prediction in the following reactions is for the

case of adding the NH4F to pure water. If strong acid or strong base is also present,

the acidity or basicity will be controlled by a limiting reagent condition and any resulting

equilibrium:

NH+4(aq) +H2O
 NH3 (aq) +H3O
+
(aq) (5.2)

F−(aq) +H2O
 HF(aq) +OH−(aq) (5.3)

The K a of NH+4 is 5.69 × 10−10 mol L−1 and the K b of F− is 1.47 × 10−11 mol L−1. [310]

Since K a > K b , the solution will be made more acidic by addition of NH4F. Moreover,

the precursor solution is slightly acidic as well (pH ' 5.5) which will shift the equilibria 5.2
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and 5.1 to the left in order to consume the excess amount of acid and NH+4 , respectively.

Consequently the concentration of F− and HF will decrease, but trace amount of hydrogen

�uoride (or hydro�uoric acid, HF) can still be released when ammonium �uoride (or any

other �uoride-containing compounds) is combined with water. As HF can react with SiO2,

[311, 312] and glass contains SiO2, in a di�erent series of experiments, FZO thin �lms were

deposited from precursor solutions prepared in plastic vials (FZO-P, P for plastic) and the

data were compared with those deposited from solutions prepared in glass vials (FZO-G,

G for glass).

The optical transmission spectra for F-doped and Cl-doped ZnO thin �lms were recor-

ded at room temperature for wavelengths between 2500 and 200 nm using a PerkinElmer

Lambda 19 UV-Vis-NIR spectrometer. The surface morphology of the �lms was character-

ised using a JEOL JSM-840F �eld emission scanning electron microscope at an accelerating

voltage of 5 kV. Instrumental parameters for XRD and Hall e�ect measurements have been

explained in Chapter 4.

5.3 Results and discussion

5.3.1 Structural and morphological properties

Figure 5.1 (a) and (b) show the X-ray di�raction patterns for F-doped ZnO thin �lms,

deposited at 450 ◦C from precursor solutions made in glass vials (FZO-G) and plastic vials

(FZO-P), respectively. All samples are polycrystalline. Under our experimental conditions,

the preferred orientation of peaks was a mixture of (002) and (101). Some other re�ections

such as (102) and (103) are also observed with high intensities. No additional phases

involving �uorine compounds were observed, even at high [F] / [Zn] content. The intensity

of the (002) peak increased slightly with increasing F concentration in FZO-G samples,

whereas, this peak is almost una�ected by variation in �uorine concentration in FZO-P

samples. Generally, in ZnO thin �lms the crystal growth and change in the preferential
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orientation between (100) and (002) is mainly in�uenced by deposition temperature or

adding impurity atoms as also shown previously in Chapter 4. That an increase in F

doping concentration leads to a (002) preferred orientation in ZnO �lms prepared using

various techniques has been reported in the literature. [151, 313, 314] However, our results

agree with the structural properties reported for ZnO thin �lms prepared by some similar

deposition processes to spray pyrolysis. [146, 303]
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(a) (b)

(c) (d)

Figure 5.1: XRD patterns of undoped ZnO and FZO thin �lms with various F contents deposited
at a growth temperature of 450 ◦C on glass substrates from precursor solution prepared (a) in glass
vials and (b) in plastic vials. SEM micrographs of 10% and 30% FZO thin �lms deposited from
precursor solution prepared (c) in glass vials and (d) in plastic vials
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Figure 5.1 (c) and (d) show SEM images obtained for di�erent FZO thin �lms. For

undoped ZnO (as shown in Chapter 4, Figure 4.10 (c)), the surface morphology consists

of hexagonal particles with a particle size of about 50 - 400 nm. In FZO-G �lms, low

F content (∼ 10%) in the sample produces no signi�cant change of particle shape and

size (Figure 5.1 (c)). Sample with high F content (∼ 30%) present a slightly di�erent

surface morphology, still composed of hexagonal particles that are a little more randomly

oriented on the surface. In FZO-P samples, particle morphology and shape are unchanged

by increasing F concentration.

Figure 5.2 (a) depicts XRD patterns of ZnO:Cl samples deposited at 450 ◦C and with

various Cl concentrations. The pure wurtzite structure is maintained for all ZnO:Cl samples

grown on glass substrates independent of doping level. The �lms are highly textured with

preferential orientation along the (101) plane. It is revealed from the XRD analysis that

the basic crystal structure of ZnO �lm was modi�ed by the addition of chlorine. Cl doping

leads to a di�erent preferred orientation than is seen in undoped �lms. It is clear from the

XRD patterns that the intensity of the peak corresponding to the (100) plane increases

gradually at higher chlorine concentrations. It may be noted that the (101) re�ection is

the most intense in a bulk powder pattern with fully random crystallites. Angappane et al.

showed that ZnO �lms grown on Si (111) substrates using pulsed reactive laser ablation

technique, were entirely (101) oriented, which is the high density crystal plane as shown

in Figure 5.2 (d). [315] They also correlated the preferential growth along (101) plane

to the presence of internal stress in the ZnO lattice. Lee et al. investigated the changes

of crystallographic orientation and microstructural evolution of ZnO �lms deposited by

RF magnetron sputtering. They showed that the (002) preferred orientation was signi�c-

antly reduced as substrate temperature and/or oxygen partial pressure increased, and the

�lms had rather mixed orientations. Also increasing �lm thickness changed the preferred

orientation from (002) to (101). [316]
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(a) (b)

(c) (d)

Figure 5.2: (a) XRD patterns of undoped ZnO and ZnO:Cl thin �lms with various Cl contents
deposited at 450 ◦C, (b) variation in lattice parameters of ZnO:Cl thin �lms as a function of Cl
concentration, (c) SEM micrograph of undoped ZnO and 10% ZnO:Cl thin �lms deposited at 450
◦C and (d) ZnO unit cell showing the (101) plane (adapted from Angappane et al. [315])

The variation in lattice parameters of ZnO:Cl thin �lms as a function of Cl concentration

was investigated. Results are shown in Figure 5.2 (b). Both the lattice constant a = b and

c found to be dependent on the Cl concentration, with a tendency to increase from 3.248

Å to about 3.251 Å, and from 5.202 Å to 5.208 Å with increasing Cl concentration from 0

to 10%, respectively. The unit cell volume for ZnO:Cl �lms follows the trend observed for

the a = b and c lattice constants and increases from 47.531 Å3 at 0% Cl to 47.666 Å3 at

10% Cl concentration. The modest expansion of the ZnO unit cell at Cl concentration of

10% can be attributed to increasing solubility of Cl in the ZnO matrix and substitution of

O2− ions in ZnO lattice by the fairly larger Cl− ions (ionic radii of O2− and Cl− are 1.38
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Å and 1.81 Å, respectively) during the formation of ZnO:Cl �lms. The Lattice constants

a = b and c, and cell volume were decreased with further increment of Cl concentration to

20%.

Grant et al. studied the reactivity of Cl2 with the zinc-terminated ZnO (001) surface.

Their results showed that chlorine, which is a strong electron acceptor and can act as

a bonding modi�er, adsorbed and formed an over-layer on the ZnO (001)-Zn substrates.

[317] Zhang et al. proposed a growth mechanism for ZnO nanorods in solution with Cl−

ions. [318] They suggested that the common crystal habits in ZnO include a basal polar

oxygen-zinc plane (001) and six symmetric non-polar (101) planes parallel to the c-axis.

When negatively charged Cl− ions are added to the solution, they selectively attach to

the Zn-terminated surfaces ((002) plane). Therefore, the growth rate along the c-axis

decreases while growth along the (101) planes is enhanced. Other anions, such as citrate

(C6H5O
3−
7 ), are also shown to have such a structure-directing or templating e�ect, which

allows fabrication of controlled microstructures and crystal orientations of materials. [319�

321]

Figure 5.2 (c) clearly shows that the surface morphology of ZnO material signi�cantly

changes by the presence of chlorine. This is in good agreement with earlier observations from

the structural analysis that chlorine doping altered the preferrential crystal growth of ZnO.

The crystallographic orientation change from (002) to (101) with associated microstructural

evolution, seems to be one of the processes that tends to relax the structural stress developed

by Cl doping. However, the ZnO (101) surfaces assumed to be unstable and reactive towards

organic solvents. [315]

5.3.2 Optical properties

Optical transmittance spectra were recorded in the wavelength range 250 nm to 2500 nm.

Optical band gap were determined using the method described in Chapter 2. FZO-G thin

�lms exhibited increased optical transmission in the visible region and band gap values
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with increasing F concentration (Figure 5.3 (a) and (b)). However, in FZO-P thins �lms

the transparency and band gap values are almost the same as undoped ZnO thin �lms. E g

values are in the range of 3.27 eV to 3.28 eV.

(a) (b)

(c) (d)

Figure 5.3: Optical transmittance spectra and band gap of FZO thin �lms deposited at 450 ◦C
from precursor solutions prepared (a, b) in glass vials and (c, d) in plastic vial

It is clear from the Figure 5.4 (a) that visible transmittance decreases due to chlorine

doping. The average transparency of ZnO:Cl thin �lms is very low, about 40 - 50% (un-

corrected for glass substrate with transparency of about 92%), and the �lms had whitish

appearance. The lower transmittance of ZnO:Cl samples, might be due to the reduction in

the quality of surface of the �lms and higher scattering loss in the �lms. It is well known
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that rough surfaces cause the light scattering, resulting in reduction of transmittance. This

explains the low transmittance measured in �lms deposited with Cl. This is also consistent

with the fact that ZnO:Cl �lms have a very di�erent surface morphology than undoped

ZnO. Band gap values (Figure 5.4 (b)) were nearly same as that of undoped �lms. The

E g values calculated were in the 3.27 - 3.28 eV range.

(a) (b)

Figure 5.4: Optical transmittance spectra and band gap of ZnO:Cl thin �lms deposited at 450 ◦C

5.3.3 Electrical properties

It is important to note that the F and Cl concentrations values are nominal doping concen-

trations representing the concentrations in the starting spray solution. The real concentra-

tions of the dopants in ZnO lattice are possibly much lower.

Electrical resistivity measurements were carried out at room temperature. The variation

in electrical properties with doping concentration is given in Figure 5.5. It was found that

resistivity of FZO-G samples (Figure 5.5 (a)) decreased with increasing F concentration

in solution From 4.2 × 10−2 Ω cm at 0% F to 6.5 × 10−3 Ω cm at 40% F, whereas the

resistivity of FZO-P samples remained almost unchanged with increasing F concentration.

Borosilicate glass has chemical composition of about 80.6% SiO2, 13% B2O3, 4% Na2O

and 2.3% Al2O3. The decreased resistivity of FZO-G samples might have resulted from
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doping with other impurities such as Si or Al released into the spraying solution due to the

reaction of HF with borosilicate glass. Although the experimental procedure for spraying

solution preparation has not been clearly explained in the work of the other researchers, but

the fact that aged the starting solutions enhance the characteristics of the ZnO thin �lms

studied by Biswal et al. [308] might be explained by the etching e�ect of HF on glass vials.

Results from FZO-P samples suggest that �uorine incorporation into ZnO thin �lms under

the deposition condition used is not e�ective. It can be seen from Figure 5.5 (a) that the

electrical properties of the �lms remains almost una�ected by increasing [F] / [Zn] ratio.

This can be explained if it is considered that �uorine atoms do not substitute oxygen atoms,

instead they probably form a compound such as ZnF2 which is growing along with ZnO:F.

As the concentration of NH4F in the starting solution increases, a growth competition

between ZnO and ZnF2 might take place, due to the fact that the bonding energy of Zn−F

(88 kcal mol−1) is larger than that of the Zn−O bond (67.9 kcal mol−1). [301] However, no

extra crystalline phases involving �uoride compounds, such as ZnF2, were observed in the

XRD patterns of FZO-P thin �lms, even for the highest [F] / [Zn] contents.

The conductivity behaviour of FZO-P might be due to the fact that F atoms are not

electrically active due the reaction residues, or considering the polycrystalline nature of

the ZnO �lms, F containing compounds produced in the process might be located at grain

boundaries or surfaces but not inside the crystallites. On the other hand, lack of F incor-

poration into the �lm, might be due to the high volatility of �uorine, particularly when

solution is atomized on the hot substrate. [308]
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(a) (b)

Figure 5.5: Room temperature electrical electrical properties of (a) FZO-G and FZO-P thin �lms
and (b) ZnO:Cl thin �lms deposited at 450 ◦C

The variation of electrical resistivity with Cl doping concentration is given in Figure

5.5 (b). The undoped sample had a resistivity of 4.2 × 10−2 Ω cm. As the Cl-doping

concentration increased, resistivity decreased and reached to a minimum of 1.5 × 10−2 Ω

cm at a Cl concentration of 10%. Generally, in transparent semiconducting oxides, halogen

doping reduces resistivity, if the halogen substitutes for oxygen. [155, 156] But, the ionic

radius of chlorine (1.81 Å) is much greater than oxygen (1.38 Å) and hence it is very di�cult

for chloride ion to occupy oxygen sites. However, as shown in Figure 5.2 (b), variation in

lattice parameters and cell volume, con�rmed incorporation of Cl into ZnO lattice, but

perhaps not as e�ective as expected. At higher doping concentrations, resistivity of the

samples increases again. This might be probably due to the clustering or segregation of

Cl− atoms in the grain boundaries. Further experiments are required to prove the presence

of Cl− in the ZnO lattice and the routes cause for observed lower resistivity.
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5.4 Conclusions

Two di�erent elements of halogen family (Cl and F) were introduced separately into the ZnO

thin �lms. FZO and ZnO:Cl thin �lms were deposited on glass substrate at 450 ◦C by spray

pyrolysis. Due to the fact that F− has comparable ionic radius to O2−, and halogens are

assumed to occupy the oxygen sites in ZnO matrix, the F-doping of ZnO therefore, might

be an e�ective route to produce highly conductive and transparent thin �lms. A decrease

in resistivity of FZO thin �lms was observed when the spraying solution was prepared in

glass vials. However, when FZO thin �lms were deposited from precursor solution prepared

in plastic vials, no noticeable change was observed in the electrical and optical properties

of the thin �lms. While the resistivity of undoped ZnO sample was about 4.2 × 10−2 Ω

cm, at 40% F concentration, minimum resistivity values of 6.5 × 10−3 Ω cm and 3.7 ×

10−2 Ω cm were obtained for FZO thin �lms deposited from spraying solution in glass vials

and plastic vials, respectively. Important consequence is that, F-doping of ZnO under the

condiotions used in this work, is not e�ective. If HF or NH4F are used as doping agents

and the spraying solution is prepared in glasswares, the enhancement in the properties of

the samples might not be directly interpreted as doping of FZO with F. In fact, in aqueous

solutions HF will react with SiO2 in glass, so the decreased resistivity of the FZO samples

can be attributed to the presence of other impurities (mainly Si) rather than F in the ZnO

lattice. The low incorporation of F dopant into ZnO matrix might be due to evaporation

or volatility of �uorine-containing compounds. On the other hand, Cl-doping was found to

have small e�ects on the electrical properties of the ZnO thin �lm. However, the optical

transparency of the samples was declined with increasing Cl concentration. Resistivity of

the ZnO:Cl thin �lms deposited at 450 ◦C reached to a minimum of 1.5 × 10−2 Ω cm at 10%

Cl. The preferential growth of the crystallites was changed from along the (002) plane at

0% Cl to a strong (101) at 5% and higher Cl concentrations. This was in good agreement

with the signi�cant variation of the surface morphology of the ZnO:Cl thin �lms.
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Chapter 6

Preparation and Characterisation of

Fluorine and Silicon Co-doped ZnO

(FSZO) Thin Films

6.1 Introduction and overview

The subject of co-doping (two or more dopants) has been widely discussed in the literature

over the last two decades and it has been shown to give rise to e�ects that may be useful in

the development of TCOs. Generally, co-doping can be classi�ed into two di�erent types.

One type of co-doping method was proposed in order to enhance the optical and electrical

properties of p-type wide band gap semiconductors using a method called donor-acceptor

co-doping (also called p-type doping - n-type doping). In Chapters 4 and 5, the e�ect of

single doping by Si and F dopants were studied and it was shown that thin �lms with low

resistivities and high optical transparencies can be achieved by adding 3 mol% Si to the Zn

precursor solution sprayed at deposition temperatures of 450 °C. In this chapter, in order

to understand the e�ect of co-doping by these dopants, doping of silicon and �uorine into

ZnO thin �lms using spray pyrolysis is explored.
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6.1.1 Donor-acceptor dopants

This type of co-doping has been suggested as an e�ective method for fabricating low res-

istivity p-type wide-band gap semiconductors. The term co-doping means that, along with

the acceptors that are incorporated to produce holes, donors are also incorporated during

the crystal growth. [124] The method involves using acceptor and donor dopants simultan-

eously to both lower the energy levels of the acceptors and raise those of the donors in the

band gap, as shown in Figure 6.1. [322]

Figure 6.1: Schematic energy diagram for p-type co-doped semiconductors. The acceptor (A)
level is lowered and the donor (D) level is raised with the formation of acceptor�donor co-doping
(Figure adapted from [322])

There are some notable examples of TCO materials being co-doped with two carrier

types at the same time. For example, p-type ZnO was made by Yamamoto et al. using

either Li or N acceptors with either Al, In or Ga as the donor co-dopants. [323, 324] In

another work, Joseph et al. doped ZnO with N (in the form of N2O) as an acceptor and Ga

as a donor. An optical transmittance of greater than 85%, but a high resistivity of ∼ 2.0 Ω

cm were achieved for these thin �lms deposited by the pulsed laser deposition technique.

[161]

Due to the fact that ZnO is naturally only n-type because of the presence of native n-

type defects associated with deviations from perfect stoichiometry, such as zinc interstitials
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and oxygen vacancies, the acceptor doping of ZnO is di�cult. Most of the work on co-doping

of p-type TCOs is still theoretical and the experimental results for this type co-doping in

ZnO have not been reproduced. This type of co-doping is not in the scope of this thesis

and will not be discussed further here.

6.1.2 Two donor dopants

Another type of co-doping method which is only used in n-type TCOs involves using two

donor dopants at the same time in order to increase the number of carriers in the semicon-

ductor material. This type of co-doping occurs in two di�erent classes:

1.1.2.1 Class I. Cation-cation co-doping; in which the metal atom in TCO material

is substituted by two di�erent n-type dopants. For example, in ZnO, replacement of Zn

atom occurs using two di�erent dopants such as Al, Ga, In or Si, giving rise to n-type

conductivity. There have been a few reports on cation-cation co-doping of ZnO. Jong-Pil

Kim et al. reported preparation of ZnO thin �lms co-doped with Al and Ga using the RF

sputtering method. They determined the lowest resistivity values to be in the range of 3.0

× 10−2 to 4.0 × 10−2 Ω cm for �lms deposited at total working pressure of 5.0 × 10−3 �

5.0 × 10−2 Torr. [167] In another report, a resistivity of 1.1 × 10−3 Ω cm was observed for

1.5% Al - 2.7% Ga co-doped ZnO �lms deposited on silica substrates by RF magnetron

co-sputtering and annealed in vacuum at 450 ◦C. [168] Nomoto et al. used RF magnetron

sputtering to prepare Si+Al co-doped ZnO thin �lms on glass substrates at about 200 ◦C.

In that paper they studied the e�ect of various Si contents in targets as the Al content

was held constant at about 3 at.%. The resistivity of deposited thin �lms was reported

to be enhanced as the Si content was increased to about 1 at.%. Their AZO:Si thin �lms

exhibited an average transmittance above 80% and resistivity of about 8.0 × 10−4 Ω cm.

[169]

1.1.2.2 Class II. Cation-anion co-doping; It is commonly accepted that in this type

of co-doping of a TCO material a cation is incorporated into the lattice by substituting for
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the metal ions, while an anion substitutes for the oxygen. Based on this assumption, the

simultaneous doping of TCO materials with both cation and anion can be an interesting

way to decrease the electrical resistivity values even more than single doping with either of

them. Co-doping with Al+F in ZnO thin �lms deposited by sol-gel [170] or RF magnetron

sputtering, [171] with In+F in ZnO thin �lms prepared by the chemical spray pyrolysis,

[172�174] spin coating, [325] or sol-gel, [175] and with Al+Cl in ZnO thin �lms grown

by the spray pyrolysis technique [176] have been previously studied. As an example, A.

Maldonado et al. achieved an electrical resistivity of 3.4 × 10−3 Ω cm for In+F co-doped

thin �lms deposited on glass substrate at 475 ◦C using the spray pyrolysis technique. The

[In] / [Zn] = 3 at.% and [F] / [Zn] = 20 at.% were reported as the best doping levels. [172]

One reason why co-doping with two donor dopants (D-D) compared to acceptor-donor

(A-D) co-doping has high e�ciency is because, contrary to Coulomb binding that exists

in charged acceptor-donor complexes in the donor-donor co-doping approach, the binding

between the two donors results from the level repulsion between the two donor states. The

level repulsion signi�cantly reduces the energy of the fully occupied lower level, stabilizing

the donor-donor pair, while it increases the energy of the partially occupied upper level,

thus reducing the ionization energy. [326] Fluoride ion has a radius close to that of oxygen

(rF− = 1.31 Å and rO2− = 1.38 Å [150]), which can theoretically substitute oxygen with

small crystal lattice distortions, and thus could be an appropriate anion n-type doping

candidate. [151] On the other hand, if silicon ions occupy zinc lattice sites (rSi4+ = 0.26 Å

and rZn2+ = 0.60 Å [150]), it will act as a donor, but tangible changes may occur in the

ZnO lattice. [143]

To the best of our knowledge, there is one published patent on silicon and �uorine

co-doping of ZnO �lms deposited by the spray pyrolysis technique [145] and one published

article by Thimont et al. on preparation of Si and F co-doped ZnO thin �lms using pulsed

laser deposition (PLD). [327] Resistivities as low as 7.2 × 10−4 Ω cm for thin �lms depos-

ited from a ZnO (87 at.%)- ZnF2 (10 at.%)- SiO2 (3 at.%) target at 150
◦C were achieved.
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The preparation of silicon and �uorine co-doped ZnO thin �lms using other deposition

techniques has not been reported. Therefore, e�ect of several parameters such as depos-

ition temperature, F dopant concentration, and Si dopant concentration etc. needs to be

thoroughly investigated.

The e�ect of deposition temperature and Si and F dopants concentrations on the struc-

tural, optical, electrical and morphological characteristics of the FSZO co-doped �lms were

studied and compared to those of the Si-doped ZnO thin �lms in Chapter 4.

6.2 Experimental

Co-doped ZnO thin �lms were prepared using the spray pyrolysis technique. A more

detailed description of procedures for deposition of ZnO thin �lms using spray pyrolysis

is available in Chapter 4. However, some process parameters speci�c to this chapter are

discussed here for clarity.

To study the e�ect of deposition temperature, 3% Si - 10% F co-doped ZnO thin �lms

were deposited at various heater temperatures of 350 ◦C, 400 ◦C, 450 ◦C, 500 ◦C and 550

◦C.

The e�ect of the silicon and �uorine co-doping was investigated by adding di�erent

amounts of ammonium �uoride (NH4F, [F] / [Zn]= 5 - 40 mol%) and silicon tetraacetate

(Si(ac)4, [Si] / [Zn]= 1 - 5 mol%) to the zinc precursor solution. It is important to note that

the Si and F concentration values represent the concentration in the starting spray solution

and the real concentrations of the dopants in ZnO lattice are di�erent. To determine an

optimum F concentration, a range of co-doped ZnO �lms at constant Si concentration of

3% were deposited at 450 ◦C by adding NH4F with [F] / [Zn]= 5, 10, 15, 20, 30 and 40

mol% to the precursor solution.

To determine the optimum Si dopant concentration, the F concentration was kept con-

stant at 30% (its optimum for 3% Si) and the Si+F co-doped ZnO thin �lms were deposited

at 450 ◦C from precursor solutions containing Si(ac)4 concentrations of [Si] / [Zn]= 1, 2, 3,
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4, and 5 mol%.

A clear change was noted in the properties of the F-doped ZnO (FZO) thin �lms depend-

ing on the material of the container in which the precursor solutions containing ammonium

�uoride were prepared, as previously discussed in Chapter 5. Brie�y, the thin �lms de-

posited from a solution prepared in glass container showed enhanced electrical properties

which might be due to the presence of additional Si (or other elements such as Al and

B) from glass as dopants in the ZnO lattice. A variety of reagents including hydro�uoric

acid (HF) or, under suitably acidic conditions, �uoride or bi-�uoride salts are known to

react with glass and used for �uoride-based wet chemical glass etching. The dissolution of

silicate glasses by HF results in the formation of the stable hexa�uorosilicate (SiF2−
6 ) anion.

[328, 329] NH4F on dissolving in aqueous acidic solutions forms HF and as glass is mainly

made up of SiO2, in the presence of water the following reaction will happen: [330]

6HF + SiO2 → H2SiF6 + 2H2O (6.1)

Fluosilicic acid (H2SiF6) is generally believed to exist only in the solution phase. It

decomposes into hydro�uoric acid and silicon tetra�uoride upon vaporizing in anhydrous

solution (H2SiF6 → SiF4 + 2HF). In aqueous solution (H2SiF6 + 2H2O→ 2H3O
+ + SiF2−

6 ),

on the other hand, no noticeable amount of HF occurs, and the resulting solution does not

etch glass any more. However, an additional series of the same precursor solutions was

prepared in plastic vials (FSZO-P) and the data were compared with those from solutions

prepared in glass vials.

Various properties of the prepared thin �lms were characterised by X-ray di�raction

(XRD), UV-Vis-NIR spectroscopy, Hall e�ect measurement, scanning electron microscopy

(SEM), and X-ray photoelectron spectroscopy (XPS). Details of the instrumental analyses

can be found in the Experimental section in Chapter 4. The optical transmission spectra for

Si+F co-doped ZnO thin �lms were recorded at room temperature for wavelengths between
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2500 and 200 nm using a PerkinElmer Lambda 19 UV-Vis-NIR spectrometer. The surface

morphology of the �lms was characterised using a JEOL JSM-840F �eld emission scanning

electron microscope at an accelerating voltage of 5 kV. Samples were observed in the SEM

with sputter coating with platinum. XPS spectra were collected on an AXIS Nova using

a monochromatic Al-Kα X-ray source (1486.6 eV) operating with an anode voltage of 15

kV and emission current of 15 mA. The spectrometer was calibrated using standard silver,

copper and gold reference materials. Cleaning of the surface of the samples was achieved

in-situ via a 15 second ion etch by argon ions at 5 keV.

6.3 Results and discussion

6.3.1 E�ect of deposition temperature

6.3.1.1 Structural characterisation

Figure 6.2 shows XRD patterns obtained for 3%Si - 10%F co-doped ZnO �lms deposited

at various deposition temperatures between 350 ◦C and 550 ◦C. The reference XRD stick

pattern for pure ZnO powder is also included.
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Figure 6.2: XRD patterns of 3%Si - 10%F FSZO thin �lms deposited from 350 ◦C to 550 ◦C

All samples exhibit XRD patterns consistent with a polycrystalline hexagonal wurtzite

ZnO structure; no phase corresponding to crystalline SiO2 (silicon oxide, quartz), Zn2SiO4

(zinc silicate), ZnF2 (zinc �uoride), or SiF4 (silicon tetra�uoride) phases were observed in

the XRD patterns. Reference stick charts for ZnO, SiO2, [331] Zn2SiO4, [332] ZnF2 [333]

powders are shown in Figure 6.3.
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Figure 6.3: Reference XRD spectra of ZnO, SiO2, Zn2SiO4, and ZnF2 powders. Vertical lines
show the di�raction peaks of powdered compounds

Compared with the XRD patterns of powder samples which contain randomly oriented

crystallites, there is a tendency to develop a non-random (preferred) orientation for thin

�lm samples which will cause a change in the intensity distribution of X-ray re�ections.

In such a case, the sample is called �textured�. Highly preferred orientation in a sample

will result in missing or invisible di�raction peaks, but in the majority of samples, where

preferred orientation is mild to moderate, all of the di�raction peaks will be seen but their

intensities will di�er from that of a randomly oriented sample. ZnO crystals tend to grow

predominantly in two di�erent directions: with the c-axis normal (90◦) to the plane of the

substrate (the (002) orientation), or with the c-axis parallel to the plane of the substrate
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(either the (100) or the (101) orientation). The crystal structure and growth direction of

di�erent planes in wurtzite ZnO structure are shown in Figure 6.4.

(a) (b)

Figure 6.4: (a) The unit cell of the wurtzite ZnO crystal structure. The tetrahedral-coordination
between Zn and its neighbouring O is shown. [265] (b) (001), (002) and (100) planes. [334] The
hexagonal unit cell is highlighted with bold lines and adjacent atoms are included to show the
overall hexagonal nature of the structure. Blue highlight shows (100) plane

The relative intensity of the peaks varies with increasing deposition temperature. At a

deposition temperature of 350 ◦C, the (100), (002) and (101) peaks have similar intensities

and the peak intensity ratios are very close to those of powder (shown as ZnO reference),

which suggests a nearly random orientation of the crystallites on the surface of the substrate.

From 400 ◦C to 500 ◦C the (100) peak intensity is diminished, while the (002) and (101)

peaks are enhanced. The equivalent intensities of the peaks suggests that crystallites are

not purely oriented in one direction. At 550 ◦C all peaks disappear and only (002) peak

is observed. This indicates that crystallites are predominantly oriented with their c-axis

perpendicular to the the surface of the substrate. The broad nature of the this peak

con�rms that the ZnO species grown has very small crystallite size. These results show a

clear dependence of crystal growth orientation on the deposition temperature. It can be
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seen in Figure 6.2 that at lower temperatures the (100) is the dominant re�ection, but as

the temperature is increased the preferred orientation shifts to (002). The (101) peak also

grows with increasing temperature and becomes predominant at 500 ◦C.

Preferred orientation can lead to anisotropic distribution of properties such as strength,

thermal expansion, electrical conductivity, etc. [335] Therefore, it is important to invest-

igate changes in the texture. The preferred orientation of growth of thin �lms can be

determined by the texture coe�cient of the (hkl) plane, TC (hkl ), using Equation 4.1.

Figure 6.5 shows the TC (hkl ) variations as a function of deposition temperature. As TC (hkl )

increases, the preferential growth of the crystallites in the direction perpendicular to the

(hkl) plane is increasing.

Figure 6.5: Variation of texture coe�cient TC (100), TC (002), and TC (101) of FSZO thin �lms as
a function of deposition temperature

The preferential growth of crystallites can be in�uenced by factors such as defects, im-

purities, heating conditions and substrate choice, as they all can in�uence the growth rate

in di�erent crystallographic directions. [64] Recently, some explanations have suggested

that the change in preferential growth of di�erent planes with increasing temperature can

be explained by kinetic or thermodynamic control of the �lm growth. It is usually supposed

that at low substrate temperature growth will occur along the least kinetically hindered
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directions and as the substrate temperature increases the in�uence of thermodynamic sta-

bility increases. [336, 337] It is also known that all systems tend to reduce their free energy

as they are reaching the equilibrium state and for the same reason, thin �lms grow along

a particular direction in order to minimise their surface free energy (γ = ( ∂G∂A )T ,P, where

γ is surface energy, G is Gibbs free energy and A is the surface area). So during �lm

growth, atoms arrange themselves into the crystalline plane with the lowest surface energy.

The surface energy of di�erent planes in ZnO were calculated and follows the sequence:

γ (002) : 0.099 eVÅ−2 > γ (110) : 0.123 eVÅ−2 > γ (100) : 0.209 eVÅ−2. [200] Since the

surface energy of hexagonal closed packed structure is theoretically minimal in (002) planes,

the surface energy of ZnO should also be minimal along the (002) faces. [338] In addition,

under conditions which promote tetrahedral coordination, crystal growth along (002) can

be obtained, whereas, in the conditions which inhibits the formation of tetrahedral co-

ordination, growth along (100), (101) or (110) planes is ampli�ed and these planes could

be obtained when the deposition is performed in the non-equilibrium state. [200] In our

FSZO thin �lms, a competitive growth between the fastest growing orientations ((100)

and (101)) and the (002) orientation which produces the maximum packing density and

therefore, gives rise to the lowest surface energy, was observed at the moderate deposition

temperature of 350 ◦C. However, all these assumption-based explanations may have some

�aws, and might not be able to de�ne the exact mechanisms of the observed variations in

the preferential growth of the crystallites.

The crystallite size of the thin �lms were calculated from X-ray patterns using Scherrer

equation (Equation 2.9) as discussed in Chapter 2. The calculated crystallite size remains

almost constant as the deposition temperature increases, up to 500 ◦C, and then decreases

with further increase in deposition temperature to 550 ◦C.
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Deposition temperature (◦C) Mean crystallite size (nm)
350 62.2 ± 6.5
400 58.0 ± 5.1
450 61.8 ± 1.6
500 53.1 ± 5.5
550 21.7 ± 0.1

Table 6.1: Crystallite size of FSZO thin �lms deposited at di�erent temperatures calculated using
Scherrer equation

6.3.1.2 XPS Analysis

XPS measurements were carried out to determine the chemical states of the component

elements on the surface of the samples. It is important to note that XPS results are more

based on the study of the surface of the samples, and on their own, are not enough to

make a de�nite conclusion about the e�ciency and mechanism of co-doping of ZnO. The

charge shifted spectra were calibrated by using the C 1s signal at 284.6 eV. The XPS

survey spectrum of the FSZO �lm deposited at 450 ◦C (Figure 6.6) is dominated by two

photoelectron peaks, corresponding to electrons originating in the 1s orbitals of the oxygen

and 2p orbitals of the zinc atoms in the thin �lm surface.

Figure 6.6: Survey XPS spectrum of FSZO thin �lm with 3% Si and 10% F deposited at 450 ◦C
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The high resolution XPS spectra for FSZO �lms deposited at various temperatures are

shown in Figure 6.7. Zn 2p3/2 peak (Figure 6.7 (a)) observed at 1021.7 eV exhibits no

signi�cant change in the position by increasing deposition temperature. Although the Zn

2p3/2 peak for ZnO is free from multiplet splitting and other complicating e�ects, but su�ers

from an overlap with the Zn metal peak and, therefore, it is di�cult to distinguish between

Zn0 (Zn 2p3/2 binding energy for Zn metal is 1021.4 eV [339, 340]) and Zn2+ (binding

energy 1021.8 eV [341, 342]) by XPS. [343, 344] However, metals are often characterized

by an asymmetric line shape, with the peak tailing to higher binding energy, while metal

oxides give rise to a more symmetric peak pro�le. So, as the Zn 2p3/2 peaks look quite

symmetrical, they can be assigned to ZnO, rather than metallic Zn.

(a) (b)

Figure 6.7: (a) Zn 2p3/2 and (b) F 1s high resolution XPS spectra of FSZO samples deposited at
350 ◦C, 450 ◦C and 550 ◦C (dashed green line is the background)

The broad peak at a binding energy of ∼ 685.8 eV is attributed to the F 1s core level

(Figure 6.7 (b)). It can be noticed that the intensity of the F 1s peak increases with

increasing deposition temperature to 550 ◦C. Although the F 1s peaks intensity for the

FSZO �lm deposited at 350 ◦C and 450 ◦C seem to be smaller, but they have similar peak

area to sample deposited at 550 ◦C. The F 1s peak, theoretically, can be resolved into two

components; a peak at lower binding which presumably corresponds to F− ions surrounded

165



Chapter 6. Preparation and Characterisation of Fluorine and Silicon Co-doped ZnO
(FSZO) Thin Films

by Zn2+ in the ZnO structure, and a peak at higher binding energy which is related to

hydrated F− species on the surface. Curve �tting of the F 1s peak in the data collected

for the FSZO �lms, was not feasible due to the very low intensity of the peaks. It can

be inferred from the very low intensity of the F 1s peaks that the concentration of F on

the surface of the samples is much less than the amount of F atoms added to the spraying

solution (nominal concentration, [F] / [Zn] = 10 mol% = 10 at.%). This suggests that most

of the F atoms did not incorporate into the ZnO matrix. The concentration of the F the

surface might increase by increasing the concentration of F in the spraying solution. This

subject will be studied later in section 6.3.2.

(a) (b)

Figure 6.8: (a) Variation in the intensity of Si 2p XPS peaks with temperature and (b) �tted XPS
spectra of the Si 2p core level of FSZO thin �lms as a function of deposition temperature (green
dashed lines show the background)

The XPS spectra of the Si 2p core level of FSZO thin �lms deposited at 350 ◦C, 450 ◦C
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and 550 ◦C are shown in Figure 6.8 (a). A slight decrease in the Si 2p peak intensity on

the surface with increasing deposition temperature is observed (Figure 6.8 (a)), however,

the areas of the peaks are more or less equivalent.

The results of a research work on amorphous SiOx materials carried out by Philipp in

1972, indicated that amorphous substances of all intermediate compositions between Si and

SiO2 can be formed and that these materials are not simple mixtures of particles of Si and

SiO2 but rather the two atom species are blended on an atomic scale. Based on this model

which is called random bonding model, the basic units of this structure are composed of Si

tetrahedral of the type Si−(SiyO4−y) in which the distribution of atoms for all y = 0, 1, 2,

3, 4 is determined by simple statistics. [345] Therefore, assuming validity of this bonding

model, the Si 2p peak could be resolved into �ve di�erent chemical states namely, Si4+,

Si3+, Si2+, Si1+ and Si0, corresponding to no Si−Si bond, one Si−Si bond, two Si−Si bonds,

three Si−Si bonds, or all four Si−Si bonds had been replaced by Si−O bonds. The possible

candidates for these silicon states might be SiO2 (103.0 - 103.5 eV), Si2O3, SiO (or Si2O2,

101.2 - 102.5 eV), Si2O and Si (99.8 eV), respectively. [346, 347] However, due to the fact

that the most Si compounds with Si3+, Si2+ and Si1+ oxidation states are unstable under

spray pyrolysis deposition conditions, even if they are formed, they will be oxidised again

to the compounds with the most stable Si4+ or Si0 states. Therefore, presence of 3+, 2+,

and 1+ oxidation states seems to be very unlikely.

In our FSZO samples, the Si 2p peak can be �tted using only one component, providing

evidence for only one chemical state of silicon in the samples. The addition of further

components did not signi�cantly improve the quality of the �t. The binding energy (∼

103.1 eV ) of the silicon component in the �lms is consistent with the Si 2p peak for SiO2

which usually appears at binding energies around 103.0 - 103.5 eV. [339, 348] The presence

of the Si4+ oxidation state indicates that Si in the FSZO thin �lms is either replacing Zn2+

sites in the Si4+ state and thus, will contribute two carrier electrons, or forming a secondary

phase like SiO2 which can reduce the doping e�ciency. [141, 143] XRD (Figure 6.2) doesn't
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show any evidence for a distinct SiO2 phase.

(a) (b)

(c) (d)

Figure 6.9: (a) O 1s, (b) C 1s, (c) resolved O 1s, and (d) resolved C 1s high resolution XPS
spectra of FSZO thin �lms deposited at 350 ◦C, 450 ◦C and 550 ◦C
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In addition, an O 1s signal centred at the binding energy typical for oxygen in bulk zinc

oxide is observed in the XPS spectra of FSZO thin �lms (Figure 6.9 (a)). [339] In general,

for many of metal oxide samples, the O 1s peak can be curve �tted into at least two (usually

three) components which are attributed to contributions from di�erent oxygen species as

shown in Figure 6.9 (c). The lower binding energy peak (∼ 531.8 eV) can be assigned to

O2− ions bound to Zn2+ ions (substitutional oxygen) in the ZnO structure. The second

higher binding energy peak (∼ 533.2 eV) is associated with surface (or near-surface) species

such as hydroxide, hydrated oxygen or organic oxygen (carbon contamination, C−O / C−−O

bonds). [142, 143, 343] Most likely the 533.2 eV peak is due to C−O contaminations on the

surface of the samples, as C content is also higher in 550 ◦C �lm (Figure 6.9 (b)).

Peak OC usually contributes between 20% and 40% of the total O 1s signal based

on other metal oxides such as nickel oxide and chromium oxide. [349, 350] The relative

intensities of OZ and OC components are summarised in Table 6.2 (b).

FSZO- 3% Si - 10% F OZ (531.8 eV) OC (533.2 eV) OZ/OC
350 ◦C 67.6% 32.4% 2.0
450 ◦C 75.2% 24.7% 3.0
550 ◦C 49.6% 50.4% 0.9

Table 6.2: Relative percentage of OZ and OC curve areas in O 1s peak in FSZO samples deposited
at di�erent deposition temperatures

It can be found that the intensity of OC component for FSZO �lm deposited at 450 ◦C

was lower than that of �lm deposited at other deposition temperature, indicating that the

surface of the FSZO �lms grown at 450 ◦C has lowest concentration of hydrated or carbon

contaminated oxygen species. The �lm deposited at 550 ◦C has the smallest OZ/OC value.

This may suggest that this �lm has the highest concentration of hydrated or organic oxygen

on the surface. The higher carbon concentration detected on the surface of this �lm along

with higher resistivity and dark colour of this �lm con�rms the presence of more carbon

contaminated oxygen species on the surface of this �lm.

Figure 6.9 (b) shows the C 1s XPS spectra of FSZO samples deposited at di�erent
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temperatures. Carbon-containing organic contaminants always exist on the surfaces of

samples even when the surface of the samples were ablated by argon ions before XPS

measurements. As expected strong C 1s peaks were observed due to the C contaminants at

about 284.6 eV and 289.9 eV for the FSZO �lms. These spectra show higher concentration

of carbon on the surface of the samples with increasing deposition temperature. The brown

colour, as well as the lower transparency observed for the FSZO �lm deposited at 550 ◦C

are consistent with the increased intensity of the C 1s spectra for this �lm. This might be

due to higher growth rate of the thin �lms than the decomposition of the organic ligands,

as will be discussed further in section 6.3.1.4.

The C 1s signal (Figure 6.9 (d)) can be modelled by three di�erent components. The

peak at a binding energy of 289.9 ± 0.4 eV is usually assigned to the carbon of carbonyl

groups (C−−O bond), �uorinated organic groups (C−F bond) or carboxyl groups (O−−C−O

bond), the one at about 286.9 ± 0.3 eV to species with carbon-oxygen single bonds (C−O

bond), and the peak with lowest binding energy (∼ 284.6 ± 0.1 eV) is assigned to the the

tertiary carbon (C−C bond). [339, 348]

The determination of the surface composition of a sample using XPS data is quite

complicated. Using the high resolution XPS data the relative atomic concentration, C x ,

of the element x in a multi-element surface layer can be calculated from the Equation 2.12

described in Chapter 2. Since only the elements Zn, O and C are clearly observed on the

surface of FSZO �lms, the atomic concentration of Zn, C Zn, for example, with RSF=28.7

will be calculated from equation:

CZn =

IZn

28.7
IZn

28.7 +
IO
2.93 +

IC
1

The surface relative atomic compositions in the depth range probed by XPS were de-

termined from the Zn 2p (Zn 2p1/2 + Zn 2p3/2), O 1s and C 1s core line intensities corrected

with the relative sensitivity factors (RSF ) after the subtraction of the background. The
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rule for selecting a transition is to choose the transition for a given element for which the

peak area is the largest, subject to the peak being free from other interfering peaks. The

peak areas were obtained and the relative atomic concentration of di�erent elements on

the surface of the samples were calculated using Equation 2.12. The results were plotted

against the deposition temperature and displayed in Figure 6.10. An accuracy of ± 10% is

typically quoted for routinely performed XPS atomic concentrations. [351]

Figure 6.10: Atomic concentrations of Zn, O, and C derived from the area of the peaks in XPS
spectra

The changes in relative at.% of Zn, O and C are shown in Figures 6.10. The Zn/O

atomic concentration ratio in FSZO �lms remains more or less unchanged at about 0.72 ±

0.02.

The Si:Zn ratio in these samples was determined by examining high resolution scans

with a binding energy range of 110 to 75 eV, which includes the Si 2p and Zn 3p signals.

Using the CasaXPS software package, the peak areas were integrated using a linear baseline

and normalized by the relative sensitivity factors (0.817 for Si 2p and 2.83 for Zn 3p) to

calculate the Si:Zn ratio (Figure 6.11).
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Figure 6.11: Representative experimental XPS spectrum of a FSZO �lm prepared from a precursor
solution containing 3% Si and 10% F in a region containing Si 2p and Zn 3p peaks (square symbols).
The �ts to the data (blue solid line) and linear backgrounds (dashed line) used to integrate each
peak are also shown.

Using precursor solutions with a �xed silicon and �uorine concentration, increasing the

deposition temperature resulted in a decrease in silicon concentration from 2.6 at.% for the

�lm deposited at 350 ◦C to 1.7 at.% for the �lm deposited at 450 ◦C, and an increase to 7.1

at.% for the �lm deposited at 550 ◦C. The lower concentration of Si on the surface of the

thin �lm deposited at 450 ◦C might be due to the increase in silicon incorporation into the

�lms at optimum deposition temperature, so Si ions are homogeneously distributed into

the ZnO matrix. The greater amount of the silicon in the �lms is the most straightforward

explanation for increased carrier concentration (Figure 6.18). On the other hand, the

higher concentration of the dopant at the surface of the oxide thin �lms than the solution

is attributed to the segregation (enrichment) phenomenon. High deposition or thermal

treatment temperatures are generally required to obtain crystalline metal oxides. However,

they can critically a�ect their structural properties, such as particle size and surface area,

as well as their stoichiometry and dopant distribution. Very high temperatures can lead to
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a surface composition that is signi�cantly di�erent from that of the bulk. This phenomenon

has been reported for Sb-doped SnO2 oxides where dopant surface enrichment took place

to an extent that was dependent upon bulk composition and calcination temperature or

time. [352]

In practice, calculating accurate atomic concentrations from XPS spectra is not an easy

task even when the peaks areas are reasonably large. In particular, background correction

is not a straightforward procedure. Therefore, calculation of at.% of F was not feasible due

to the fact that the backgrounds could not be reliably determined for the very small and

broad F peaks.

6.3.1.3 Morphology

In order to investigate the in�uence of temperature on the surface morphology of FSZO

thin �lms, AFM and SEM images were recorded. Figure 6.12 depicts the AFM micrographs

of FSZO �lms with 3% Si and 10% F concentration deposited at di�erent deposition tem-

peratures, taken over a scan area of 5.0 × 5.0 µm2. AFM micrographs show that all �lms

have dense polycrystalline morphology, with a clear tendency for increasing homogeneity

and particle size as the substrate temperature increases to 450 ◦C. A signi�cant change in

particle shape and size can be observed in the AFM images.

(a) (b) (c)

Figure 6.12: AFM images of FSZO thin �lms deposited at (a) 350 ◦C, (b) 450 ◦C, and (c) 550 ◦C

AFM characterisation of the �lm surfaces revealed that the mean particle size seems to
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slightly increase from 119 ± 57 nm at 350 ◦C to 171 ± 87 nm as the deposition temperature

increases to 450 ◦C. The particle size did not change signi�cantly with further increase of

deposition temperature to 550 ◦C. The grain size obtained from SEM is larger by about

a factor of 4 as compared with that determined from XRD. The estimates of particle size

from AFM are considerably larger (by about a factor of 2) as compared with crystallite

sizes determined from XRD (by the Scherrer equation, 2.9). The di�erent values of the

mean crystallite sizes measured by XRD and the average particle sizes estimated by AFM

(or SEM) analysis are not in contradiction. In fact, the particle size is usually greater than

the crystallite size because the crystallites are assumed to be the building blocks of the

particles. [353] Moreover, the particle size from AFM/SEM is based on the measurement

of agglomerated particles on the surface. On the other hand, this di�erence might be due

to the di�erent grain size criteria, underlying the di�erent methods. Fore example, the

SEM particle sizes are measured by the distances between the visible grain boundaries,

whereas the XRD method determines the extension of the crystalline that di�racts the

X-rays coherently, which is a more precise criteria, and thus leading to smaller grain sizes.

[354] Di�erent particle and crystallite sizes from AFM/SEM and XRD analyses have also

been observed for ZnO thin �lms by many other researchers, for example, in Al-doped ZnO

thin �lms prepared by Dghoughi et al. [272]

Quantitative surface studies show that the mean surface roughness of FSZO thin �lms

follows the same trend observed for particle size. Surface roughness is expressed mathem-

atically by:

Ra =
1

n

n∑
i=1

|yi | (6.2)

where n is the total number of data points used in the calculation and y is the average sur-

face height. Therefore, particle size is one of the important parameters in the measurement

of roughness. The FSZO �lms became rougher with increasing deposition temperature to

450 ◦C and with increasing particle size. Smoother surface was observed again with further

increase of the deposition temperature to 550 ◦C and smaller particles. The mean rough-
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ness of the FSZO �lms deposited at 350 ◦C, 450 ◦C and 550 ◦C found to be about 9.0

nm, 20.4 nm and 9.3 nm, respectively. Observed decrease in the roughness with increase of

deposition temperature to 550 ◦C suggests more uniform distribution of the particle sizes

on the surface and this is clearly evident from the AFM image of sample deposited at 550

◦C. Smoother morphology and smaller particle size of the high temperature (550 ◦C) �lm

could be due to the smaller diameters of the spray droplets at higher deposition temper-

atures. The incorporation of smaller decomposed precursor particles would lead to more

uniform growth of the �lm. Moreover, creation of more nucleation site on the surface at

higher temperatures might lead to a more uniform texture.

In Figure 6.13 SEM micrographs show the surface morphology obtained for FSZO �lms

deposited at 350 ◦C, 450 ◦C and 550 ◦C.

(a) (b) (c)

Figure 6.13: SEM images of FSZO thin �lms with constant Si concentration of 3% and F con-
centration of 10% deposited at (a) 350 ◦C, (b) 450 ◦C, and (c) 550 ◦C

The FSZO thin �lm deposited at 350 ◦C shows a porous structure consisting of particles

randomly oriented to the substrate surface. This correlates well with XRD data (Figure

6.2) which show (100), (002) and (101) peaks with similar intensities and thus, con�rms

a mixed orientation of the particles. On the other hand, a hexagonal �ake-like structure

with preferential orientation of two-dimensional particle sheets oriented perpendicular to

the substrate surface is seen in the SEM image of the �lm deposited at 450 ◦C, in agreement

with the XRD result which exhibits high intensity of (002) and (101) planes simultaneously.
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This �lm shows very similar surface morphology to that observed in the 3% Si-doped

ZnO �lm prepared at 450 ◦C (Figure 6.27 (b)) but with a more random orientation of

the particles. The FSZO �lm deposited at 550 ◦C has a relatively less porous structure

composed of smaller particles.

6.3.1.4 Optical properties

The e�ect of deposition temperature on the optical properties of FSZO thin �lms is illus-

trated in Figure 6.14. The average transparency is calculated in the visible range of 400

- 750 nm. The solution-grown Si+F co-doped ZnO thin �lms show signi�cantly improved

optical transparency (comparing to undoped and Si-doped ZnO thin �lm) as high as about

88% (corrected for glass) as the deposition temperature increases to 400 ◦C, as shown in

Figure 6.14 (b), but drops o� thereafter.

(a) (b)

Figure 6.14: (a) UV-Vis-NIR spectra of FSZO thin �lms deposited at 350 ◦C to 550 ◦C and (b)
transparency variation of FSZO thin �lms as a function of deposition temperature compared to
glass substrate

The interference fringes observed at longer wavelengths (in the IR region) correspond

to multiple re�ections in the thin (0.13 mm - 0.17 mm) glass substrates. The wider fringes

at shorter wavelengths are related to re�ections within the ZnO thin �lm itself.
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As seen in Figure 6.14, FSZO thin �lms exhibit a decrease in IR transmittance with

increasing deposition temperature. This is caused by the dependence of plasma re�ectivity

on free carrier concentration in the �lms due to a coherent oscillation of conduction electrons

with incident electromagnetic radiation as discussed in Chapter 4 (4.3.3).

The sharp decrease of transmittance at about 380 nm observed for all of the �lms

arises from the intrinsic band gap transitions in ZnO. A direct optical band gap, E g , can

be determined from the transmittance data using the Tauc relation, (αhν)2 ∝ (hν − Eg ).

[236] For direct band gap semiconductors the optical band gap can be determined by

extrapolating the linear portion of plot of (αhν)2 vs hν to where αhν = 0. The results of

this procedure, shown in Figure 6.15, clearly indicate the expected increase in band gap

with higher carrier concentrations.

Figure 6.15: Band gap calculation of FSZO thin �lms deposited from 350 ◦C to 550 ◦C and band
gap variation of FSZO thin �lms as a function of deposition temperature (inset: respective values
from band gap calculation)

Inset in Figure 6.15 shows the band gap changes (as estimated from the UV-Vis spec-

trum) for FSZO co-doped ZnO thin �lms as deposition temperature varies. A sharp increase
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in the band gap as the deposition temperature rises is observed due to the Burstein-Moss

shift. [192, 193] The shift arises because the Fermi energy (E F) lies in the conduction band

for heavy n-type doped TCOs. As the doping level (carrier concentration) increases more

energy states above the conduction band edge become occupied and the �lled states block

thermal or optical excitation. Consequently, the measured band gap determined from the

onset of interband absorption moves to higher energy. The magnitude of the shift (4BM ),

under free-electron theory, is described as:

∆BM =
~2

2m∗e
[3π2n]2/3 (6.3)

where ~ is the reduced Planck constant, m∗e is the electron reduced e�ective mass and n is

the electron carrier concentration. [355] However, the band gap shift was obtained for these

doped �lms did not exactly follow above equation as shown in Figure 6.16. Therefore, only

BM shift is not su�cient for account in the band gap shift for heavily doped semiconductor

like ZnO. [356]

Figure 6.16: Experimental and calculated band gap for FSZO thin �lms deposited at various
temperatures

To account for this discrepancy, a band gap renormalization model was proposed, where
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the band gap shrinkage (4RN ) is considered as a result of mutual exchange and Coulomb

interactions between the added free electrons in the conduction band and electron-impurity

scattering. In other words, 4RN arises from shrinkage or renormalization of the separa-

tion between the top of the valence band and the bottom of the conduction band as a

result of the degenerate doping itself. [357, 358] This leads to an increase in the energy

of the valence-band maximum (VBM) and decrease in the energy of the conduction-band

minimum (CBM). The net change in E g can therefore be taken as a di�erence of the

two contributions, i.e., 4Eg = 4BM − 4RN . The total change (4Eg) can be experiment-

ally derived from optical-absorption measurements, but decomposition into 4BM and 4RN

component terms is di�cult due to uncertainty in the determination of the absolute Fermi

level and band-edge positions. [355]

A sharp decrease in transmittance in visible region and also band gap, was observed

for the FSZO thin �lm deposited at 550 ◦C. These results along with dark (brown-ish)

colour of the �lm deposited at 550 ◦C suggest that growth rate of the ZnO thin �lms

increases with increasing synthesis temperature, which can lead to a faster decomposition

of Zn and dopant precursors than the fragmentation and evaporation of organic ligands.

Therefore, the products of the decomposition of precursors have less time to leave the

surface of the sample and more impurities such as carbon species might become trapped in

the growing layer ZnO. This correlates well with C 1s XPS spectra showing much higher

carbon content in high temperature deposited �lms (Figure 6.9 (b)). These carbon fragment

atoms or molecules can create deep donor or acceptor levels (depending on the position of

the E F) below the conduction band. [359] Strong reduction of the transmittance could

also be attributed to absorption via extra states within the band gap, associated to the

impurities.
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Figure 6.17: Thickness of 3% Si - 10% F FSZO thin �lms deposited at various deposition tem-
peratures

Figure 6.17 shows thickness of the FSZO samples as a function of deposition temperature

calculated using Equations 2.20, 2.21, and 2.22 from optical data. The thickness values for

FSZO �lms deposited at temperatures between 350 ◦C and 550 ◦C are nearly equivalent,

independent of deposition temperature and in the range of 547 ± 46 nm.

6.3.1.5 Electrical properties

The room temperature electrical properties of 3% Si - 10% F co-doped ZnO thin �lms

as a function of deposition temperature are shown in Figure 6.18. All samples exhibit n-

type conductivity and it can be noticed that upon increasing deposition temperature the

electrical properties improved. Carrier concentration, mobility and resistivity of about 7.2

× 1019 cm−3, 0.3 cm2 V−1 s−1 and 2.7 × 10−1 Ω cm, respectively, were achieved for the

FSZO �lm deposited at 350 ◦C. Increasing the deposition temperature raised both carrier

concentration and mobility. Since the resistivity of a semiconductor material is given by

ρ = 1/neµ, where µ refers to the mobility of the electrons, and n refers to the density

of electrons, the resistivity of FSZO �lms found to decrease by increasing temperature

and along with increasing mobility and carrier concentration in thin �lms. A deposition

temperature of 350 ◦C is presumably too low to successfully integrate the Si and F dopant
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atoms into the ZnO lattice and to provide good electrical contact between ZnO grains.

A minimum resistivity of about 2.9 × 10−3 Ω cm was achieved for the �lm deposited at

450 ◦C. This may be due to the incorporation of more electrically active dopants into

the ZnO structure as the deposition temperature increases. The mobility increases with

deposition temperature mainly because the particles are larger and thus, there are fewer

grain boundaries in the �lms deposited at higher temperatures.

Figure 6.18: Carrier concentration, mobility, and resistivity of FSZO thin �lms with 3% Si - 10%
F concentration, as a function of deposition temperature. Blue and red points show the electrical
properties of undoped ZnO and 3% Si-doped ZnO, respectively

However, at higher deposition temperatures (> 500 ◦C), presumably higher �lm de-

position rate than dopant incorporation rate leads to a lower carrier concentration in the

�lms. Typically, many factors including the grain boundary scattering, the ionized impur-

ity scattering, and structure defects scattering can a�ect the carrier mobility. In the case

of polycrystalline �lms, the grain boundaries may be considered to be the most dominant
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factor a�ecting carrier mobility. Grain boundaries often contain a large population of dis-

torted or dangling bonds, chemisorbed species, and other defects. Many surface defects

generally include oxygen-containing species, which can accept and trap electrons and thus,

form a high potential barrier on the surface and at the grain boundary that inhibits elec-

tron transport across the grain boundaries. [360] However, F with its surface passivation

e�ect can saturate these dangling bonds and prevent oxygen adsorption, thus, increasing

mobility. [224, 361]

Reduction in mobility at high temperatures can be explained by the observed smaller

particle size, and the associated increased density of grain boundaries (Table 6.1). Moreover,

signi�cant changes in crystallites orientation and morphology of the �lms as a function of

deposition temperature observed above in the XRD spectra (Figure 6.2) and SEM images

(Figure 6.13) should also in�uence signi�cantly the electrical transport in the �lms. A

steep decrease in carrier mobility at 550 ◦C coincides with a rise in the intensity of (002)

re�ection and vanishing of other re�ections in XRD spectra and smaller particle size as

seen in SEM image. From the XPS analysis, a signi�cant decrease in Zn and O at.% on

the surface of FSZO �lm deposited at 550 ◦C (Figure 6.10), also re�ects the considerable

carbon content on the ZnO surface leads to the decline of optical and electrical properties.

In addition, when thin �lms are deposited on glass, for example borosilicate glass (with

chemical composition of about 80.6% SiO2, 13% B2O3, 4% Na2O and 2.3% Al2O3), boron

or sodium might di�use into the �lm and increase the resistivity. Contamination by alkali

ions from substrate of sheet glass may have a marked e�ect on electrical conductivity,

especially for layers deposited at substrate temperatures greater than 500 ◦C, as the strain

and annealing points of borosilicate glass are 510 and 560 ◦C, respectively. [187, 362]

More importantly, the carrier concentration in FSZO �lm deposited at 450 ◦C is more

than two times larger than that in 3% Si-doped ZnO �lm, and the observed mobility is

reasonably high for such high carrier concentration. This fact strongly suggests that in the

FSZO thin �lms grown by spray pyrolysis Si and F act as e�ective n-type dopants.
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6.3.2 E�ect of F concentration

6.3.2.1 Structural characterisation

To determine an optimum F concentration, several FSZO thin �lm samples with 3% Si

and di�erent F dopant concentration were prepared at 450 ◦C. Figure 6.19 shows the XRD

patterns of these samples.

(a) (b)

Figure 6.19: (a) XRD patterns of FSZO thin �lms with 3% Si concentration and various F
concentration deposited at 450 ◦C. The XRD pattern of single doped 3% SiZO (0% F) is also
shown. (b) TC (100), TC (002), and TC (101) variations as a function of nominal F concentration

After increasing the concentration of F in the precursor solution, no crystalline phase

corresponding to any Zn, Si and F compounds besides ZnO were observed in the XRD

patterns of the thin �lm samples. XRD patterns indicate that Si-doped ZnO (0% F) and

5% F- FSZO �lms show a slight preferred orientation of crystallites along the (002) plane

(c-axis) on the substrate. In the F concentration range from 10 to 20%, the intensity of

the (101) di�raction peak was comparable to that of the (002), but because the intensity

of the (002) re�ection is higher than that of the bulk ZnO, thus the crystallites may still

show a little preferential growth along this plane. However, as the F doping level increases

to 30%, while the (002) di�raction peak diminishes, the (110) re�ection starts increasing,

and the growth orientation changes signi�cantly such that in-plane peaks such as (100),
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(101) and (110) become predominant in the XRD patterns. At highest F concentration of

40%, growth direction is mainly along (100), (101) and even (110) planes. As previously

illustrated in Chapters 4 and 5, a slight preferential orientation along the (002) direction

is observed when each dopant is used individually. The observations show that the F

concentration has a strong in�uence on the �lm texture. The XRD patterns of the FSZO

�lms with high concentration of F (30 and 40%) resemble the XRD pattern of ZnO powder,

suggests samples consist of nearly randomly oriented crystallites.

The variation of TC (hkl ) values by increasing F dopant concentration is illustrated

in Figure 6.19 (b). A clear decrease in the contribution of (002) and increases in the

contributions of (100) and (101) phases are observed. This result suggests that the growth

orientation is dominated by the [F] / [Zn] ratio when the ZnO �lms are simultaneously

doped with Si and F. Maldonado, et al. observed similar e�ect in ZnO thin �lms co-doped

with In and F. [172] In another work, Altamirano-Juárez, et al. reported randomly oriented

crystallites for Al+F co-doped ZnO �lms prepared using sol-gel technique. [170]

The wet chemical growth of horizontally aligned (parallel to the substrate surface) ZnO

nanowires have been widely studied. Discussions on theses results might be extended to the

observed trends of crystal growth in FSZO thin �lms. Generally, the reactions taking place

in the aqueous systems are considered to be in a reversible equilibrium, and the driving

force is to minimise the free energy of the entire reaction system. In wurtzite-structured

ZnO grown along c-axis, (002) plane is a polar surface, terminated by either Zn2+ or O2−.

Owing to the high energy of the polar surfaces, when a ZnO nucleus is forming, the incoming

precursor molecules tend to be favourably adsorbed on the polar surfaces to minimise the

surface energy, resulting in a preferential growth along the (002) plane. [363, 364] On

the other hand, if other impurity ions are adsorbed to the Zn2+ or O2− ions on the (002)

surfaces, they can inhibit the growth along (002) and compel growth along the (101), (100)

and (110) surfaces. [363] Experimental results in the literature show that citrate ions can

strongly bind to the Zn2+ ions on the (002) surfaces and have a strong hindering e�ect on
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the growth there. [365] Decreased growth along c-axis by increasing dopant concentration

suggests similar behaviour might happen when the concentration of Si4+, F− and other

organic species is increased in the precursor solution.

The variation in lattice parameters and unit cell volume of FSZO thin �lms as a function

of F concentration was investigated and the results are displayed in Figures 6.20.

Figure 6.20: Variation of lattice parameters and unit cell volume (inset) of FSZO thin �lms as a
function of F concentration

The ideal ZnO structure is a hexagonal wurtzite structure with two Zn atoms and two

O atoms in each primitive cell, and the lattice constants are about a = b =3.249 Å, c =5.206

Å, α = β =90◦ and γ =120◦. [123] The lattice constants a and c of FSZO thin �lms are

weakly dependent on the F concentration and were slightly smaller than those of ZnO

doped by Si only. A slight reduction in the lattice parameters happens when the di�raction

peaks are slightly shifted to the right (higher 2θ). This indicates that small variations in

the lattice parameters as increasing F concentration leads to higher defect concentrations

in ZnO. Since the unit cell volume of hexagonal structure is given by V = 3
√
3
2 a2c, the

unit cell volume follows the trend observed for the a and c lattice constants and decreases

185



Chapter 6. Preparation and Characterisation of Fluorine and Silicon Co-doped ZnO
(FSZO) Thin Films

from 47.77 (Å3) at 0% F concentration to about 47.40 (Å3) at 20 - 30% F concentration.

The contraction of the ZnO unit cell at higher F concentration can be attributed to the

substitution of F− for O2− in ZnO lattice during the formation of FSZO �lms, and due to

the fact that the ionic radius of F− (1.31 Å) is slightly smaller than that of O2− (1.38 Å).

[150]

Using the Scherrer equation (2.9) the average crystallite size of the thin �lms grown

at 450 ◦C with di�erent F concentration were calculated and presented in Table 6.3. The

approximate mean crystallites size reaches a minimum at F concentration of 20 - 30% and

increases again as F concentration further increases.

F dopant concentration (%) Mean crystallite size (nm)
0 65.7 ± 11.2
5 69.8 ± 2.9
10 61.8 ± 1.6
15 62.9 ± 0.8
20 64.0 ± 1.7
30 58.9 ± 6.8
40 78.2 ± 9.1

Table 6.3: Crystallite size of FSZO thin �lms with di�erent F concentrations deposited at 450 ◦C
calculated using Scherrer equation

6.3.2.2 XPS analysis

Survey XPS spectra of the FSZO thin �lms with nominal Si and F concentrations of 3%

and 30%, respectively, deposited at 450 ◦C are shown in Figure 6.21. XPS peaks show that

the FSZO thin �lms contain only Zn, O, Si and F elements and a trace amount of C. The

following binding energies were studied: Zn 2p3/2 at ∼ 1021 eV, O 1s at ∼ 531 eV, Si 2p

at ∼ 103 eV, F 1s at ∼ 685 eV, and C 1s at ∼ 284 eV. The XPS survey spectra of other

samples are similar.
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Figure 6.21: XPS survey spectrum of FSZO thin �lm with 3% Si - 30% F deposited at 450 ◦C

All spectra were charge corrected by setting the C 1s spectral component binding energy

to 284.6 eV. High resolution Zn 2p3/2 and F 1s core level XPS spectra of FSZO �lms with

di�erent nominal F concentrations are shown in Figure 6.22. Figure 6.22 (a) shows the

typical XPS data of Zn 2p3/2 at a BE of 1021.7 eV in the FSZO �lms. All peaks are highly

symmetric and could be �tted with a single component. Addition of further components

did not signi�cantly improve the quality of the �t. Moreover, the binding energy (BE) of

the Zn 2p3/2 peaks remained unchanged by increasing F concentration.

The F 1s peak is usually observed at binding energies between 684.0 eV and 686.0 eV for

F− ion bound to a metal ion and, it lies at higher binding energies of about 689.0 - 690.0 eV

for the F− ion attached to C in organic compounds. [339, 348] The F 1s core level spectra

of FSZO �lms are displayed in Figure 6.22 (b). The observed peaks have binding energy of

∼ 685.7 eV and are attributed to the �uoride ions in the ZnO lattice. The intensity of the F

1s peak increases as the F concentration in the solution is increased. The very broad peaks

with very low intensities corroborate that the F concentration in the samples is much less

than the amount of F added to the starting spraying solution. One possible reason for this
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might be a possible reaction of NH4F and Si4+ (for example SiO2 or Si(CH3CO2)4) which

occurs in aqueous solutions and described by: [366, 367]

Si4+ +HF +NH4F
 (NH4)2SiF6 (6.4)

The ammonium hexa�uorosilicate, (NH4)2SiF6, decomposes thermally at a temperature

of about 300 ◦C to form gaseous products, according to: [368]

(NH4)2SiF6(s) → SiF4(g) +NH3(g) +HF(g) (6.5)

Therefore, it is expected that most of the F− in the spray solution is volatilized in

the hot environment of the spray pyrolysis chamber before arriving to the surface of the

substrate. By increasing the concentration of F− in the solution to 40%, more �uoride ions

have the opportunity to reach to the surface of the substrate and be incorporated into the

ZnO matrix.

(a) (b)

Figure 6.22: (a) Zn 2p3/2 and (b) F 1s XPS spectra of FSZO �lms with di�erent nominal F
concentration and 3% Si, deposited at 450 ◦C (blue dashed line in �gure (b) shows the background)

Figure 6.23 (a) shows the XPS spectra of the Si 2p core level of FSZO thin �lms

deposited at 450 ◦C with di�erent F concentrations. Figure 6.23 illustrates an increase in
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Si 2p peak intensity on the surface with increasing F concentration in FSZO thin �lms.

The Si 2p peak of FSZO �lms with di�erent nominal F concentration were �tted using

one component, suggesting that only one chemical state of Si is needed to account for the

spectra. This silicon state corresponds to Si4+ (∼ 103.1 eV) and has similar binding energy

to Si−O bond in SiO2 which usually appears at binding energies around 103 - 103.5 eV.

[339, 348] The Si4+ oxidation state points out that Si in the FSZO thin �lms will donate two

extra electrons to the electrical conduction owing to the fact that it is replacing Zn2+ sites

in the Si4+ state. Si4+ state might be assigned to a secondary phase like SiO2 deposited on

grain boundaries, but such a phase was not observed in the XRD spectra of FSZO �lms

(Figure 6.19). [141, 143] More interestingly, Figure 6.23 (a) illustrates an increase in the

Si 2p peak intensity on the surface with increasing F concentration in FSZO thin �lms.

This suggest that F not only can act as a n-type dopant contributing electron to the ZnO

lattice directly, but also helps Si ions to incorporate more e�ectively at the substitutional

zinc sites in the ZnO lattice.
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(a) (b)

Figure 6.23: High resolution (a) Si 2p and (b) �tted Si 2p XPS spectra of FSZO thin �lms depos-
ited at 450 ◦C as a function of F concentration (Blue dashed and solid lines show the background)

The XPS spectra for the O 1s core level are broad and asymmetric indicating the

presence of multiple oxygen species (Figure 6.24 (a) and (c)). The O 1s spectra were

curve �tted and the peaks are best �tted with two symmetric Gaussian peaks. The two

components are centred at about 531.8 and 533.1 eV. The peak with the lowest binding

energy (OZ) of the O 1s spectrum is known as the O 1s signal for O2− ions in the hexagonal

structure of ZnO lattice surrounded by zinc ions. The higher binding energy peak (OC) is

associated with adsorbed hydroxyl (OH), H2O, or carbon containing groups on the surface

of the FSZO thin �lms. Therefore, changes in the intensity of this component may be

related in part to the variations in the concentration of oxygen vacancies.
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FSZO- 3% Si - 450 ◦C OZ (531.8 eV) OC (533.1 eV) OZ/OC
10% F 75.2% 24.8% 3.0
20% F 68.1% 31.9% 2.1
30% F 55.9% 44.1% 1.3
40% F 55.0% 45% 1.2

Table 6.4: Relative area percentage of OZ and OC components in O 1s peak for FSZO samples
deposited with di�erent F concentration

Although the area of the O 1s peak is more or less equivalent in FSZO �lms with various

F concentrations, but from the comparative studies, it is found that the integrated peak

area for the OC peak gradually increases with the increase in F doping concentration. The

calculated content of OC peak in O 1s XPS spectrum changes from 24.8% to 44.1% for

the 10% to 30% F in FSZO thin �lms (Table 6.4). This indicates a gradual increasing of

chemisorbed oxygen species on the surface layer with the increase in F doping concentration.

Major et al. observed that as the In2O3 �lms were etched, the O 1s peak at lower binding

energy due to oxygen in In2O3 lattice appeared and increased with increasing depth, while

the higher binding energy O 1s peak diminished, and at a depth of 1000 Å, only a single

O 1s peak at lower binding energy (O2− in In2O3) was observed. [369] Similar observation

of decreased relative intensity of higher binding energy O 1s component with increasing

etching time in Al-doped ZnO �lms was also reported by Chen et al. [370]
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(a) (b)

(c) (d)

Figure 6.24: High resolution XPS spectra of FSZO thin �lms with various nominal F concentra-
tions deposited at 450 ◦C (a) O 1s, (b) C 1s, (c) curve �tted O 1s, and (d) curve �tted C1s

The surface of the samples was etched using Ar to remove the carbon-containing organic
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contaminants on the surfaces of samples. The C 1s peaks are still observed at 284.6 eV

and 289.5 eV for the FSZO �lms due to the small amounts of C contaminants remaining on

the surface (Figure 6.24 (d)). The 284.6 eV peak of FSZO �lms is assigned to the binding

energy of C in C−C bond. The weak peak at about 286.4 ± 0.3 eV usually comes from C

in the C−O single bond. The peak at binding energy of 289.3 ± 0.2 eV is attributed to the

contribution of the surface residual C contaminants in the form of C−F, C−−O and O−−C−O

bondings. [339, 371] The area of the peak at binding energy about 289.5 eV is increases as

F concentration increases to 40%, which might be because of the higher concentration of

organic species containing C−F bonds.

The relative atomic concentration of zinc, oxygen and carbon on the surface of the

samples were derived from XPS data using Equation 2.12 and the method explained in

Section 6.3.1.2. The O concentration is slightly above 50% for all of the FSZO samples.

High resolution scans of the Si 2p, F 1s, Zn 3p and O 1s signals were used to determine

the Si:Zn and F:O ratios in these samples. The F:O ratio in these samples was determined

by examining high resolution scans with a binding energy range of 695 to 680 eV, and 540

to 520 eV which includes the F 1s and O 1s signals, respectively. The peak areas were

integrated using a linear baseline and normalized by the relative sensitivity factors (4.43

for F 1s and 2.93 for O 1s). As shown in Figure 6.25, using precursor solutions with a

�xed silicon concentration, increasing the the concentration of �uorine led to a increase

in silicon concentration on the surface of the �lms deposited at 450 ◦C, while the �uorine

concentration remained almost constant at about 2.0 at.%.
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Figure 6.25: Si:Zn and F:O ratios on the surface of the FSZO thin �lms deposited at 450 ◦C from
precursor solutions with a �xed 3% Si and varying amounts of F

Higher Si:Zn ratio on the surface of the thin �lms can be attributed to the surface

segregation of the dopant atoms. A possible explanation to driving forces to segregation

originates from the size mismatch between the dopant and host cations and the associated

free surface energy minimization by pushing the larger or smaller dopant to free surfaces

or interfaces, and to the charged defect interactions such as a strong association of dopant

cations with oxygen vacancies, which can drive the dopants to positively charged interfaces

where oxygen vacancies are in abundance as well as with polar surfaces. [372] The greater

amount of silicon in the �lms is the most straightforward explanation for increased carrier

concentration (Figure 6.31). However, given the unavoidable presence of adventitious car-

bon on the ZnO surface, the XPS results are more likely to be quantitative if measurements

were carried out on samples which are etched for longer time to minimise carbon presence

on the surface.

6.3.2.3 Morphology

The e�ect of F concentration on the morphology of FSZO thin �lms was also studied using

AFM and SEM. Figure 6.26 displays the surface morphologies of FSZO thin �lms deposited

with 3% Si and various F dopant concentration at a constant temperature of 450 ◦C as
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measured using AFM. The AFM images of FSZO �lms exhibit smaller particle size with

increasing F concentration. The uniformity (of the particle size distribution) appeared to

deteriorate as F concentration increases to 30%, as seen from changes in the size and shape

of the particles on the surface.

(a) (b) (c)

Figure 6.26: AFM images of FSZO thin �lms deposited at 450 ◦C with 3% Si and (a) 0%, (b)
10%, and (c) 30% F concentration

The surface roughness of FSZO thin �lms was found to decrease from 20.4 nm at 10% F

concentration to 12.1 nm at 30% F concentration, in consent with the decrease in the mean

particle size. The mean particle size for FSZO �lms with 10% F and 30% F calculated from

AFM images was about 171 ± 87 nm and 147 ± 40 nm, respectively. The FSZO �lm with

10% F concentration exhibited higher roughness owing to larger particle size. However,

samples might also exhibit higher roughness despite having smaller particle size, due to the

less uniform size distribution of the particles on the surface.

Figure 6.27 shows the microstructures of the FSZO samples with di�erent F concen-

trations as observed using SEM. In the XRD patterns For the 3% Si (0% F) and 10 -

20% F (3% Si) - FSZO samples both the (002) and (101) re�ections are observed (Figure

6.19). These re�ections may be correlated to the hexagonal plate and pyramid surface

morphologies seen by SEM, respectively (Figure 6.27 (b), (c) and (d)). [373, 374]
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(a) (b)

(c) (d)

(e) (f)

Figure 6.27: (a) ZnO schematic crystallite showing the (002), (101) and (100) planes (Figure
adapted form Hu et al. [65]), and SEM images of FSZO thin �lms deposited at 450 ◦C with Si
concentration of 3% and F concentration of (b) 0%, (c) 10%, (d) 20%, (e) 30%, and (f) 40%

Figure 6.27 (a) shows the relationship between microstructure and crystal growth ori-

entations of ZnO �lms. From this Figure, it is obvious that the c-axis is perpendicular

to the substrate, leading to columned hexagonal-shape structures in ZnO �lms with pref-

erential (002) orientation. It can also be seen that the c-axis is parallel to the substrate,

leading to pyramid-like structures in ZnO �lms with (101) and (110) oriented crystallites.

A signi�cant change in the surface morphology of the FSZO thin �lms is observed when the
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concentration of F is ≥ 30%. These �lms show a well-textured morphology with pyramid-

shape particles on the surface, which is consistent with the higher intensity of (101) and

(110) re�ections in the XRD patterns. Similar XRD and SEM results were reported for B-

doped ZnO thin �lms by Soo-Lee et al. [373] and Shah et al. [375, 376] They also observed

that their doped ZnO thin �lms exhibited a marked preferred orientation along the (110)

crystallographic plane. From these results, we can con�rm that the incorporation of F into

ZnO lattice will modify the crystal growth and particle orientation on the surface of the

�lms.

The size of the pyramidal shaped particles on the surface is a few hundred nanometres

as shown in Figure 6.27 (f). Again, the crystallite size which calculated from the Scherrer

equation (2.9) is less than 100 nm. This discrepancy was well explained in section 6.3.1.3.

Besides, we can also suggest that the microstructure of FSZO �lms consists of small crystal-

lites at the bottom of the �lm, followed by the growth of larger crystallites which emerged

with (101) and (110) crystallographic orientations.

6.3.2.4 Optical properties

Figure 6.28 (a) shows the transmittance spectra of FSZO thin �lms with constant Si con-

centration of 3% and various F concentrations, all deposited at 450 ◦C. Thin �lms with

F concentration between 5 and 30% exhibit an average transmittance of over 85% in the

visible wavelength region as compared to the transparency of the glass which is around

92%. However, the transparency of the �lms with F concentration of 40% drops to lower

than 80% as illustrated in Figure 6.28 (b). The optical transmission for the thin �lms de-

creases in the NIR wavelength range as the F concentration increases. Generally, increasing

carrier concentration induces a decrease of transmittance in the NIR wavelength range due

to the plasma re�ection, as explained in Section 6.3.1.4. Accordingly, the transmittance

decrease in the NIR wavelength range is more pronounced for the FSZO thin �lms with

higher carrier concentration.

197



Chapter 6. Preparation and Characterisation of Fluorine and Silicon Co-doped ZnO
(FSZO) Thin Films

(a) (b)

Figure 6.28: Variation of (a) UV-Vis-NIR transmittance spectra and blue shift of the absorption
edge (inset), and (b) transparency of FSZO thin �lms as a function of F concentration

A blue shift of the fundamental absorption edge for FSZO thin �lms with increasing F

concentration is observed in inset in Figure 6.28 (a). This blue-shift is mainly attributed

to the Burstein-Moss e�ect, [192, 193] which implies that the increase of the electron con-

centration results in a shift of the Fermi level, thereby causing widening of the band gap

resulting in the blue-shift of the absorption tail (Section 6.3.1.4). Moreover, the shift in

plasma frequency in the NIR region is larger than the Burstein-Moss shift in the near-UV

region. Thus, the transmission window becomes narrower as the carrier concentration in-

creases. This means that both the conductivity and the transmittance are interconnected

since the conductivity is also related to the carrier concentration, as discussed in Section

6.3.1.5.
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(a) (b)

Figure 6.29: (a) Optical band gap calculation and (b) experimental and calculated band gap of
FSZO thin �lms deposited at 450 ◦C with di�erent F concentration

The optical band gap of the FSZO thin �lms were higher than that of the Si-doped ZnO

thin �lm and increased from about 3.38 eV at 3% Si - 0% F doping concentration to about

3.61 eV at 3% Si - 30% F (Figure 6.29 (b)). The increase of carrier concentration as the

F concentration increases (Figure 6.31 (a)) supports the fact that the band gap widening

is dependent on the carrier concentration and F content. The calculated band gap value

(calculated from Equation 6.3) is nearly 0.6 ± 0.2 eV higher than the experimental value for

all samples and the evident di�erence may be due to two reasons: (1) the band narrowing

(BN) e�ect, which results from the many-body interactions between the free carriers and

ionized impurities in the doped ZnO �lms, and (2) the nonparabolic e�ect of the conduction

band as further discussed in Section 6.3.1.4. [355, 377]

The variation of the thickness of the FSZO �lms with increasing F concentration was

investigated using the method explained in Section 6.3.1.4. The thickness of the FSZO

thin �lms with F dopant concentration of 0% to 20% is more or less equal and about 570

± 30 nm. However, a decrease in thickness is observed as the F concentration increases to

30% and higher (Figure 6.30). Considering the ideal axial ratio for a hexagonal close-pack

crystal structure (c/a =1.633), under exact same conditions, crystal growth along c-axis
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should result in higher thickness. This correlates very well with the increased crystal growth

along a-axis and other in-plane orientations with increasing F concentration for FSZO thin

�lms (Figures 6.19 and 6.19 (b)), which can lead to decrease in the �lm thickness.

Figure 6.30: Variation of thickness as a function of F concentration in FSZO thin �lms with
constant 3% Si concentration deposited at 450 ◦C

6.3.2.5 Electrical properties

Figures 6.31 shows the variation of room temperature carrier concentration, mobility and

resistivity, respectively, of FSZO �lms with constant Si concentration of 3% deposited at

450 ◦C as a function of F concentration. For the purpose of comparison, the electrical

properties of 3% Si-doped ZnO deposited at 450 ◦C are also included in the graphs. The

resistivity of FSZO �lms was found to decrease gradually with increasing F concentration

from 5.4 × 10−3 Ω cm at 0% F to 1.8 × 10−3 Ω cm at 40% F. For �lms with < 20% F,

it can be observed that the resistivity reduction in the FSZO �lms is mainly attributed to

the higher carrier concentration. The decrease in mobility in this region is likely due to the

increase in the carrier density and the resulting electron-electron scattering, as well as some

deterioration in the crystalline quality and formation of concentrated dopant atoms at the

grain boundaries. On the other hand, further decreases in resistivity at F concentrations

of 30 and 40% are due to the higher mobility rather than carrier concentration.
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Figure 6.31: Dependence of carrier concentration (blue), mobility (red), and resistivity (black)
on concentration of F for FSZO thin �lms with constant 3% Si concentration, deposited at 450 ◦C

In order to determine the validity of the observed electrical properties, several series of

FSZO �lms were deposited under the same conditions. Very small error bars con�rms that

production of Si+F co-doped ZnO thin �lms by spray pyrolysis is a reproducible process

and that the presented results are reliable.

Through a combination of improvement to carrier concentration and mobility, the op-

timal resistivity reached a minimum value of about 1.8 × 10−3 Ω cm for F concentration of

30 - 40%, when average carrier concentration and mobility were ∼ 4.5 × 1020 cm−3 and ∼ 7.5

cm2 V−1 s−1, respectively. The increase in carrier concentration might originate from the

substitution of F− at O2− sites, which would release one extra free electron per substitution

and enhance conductivity. Density functional theory (DFT) calculations by Liu et. al.

showed that under the oxygen-free conditions (as used for the FSZO thin �lms deposition)

it is energetically more favourable for F− ions to enter into the O2− sites considering the
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similar ionic radii of the two anions and due to the lower formation energy of oxygen vacan-

cies. [223] At higher F concentrations F− may also form interstitial defects. Thus, F− can

act as a donor dopant and provide free carriers. For hexagonal ZnO the conduction band

mainly originates from the metal orbitals, namely the empty 4s orbitals of Zn2+, while the

valence band derives from the �lled 2p orbitals of O2−. [378] Therefore, dopants such as Al,

In or Si which substitute for Zn will mostly perturb the conduction band, whereas, substi-

tution for O would principally cause valence band perturbation. The former will result in

a strong scattering of the electrons in the conduction band, and consequently reduce the

mobility. On the other hand, the latter e�ect leaves the conduction band fairly free of scat-

tering and either leaves the mobility unchanged, or leads to an increase in electron mobility.

[151, 152] The lower mobility values observed for the FSZO samples comparing to undoped

ZnO, may be ascribed to the polycrystalline nature of the thin �lms and due to the fact

that the carriers undergo scattering by grain boundaries, as well as Si doping which causes

perturbation to the conduction band, and thus an extra strong ionised impurity scattering

of the electrons.

6.3.3 E�ect of silicon concentration

6.3.3.1 Structural characterisation

As mentioned in the Experimental section, to �nd the optimum silicon dopant concentration

for FSZO, a range of FSZO thin �lms with a constant F dopant concentration of 30% and

various Si concentrations were deposited at 450 ◦C. XRD patterns of the samples are shown

in Figure 6.32 (a). The di�raction patterns correspond to hexagonal wurtzite structure.
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(a) (b)

Figure 6.32: (a) XRD spectra and (b) variation of TC (100), TC (002), and TC (101) of FSZO thin
�lms with 30% F concentration and various Si concentration deposited at 450 ◦C

As expected the thin �lms show changes in crystallite orientation with changes in dopant

concentration. It was observed that by increasing the F doping level to 30%, at 3% Si, the

preferred orientation changed from (002) to mainly (101) and (100) (Figure 6.19). As all

these samples were deposited with constant F concentration of 30%, the fact that the (002)

re�ection does not dominate, even at a low Si concentration of 1%, is predictable. The

changes in texture coe�cients are shown in Figure 6.32 (b). The crystallite orientation for

FSZO thin �lms with 3% Si and greater, at 30% F, are pretty close to random.

Another interesting point was that the peak positions corresponding to the (100), (002)

and (101) planes were slightly shifted to higher 2θ values at higher Si concentration. One

of the possible reasons for this might be the di�erence in ionic radius of Si4+ which is much

smaller than that of Zn2+ (rSi4+ = 0.26 Å and rZn2+ = 0.60 Å [150]). Hence, replacing Zn2+

by Si4+ in the ZnO lattice leads to a decrease in lattice constants.
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Figure 6.33: Variation of lattice parameters and unit cell volume (inset) of FSZO thin �lms with
30% F, as a function of Si concentration

Average crystallite sizes were calculated from X-ray di�raction peak widths using the

method outlined in Section 6.3.1.1. In all cases, the peaks used for this measurement

corresponded to the planes which had the highest intensities. The results are plotted

against Si concentration in Figure 6.34. The results show that the mean crystallite sizes

in FSZO �lms grown with various Si concentrations at 450 ◦C were in the range of 56 - 80

nm. The crystallite size was fairly constant 57.5 ± 1.5 nm up to Si concentration of 3%

and grows at Si concentration of 4 and 5%.
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Figure 6.34: Variation of the crystallite size of FSZO �lms with Si concentration, calculated from
XRD data

6.3.3.2 Surface analysis

The surface element composition, oxidation states, and chemical environment of elements

in the FSZO thin �lms with di�erent Si concentration were analysed using XPS. All spectra

plotted after they were charge corrected by shifting all peaks to the C 1s spectral component

(C−C) binding energy set to 284.8 eV. The Zn 2p spectra are shown in Figure 6.35, where

the two strong peaks centred at 1044.8 eV and 1021.7 eV are associated to the core lines of

Zn 2p1/2 and Zn 2p3/2 in ZnO. Transition metals generally do not show remarkable shifts,

[379] which may be the reason why no signi�cant shift of the Zn 2p peaks is observed when

the concentration of Si is increased.

205



Chapter 6. Preparation and Characterisation of Fluorine and Silicon Co-doped ZnO
(FSZO) Thin Films

(a) (b)

Figure 6.35: (a) Zn 2p and (b) F 1s high resolution XPS core line spectra of FSZO �lms as a
function of Si concentration at constant 30% F

The BE values of F 1s core line (685.5 eV) is consistent with F− ions bound to metal

ions. [339, 348] This supports the hypothesis of F− substitution for O2− in the ZnO lattice,

which results in the formation of Zn−F bonds. The intensity of the F 1s peak was found

to slightly decrease with increasing Si concentration.

Figure 6.36 shows the Si 2p spectra of FSZO thin �lms with Si concentrations of 1, 3,

and 5%. The binding energy around 103.1 eV can be assigned to the Si4+ since the Si 2p

peak associated to the Si−O bond in SiO2 has a similar binding energy of around 103 -

103.5 eV. [339, 348] The Si 2p peak intensity grows as the Si concentration is increased to

3%, but drops with a further increase of Si concentration to 5%.
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(a) (b)

Figure 6.36: High resolution XPS spectra of (a) Si 2p and (b) �tted Si 2p core level for FSZO
thin �lms with various Si doping concentration

The variations of the experimental O 1s spectra of FSZO �lms with varying Si con-

centration, and curve �tted into components are presented in Figure 6.37 (a) and (c),

respectively. The asymmetric O 1s spectra could be �tted by two components centred at

binding energies of around 531.8 eV and 533.0 eV. The �tted peak dominating around 531.8

eV (OZ) is attributed to oxide in a locally stoichiometric ZnO lattice, while another peak

around 533.0 eV (OC) is ascribed to O species such as surface adsorbed hydroxyl (OH−)

or organic oxygen groups such as C−−O and C−O. The area ratio of these two components

(OZ/OC) decreases from 2.1 at 1% Si to about 1.5 at 5% Si.
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(a) (b)

(c) (d)

Figure 6.37: The (a), (c) O 1s and (b), (d) C 1s spectra with curve �tting results obtained from
FSZO thin �lms deposited with Si doping concentration of 1%, 3% and 5%, at constant 30% F

Figure 6.37 (b) shows the high resolution C 1s spectra of three FSZO �lms with various
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Si concentrations. The peak intensity of C 1s spectra decreased slightly with an increasing

concentration of Si. The curve �tted C 1s spectra show that di�erent C species co-exist

on the surface of the samples (Figure 6.37 (d)). The strong peak positioned at 284.6 eV

corresponds to species containing single C−C bonds. The �tted component at around 286

eV is assigned to compounds including single C−O bonds. The broad small peak at binding

energy centred at 289.1 eV is arisen from double bond C−−O or single bond C−F species.

Atomic concentrations of Zn, O, and C were calculated using Equation 2.12. The Zn to

O at.% ratio of around 0.7 was achieved for all FSZO samples with various Si concentrations.

Si:Zn and F:O ratios were obtained using the method explained in Section 6.3.1.2. The

F:O ratio was found to be almost constant at 1.1 ± 0.5 at.% which is in agreement with

the �xed concentration of F in the precursor solution. The Si concentration on the surface

of the samples does not depend linearly on the [Si] in the solution, and the Si:Zn ratio on

the surface of the samples increased from 2.92 at.% for the �lm deposited from precursor

solution with 1% Si concentration to 9.79 at.% for the �lms deposited from solution with

3% Si. The Si:Zn atomic concentration ratio in the sample decreases to 3.82 at.% with

further increase of the [Si] to 5% in the solution.

6.3.3.3 Morphology

Figure 6.38 shows AFM micrographs of the FSZO thin �lms deposited at 450 ◦C with

di�erent Si concentrations. The samples with Si concentration of 1% and 3% have very

uniform surfaces, but the quality of the surface uniformity declines as the Si concentration

increases to 5%.
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(a) (b) (c)

Figure 6.38: AFM images of 30% F - FSZO thin �lms deposited at 450 ◦C with: (a) 1%, (b) 3%
and (c) 5% Si concentration

The mean particle size was calculated from AFM images and was found to slightly

decrease from around 175 ± 67 nm for 1% Si to 147 ± 46 nm for 3% Si and increase to

163 ± 55 nm again as the Si concentration increased to 5%. The mean roughness complied

with the changes in particle size. It was higher at Si concentration of 1% (∼ 24.9 nm) as it

is also evident from the AFM images. The surface of the sample with 3% Si is smoother

than other samples with lower and higher Si concentrations, and thus a lower roughness (∼

12.1 nm) can be inferred for this �lm.

The surface morphology of FSZO thin �lms with various Si concentrations was also as-

sessed by scanning electron microscopy (SEM). Film grown with the 0% Si concentration at

450 ◦C showed a �ake-like hexagonal-shaped morphology with large particle sizes of mixed

orientation on the substrate surface as shown in Figure 6.39 (a). This is consistent with the

XRD data for this �lms (Figure 6.32) with high (002) peak intensity which corresponds to

the hexagonal plates parallel to the surface, and the presence of a sharp (101) peak which

is responsible for the observed random orientation of the particles.

The e�ect of increasing Si concentration is shown in Figures 6.39 (b) to (e). The particle

shape undergoes a signi�cant change from the hexagonal �ake-like to pyramidal-triangle

shape as Si concentration increases to 3%. The hexagonal-shape particles can be still

observed on the surface of the 1% Si �lm, but they are more perpendicularly oriented to

the surface, so the hexagon shape is not as clearly visible. These changes correspond to the
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XRD patterns (Figure 6.32) where a clear shift in predominance from (002) to (100) can be

noticed as the Si concentration increases. Moreover, the (110) peak �rst appeared in the

XRD patterns by addition of Si, and a notable increase in the intensity of the (110) peak

by increasing Si concentration is discerned. The pyramidal shape of the ZnO particles is

considered to be associated to the (101) and (110) peaks. [373, 375, 376] The �lms with

pyramidal-shape particles also appear to have less porous and more compact texture.

(a) (b) (c)

(d) (e)

Figure 6.39: The SEM micrographs of FSZO thin �lms deposited at 450 ◦C with (a) 0%, (b) 1%,
(c) 3%, (d) 4%, and (e) 5% Si concentration

6.3.3.4 Optical properties

Figure 6.40 (a) depicts the optical transmittance spectra of FSZO �lms grown with di�erent

Si concentration recorded in the UV-Vis-NIR region (250 - 2500 nm). The UV absorption

edge was sharp for all samples. The FSZO �lms with di�erent Si content are highly trans-

parent (> 85%, corrected for glass substrate) in the visible region. The transmittance in

the range 400 nm < λ < 750 nm, increases from 85% to 89% as Si content was increased
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from 1% to 3%. However, for the heavily doped samples, 4% and 5%, the transmittance

was slightly lower at 85%.

(a) (b)

Figure 6.40: (a) Optical transmittance spectra and (b) transparency variation of FSZO thin �lms
deposited with di�erent Si concentration at 450 ◦C

The optical band gap of the thin �lms were calculated from the transmission spectra

using Equation 2.17. From the graphical form of (αhν)2 - hν data presented in Figure 6.41,

the Eg values were estimated and displayed as inset in Figure 6.41. The optical band gap

of the FSZO thin �lms grown with di�erent Si concentration at substrate temperature of

450 ◦C was found to increase from 3.57 eV to 3.65 eV as the Si concentration increased

from 1% to 4%, and stay unchanged with further increase of Si content. As discussed

previously in Section 6.3.1.4, the increase in band gap is attributed to the Burstein-Moss

(BM) shift. [192, 193] In the case of heavily n-type doped ZnO �lms, a donor level is

generated at the base of conduction band. According to the Pauli exclusion principle,

fermions cannot occupy the same quantum mechanical state, thus, the electrons in valence

shell require an additional energy in order to be excited to higher states of conduction

band, causing apparent optical band gap widening. Figure 6.43 depicts an increase in the

carrier concentration as the Si concentration increases to 3 - 4% which is consistent with the

observed widening of the band gap. The calculated band gap energies of our FSZO �lms
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are larger than those of In+F co-doped ZnO �lms reported elsewhere by other researchers.

[172, 175]

Figure 6.41: Plot of (αhν)2 vs hν for and band gap variation (inset) in FSZO thin �lm with F
concentration of 30% as a function of Si concentrations

Film thicknesses were calculated from optical spectra and plotted for thickness as a

function of Si concentration as displayed in Figure 6.42. The general trend is not very

stable but, the �lm thickness decreases slightly from 600 nm to 500 nm with increasing Si

concentration.
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Figure 6.42: Variation of the thickness of the FSZO thin �lms as a function of Si concentration

The thickness variation seems correlated with the changes of the unit cell volume (Figure

6.33). The �lm thickness decreases with mean unit cell volume at Si concentration of 3%.

Both parameters grow again as the Si concentration increased to 4 - 5%.

6.3.3.5 Electrical properties

Figures 6.43 (a) and (b) show that the carrier concentration, mobility and resistivity of

FSZO thin �lms with varying Si doping level. The trend observed for carrier concentration

is an increase as the Si concentration increases up to 4%, and then a drop with further

increase of Si content to 5%. A sharp decrease in resistivity for Si concentrations of 3 and

4% arises from the improvements in both the carrier concentration and mobility. However,

the fact that the mobility is almost unchanged with increasing Si concentration, indicates

that the resistivity is more a�ected by variations of the carrier concentration.
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Figure 6.43: Variations of carrier concentration (red), mobility (blue), and resistivity (black) of
FSZO �lms deposited at 450 ◦C at 30% F, with Si concentration

The observed increase in mobility at Si concentration of ≥ 4% might be because of

larger crystallite size (Figure 6.34) and a better particle compactness as seen in SEM

images (Figure 6.39). The room temperature electrical resistivity of as-deposited FSZO

�lms reached its minimum value of 1.5 × 10−3 Ω cm for the �lm deposited with 4% Si

and 30% F concentrations at 450 ◦C. This results from carrier concentration and mobility

values of about 5.4 × 1020 cm−3 and 7.8 cm2 V−1 s−1, respectively. These signi�cant results

for an indium free spray pyrolysed thin �lm, are as good, and in some cases even superior

to electrical and optical properties of some of the best In-doped ZnO thin �lms, fabricated

under similar conditions. [132, 173, 380, 381]
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6.3.4 E�ect of type of the precursor solution container

As discussed earlier in the Experimental section, a very common chemical reaction in the

acidic aqueous solutions containing F species, is the formation of acidic F− which can etch

glass. In order to eliminate the glass etching e�ect, which can release impurities such as Si

and Al into the solution, in a di�erent series of experiments, samples were deposited from

spray solutions prepared in plastic containers, and the properties of FSZO-P (P for plastic

container) were compared to those of deposited from spray solution prepared in glasswares.

6.3.4.1 Structural characterisation

Figure 6.44 represents the XRD patterns of FSZO-P thin �lms with various F concentrations

of 10, 20, 30, and 40% and constant Si concentration of 3%, deposited at 450 °C from

precursor solutions prepared in plastic vials. Only the characteristic di�raction peaks of

hexagonal wurtzite phase, typical for undoped and doped ZnO were observed in the samples.

Even at high concentrations of F, no crystalline secondary phases were apparent from the

di�raction data (Figure 6.3).

Figure 6.44: XRD patterns of FSZO-P thin �lms with 3% Si concentration and various F con-
centration deposited at 450 ◦C, from solution prepared in plastic vial
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The observed XRD patterns in Figure 6.44 are similar, in terms of preferred orientations

and peak intensities, to those of FSZO �lms deposited from precursor solution prepared in

glass vials, shown in Figure 6.19, at F concentration of 10% and 20%. By increasing the

F doping level, the growth orientation of the crystallines changes from along c-axis ((002)

plane perpendicular to the substrate surface) to along a-axis ((100) or (101) planes parallel

to the substrate surface). Besides, the (110) plane appears at F concentration of 20% and

it's intensity increases with F content. The intensity of the XRD peaks for the FSZO-P �lm

deposited with 40% F is very close to those of ZnO reference (bulk) values. This implies

random orientation of the crystallites and lack of texture within the sample.

Figure 6.45: Variations of lattice parameters and unit cell volume (inset), as a function of F
concentration (for the �lms deposited from precursor solutions prepared in plastic vial)

As can be seen in Figure 6.45 (b), the lattice parameter a (= b) of FSZO-P thin �lms

was found to slightly decrease with the increasing F doping concentration in solution, while

the lattice parameter c is even less a�ected by increasing F concentration and remains

almost constant at about 5.20 ± 0.002 Å. The unit cell volume follows the same trend

observed for the a lattice constant, and decreased from 47.7 Å3 at 0% F to 47.4 Å3 at

40% F. The decreases in lattice parameters and unit cell volume can be understood by

the increasing solubility of Si or F in the ZnO lattice, and radii of Si and F ions which are

smaller than that of Zn and O, respectively.
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The average crystallite sizes of the FSZO-P thin �lms were calculated using Scherrer

equation (2.9) from the full width at half maximum of the peaks with the highest intensity,

and listed in Table 6.5. The overall trend at F concentration of ≥ 10%, is increasing the

mean crystallite size of the samples with increasing F concentration.

F dopant concentration (%) Mean crystallite size (nm)
0 65.7 ± 11.2
10 51.0 ± 4.5
20 64.5 ± 4.3
30 73.5 ± 6.9
40 96.3 ± 6.7

Table 6.5: Mean crystallite size of FSZO-P thin �lms deposited from solution prepared in plastic
vials as a function of F concentrations

6.3.4.2 Surface analysis

Figure 6.46 (a) and (b) show the XPS Si 2p core level peaks and resolved Si 2p peaks for

FSZO-P samples with various F concentration, respectively. The Si 2p peak of the Si−O

species appears in the 101.0 - 104.0 eV binding energy range. The Si 2p peak is fairly

symmetrical and �ttable with just a component. The peak position is centred at 101.8 eV,

which corresponds to a silicon oxidation degree of 4+. When the sample was deposited

from precursor solution with 20% F, the XPS peak of Si 2p reaches to the highest intensity.
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(a) (b)

Figure 6.46: (a) Si 2p and (b) �tted Si 2p XPS spectra for FSZO-P thin �lms deposited with 1%,
3%, and 5% Si concentrations

Figure 6.47 depicts the high resolution F 1s XPS spectra for the surface of the FSZO-P

thin �lms deposited at 450 ◦C. F 1s peak can usually be �tted by a single component, and

binding energies between 684.0 and 685.5 eV are usually correlated to the metal �uorides,

whereas, organic �uorine species usually appear in binding energies between 688.0 and 689.0

eV. The position of the F 1s peak con�rms that the F− atoms on the surface of the sample

are bound to Zn atoms.
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Figure 6.47: F1s high resolution XPS spectra of FSZO-P samples with 20, 30, and 40% F

As indicated in Figure 6.47, the F content on the surface of the FSZO-P thin �lms

grows with increasing F dopant concentration. This suggests that higher concentration of

F dopant can probably reinforce the substitution of F− for O2− in the lattice of ZnO. Table

6.6 summarizes the results for the atomic concentration ratios of the dopants (Si and F) to

the parent atoms (Zn and O) on the surface of the samples.

Deposition
temperature

(◦C)

F
concentration
in solution (%)

Si
concentration
in solution (%)

[F]/ [O] from
XPS (at.%)

[Si]/ [Zn] from
XPS (at.%)

450 20.0 3.0 1.13 6.38
450 30.0 3.0 1.64 4.78
450 40.0 3.0 2.02 5.74

Table 6.6: [Si]/[Zn] and [F]/[O] atomic concentration ratios on the surface of FSZO-P thin �lms
prepared from precursor solutions with a �xed Si concentration and varying F concentration

The [F]/[O] ratio slightly increases with the [F] in the solution. The [Si]/[Zn] is almost

constant (5.6 ± 0.8 at.%) in agreement with the �xed concentration of Si in the spraying

solution. The higher concentration of Si on the surface of the thin �lms than in the spraying

solution is usually ascribed to the segregation phenomenon as explained in Section 6.3.2.2.

On the other hand, the lower concentration of F on the surface of the samples compared to
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its concentration in the solution might be due to the evaporation of F containing species

at high temperature of the substrate during the deposition process, as further discussed in

Section 6.3.2.2.

6.3.4.3 Morphology

The morphologies of FSZO-P thin �lms were evaluated by the SEM micrographs. Figure

6.48 displays the surface SEM images of samples prepared with nominal F contents of 10, 20,

30, and 40% in spraying solution. The undoped ZnO �lm (Figure 6.27 (b)) consists of closed-

packed and hexagonally shaped microcrystallites arrayed regularly on the substrate with a

narrow distribution of grain sizes. The morphology of the FSZO-P thin �lm undergoes a

signi�cant change as the F concentration increases to 20% and higher.
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(a) (b)

(c) (d)

Figure 6.48: SEM micrographs of FSZO-P thin �lms deposited from solution prepared in plastic
at 450 ◦C with (a) 10%, (b) 20%, (c) 30%, and (d) 40% F concentration

The transformation of particle shape displayed by SEM correlates well with XRD results,

which showed noticeable variation in preferential growth of crystallites, most likely caused

by the incorporation of F into ZnO lattice.

6.3.4.4 Optical properties

All optical properties of the samples, including the UV-Vis-NIR transmittance spectra,

transparency, band gap and thickness values as a function of F concentration are presented

in Figure 6.49. Figure 6.49 (a) shows the e�ect of the F concentration in the starting solution

on the optical transmittance of FSZO-P thin �lms deposited at 450 ◦C, in a wavelength
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interval of 250 - 2500 nm. The �uctuation in the spectra is due to the interference e�ect

owing to the re�ection at interfaces. Sharp fundamental absorption edges corresponding

the band gap of ZnO, are observed in all the spectra. It can be observed that the optical

transmittance is around 80% (not corrected for glass substrate) and decreases as the �uorine

concentration increases from 10% to 40%. Based on these results and the results from

morphology studies we can conclude that the diminishing the optical transmission obtained

in the FSZO-P �lms by increasing F concentration, might be a result of the �lm quality,

determined by the structural and morphological characteristics. Film transparency can be

decreased by the increased scattering induced by irregularly shaped or randomly oriented

particles.

(a) (b)

Figure 6.49: Variations of (a) optical transmittance and (b) (αhν)2 vs hν (inset: band gap) of
FSZO-P thin �lms prepared from solution in plastic vial as a function of F concentration

As was expected the concentration of the doping elements also a�ected the band gap,

E g . A shift towards higher energy is observed when the dopant concentration in the solution

is increased, as is shown in Figure 6.49 (b). The E g values ranged from 3.44 to 3.60 eV.

The lowest E g value corresponds to �lm deposited with the lowest F doapnt concentration

ratio, namely [F] / [Zn] = 10% (inset in Figure 6.49 (b)), where it is expected a lower

contribution to the carrier concentration. The variation of E g under these circumstances
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is attributed to the Burstein-Moss e�ect. [192, 193]

6.3.4.5 Electrical properties

The variation of resistivity, carrier concentration and Hall mobility of FSZO-P thin �lms

as a function of F concentration are presented in Figure 6.50. There is a maximum carrier

density achieved at 40% F. It can be seen from Figure 6.50 (b) that resistivity of FSZO-P

�lm is strongly in�uenced by the F doping concentration. As the F concentration in the

spraying solution increases from 0 to 40%, the resistivity of the �lms decreases rapidly from

5.4 × 10−3 Ω cm to the minimum value of 2.0 × 10−3 Ω cm, with a carrier concentration

of 4.8 × 1020 cm−3 and a mobility of 6.3 cm2 V−1 s−1. In FSZO-P samples, it can be

inferred that the conductivity of the �lm is mainly attributed to its carrier concentration

rather than mobility. As the concentration of Si in the spraying solution is constant is

all sample, the initial decrease in resistivity might originate from substituting F− for O2−

sites to release extra free electron that contributes to the conductivity. Small amounts

of F doping, if it is successful, can introduce large numbers of free electrons in the �lms,

and therefore increases the conductivity. However, the conductivity of FSZO �lms is not

increasing with increase of F concentration as expected. It can be explained by the fact

that excess F atoms cannot be accommodated into ZnO lattice and might form amorphous

oxide in the grain boundaries, which act as carrier traps in the lattice rather than electron

donors. [305] The mobility of FSZO-P �lms remains almost una�ected by increasing the F

concentration, between 6.0 to 7.0 cm2 V−1 s−1.
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(a) (b)

(c)

Figure 6.50: (a) Carrier concentration and mobility, and (b) resistivity values as a function of
F concentration, for thin �lms from precursor solution prepared in plastic vial (c) comparison of
electrical properties of FSZO samples from solution in glass vs plastic vials, as a function of F
concentration

Despite the initial uncertainties about the observed optical and, in particular, electrical

properties of FSZO thin �lms, the optimal electrical properties of FSZO-P were comparable

to the reported values for FSZO �lms deposited from solution prepared in glass vials. We

also showed in Chapters 4 and 5 that single doping of ZnO with Si or F did not reproduce

the results observed in this chapter. These suggest that Si+F co-doping is an e�ective

route to enhance the optical and electrical properties of ZnO thin �lms. Although the real
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mechanism of co-doping needs to be thoroughly investigated, based on the results presented

in this chapter, we can propose two mechanisms for the e�ectiveness of Si+F co-doping in

producing high conductivity and transparency in FSZO thin �lms;

1) First mechanism involves both dopant atoms incorporating into ZnO lattice simul-

taneously and donating extra electrons to raise the number of free carriers. This approach

considers substituting Si4+ for Zn2+, and F− for O2− in ZnO matrix. XPS measurements

(Figures 6.22, 6.23, 6.35, 6.36) detected both Si and F peaks on the surface of the samples.

However, the detected F content was much lower than the amount of F added to the spray-

ing solution. On the other hand, other studies on F-doping of ZnO show that even very

small concentration of F can make a huge enhancement in optical and electrical properties

of ZnO thin �lms. Choi and Park, for example, reported resistivity value as low as 1.8 ×

10−3 Ω cm, and high optical transparency of about 83% for ZnO thin �lms doped with only

1.2 at.% F, deposited at 140 ◦C by ALD. [152]

2) Second mechanism is a little more di�cult to prove, and involves only Si incorporating

into ZnO, but with higher concentrations in the presence of F. We propose this mechanism

based on the results in Chapter 5, in which we showed F doping of ZnO is not successful

under our experimental conditions, and based on the XPS results which indicated higher

concentration of Si on the surface of the samples with increasing F concentration (Figure

6.23). In this uncon�rmed hypothesis, we claim that the solubility of Si in the spraying

solution and as a result into ZnO matrix, is increased by formation of highly soluble com-

pound such as �uosilicic acid (H2SiF6), due to the fact that solubility of silicon tetraacetate

(Si(OCOCH3)4) in solution is a limiting factor in optimum incorporation of Si into ZnO

lattice during deposition process.

While XPS is a surface sensitive technique, a depth pro�le measurement of a sample

can be obtained by combining a sequence of ion gun etch cycles interleaved with XPS

measurements from the current surface. Depth pro�le XPS measurements and Energy

Dispersive X-Ray analysis (EDX, which is an X-ray technique used to identify the elemental
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composition of materials), on series of samples are in progress, in order to analyse the

composition of subsurface layers and determine the concentration of various elements in

the samples.

6.4 Conclusions

Co-doped ZnO thin �lms o�er a promising alternative to indium tin oxide (ITO) as trans-

parent conductive layers. Although the electrical properties of our FSZO thin �lms are still

not high enough to replace the ITO in high-end TCO applications such as organic light

emitting diodes (OLEDs) and photovoltaic panels, but they can provide an alternative to

ITO layers used as transparent electrodes in devices such as liquid crystal and touch screen

displays.

Fluorine and silicon co-doped (FSZO) thin �lms were successfully deposited at substrate

temperature of 450 ◦C using low-cost solution-based spray pyrolysis deposition technique.

For the �rst time, the e�ect of deposition temperature, F concentration, Si concentration,

and the type of the vials in which the precursor solutions were prepared, on the structural,

optical, and electrical properties of the thin �lms were thoroughly investigated. The e�ect

of preparing spraying solution in plastic vials was investigated due to the fact that in water-

soluble F containing compounds, F− can from HF in the solution, and HF will react with

SiO2 in glass, which might also introduce silicon impurities into the solution and thin �lms.

FSZO thin �lms deposited on glass substrates at 450 ◦C with 3% Si and 30 - 40% F

exhibited very promising resistivities of ∼ 2.0 × 10−3 Ω cm, both from spraying solution

prepared in glass and plastic vials. The carrier concentration and mobility values were

about 4.8 × 1020 cm−3 and 7.0 cm2 V−1 s−1, respectively. However, these results are still

far from the best values presented in the only other report on FSZO thin �lms fabricated

by pulsed laser deposition (PLD), in which resistivities as low as 7.2 × 10−4 Ω cm for the

�lms deposited at 150 ◦C were obtained. [327]

The associated optical transmittance of FSZO was above 85% in the whole visible range.
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The band gap value was found to increase from 3.28 eV for undoped ZnO to about 3.65 eV for

FSZO thin �lm doped with 3% Si - 40% F deposited at 450 ◦C. The XRD patterns and SEM

results of FSZO samples revealed that the preferential growth of the crystallites and the

structural morphology of these polycrystalline thin �lms is dependent upon the substrate

temperature, and F and Si concentration. The preferential orientation of the crystallites

changed from parallel to the c-axis to parallel to the a-axis, with increasing F concentration.

The experimental carrier concentration values do not correspond to the presence of the

whole amount of F added to the spraying solution. XPS measurements also show much lower

F concentration on the surface of the samples comparing to F concentration in spraying

solution. Most likely, this is due to the evaporation of F at high temperatures of deposition

process.

228



Chapter 7

Summary and Conclusions

7.1 Conclusions

This thesis demonstrates novel �ndings into the growth and characterization of n-type ZnO

thin �lms, single-doped with silicon (SiZO), �uorine (FZO), or chlorine (ZnO:Cl), and co-

doped with silicon and �uorine (FSZO), and addresses the needs for highly conducting and

transparent alternative materials to substitute indium-tin oxide (ITO) for device applica-

tions. We obtained n-type ZnO thin �lms by spray pyrolysis using a range of deposition

conditions and dopant sources. The novelty in our approach is in the use of a cost e�ective

solution-based technique and simultaneous doping with Si and F, to fabricate high optically

transparent and electrically conductive ZnO-based materials.

In spray pyrolysis technique the substrate temperature is an important parameter, and

it strongly a�ects the decomposition of the zinc compounds to ZnO and almost all prop-

erties of the thin �lms. In Chapter 3, the thermal decomposition of several potential ZnO

precursors were studied using thermogravimetric analysis (TGA) and variable temperature

X-ray di�raction (VT-XRD). The aim of studying the decomposition temperature of zinc

salts was to �nd a zinc precursor which decomposes to ZnO at relatively low temperatures

(lower than 250 ◦C), in order to develop spray pyrolysis technique for deposition of thin
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�lms on heat-sensitive substrates such as plastics. Our experiments have shown that the

deposition temperature has to be su�ciently high (about 400 ◦C and higher), in order to

obtain highly transparent and conductive thin �lms. However, as the decomposition tem-

perature of the zinc precursor increases, higher deposition temperature might be needed to

fabricate �lms with comparable properties. Results showed that the thermal decomposition

of Zn(acac)2 · xH2O occurred through a neat two-step process at 220 ◦C. Decomposition

temperature of other zinc salts studied, was much higher and in some cases included several

complicated stages.

In Chapter 4, structural, optical, and electrical properties of undoped and Si-doped

ZnO (SiZO) thin �lms were investigated as a function of deposition temperature and Si

concentration. With increasing deposition temperature to 350 ◦C and higher, undoped ZnO

and SiZO thin �lms demonstrated a change in the preferential orientation of the crystallites

from along the a-axis to along the c-axis. The optical transparency in the visible range

increased to above 80% for the thin �lms with Si concentration of 3% and higher deposited

at 450 ◦C. The minimum resistivity of 4.6 × 10−2 Ω cm, the highest carrier concentration of

9.1 × 1018 cm−3, and the highest mobility of 14.8 cm2 V−1 s−1 were obtained for undoped

ZnO �lms deposited at 450 ◦C. The resistivity of SiZO thin �lms decreased to a minimum

of 3.7 × 10−3 Ω cm at Si concentration of 3%. The respective carrier concentration and

mobility values were 1.7 × 1020 cm−3 and 10.9 cm2 V−1 s−1. Improvement in the electrical

properties results from the contribution of extra electrons due to the substitution of Si4+

for Zn2+ in the ZnO lattice, in addition to the native donor defects, such as Zn interstitials

and O vacancies. We also presented the results of an investigation into metal-insulator

transition (MIT) and conduction mechanism in a set of our polycrystalline ZnO thin �lms.

In Chapter 5, we studied the anion doping (F and Cl) of ZnO and presented the e�ect

of dopant concentration on the properties of ZnO thin �lms. Despite large number of

publications on successful fabrication of F-doped ZnO thin �lms using various solution or

vacuum-based techniques, we showed that F doping of ZnO can not be easily achieved
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using the common F sources and via spray pyrolysis at high temperatures. In fact, the F

dopant incorporation into ZnO lattice was very poor. Substitution of Cl− for O2− sites in

the ZnO matrix may not be favourable, as it causes drastic distortion in the lattice due to

the greater ionic radius of chloride (1.81 Å) than oxygen (1.38 Å). However, Cl doping was

found to have small e�ects on the electrical properties of the ZnO thin �lm, although the

optical transparency was deteriorated.

In Chapter 6, the e�ect of various parameters such as deposition temperature, F con-

centration, Si concentration, and preparation of precursor solutions in plastic vials, on

the structural, morphological, optical and electrical properties of Si+F co-doped ZnO thin

�lms were comprehensively studied. The best deposition temperature for the deposition

of co-doped ZnO was in the range of 400 - 450 ◦C in a N2 atmosphere. The structural

parameters, such as preferential orientation and particle shape in the �lm, depended on the

deposition temperature, and the concentration of Si and F in the spraying solution. The

XRD di�raction patterns revealed more or less stronger preferential growth along c-axis

in the absence of F, and along a-axis with increasing F content in the solution. Three

di�raction lines ((100), (002) and (101)), appeared in the XRD patterns of the FSZO �lms

deposited at 450 ◦C, indicating that the orientation of the crystallites was more random.

At optimum doping concentration of 3% Si and 30 - 40% F, and a deposition temperature

of 450 ◦C, the FSZO thin �lms exhibited electrical resistivity as low as 2.0 × 10−3 Ω cm

and the optical transparency of more than 85% in the visible region. These results are as

good, and in some cases, even superior to electrical and optical properties of some of the

best In-doped ZnO thin �lms, fabricated under similar conditions. [132, 173, 380, 381]

7.2 Future work

The present work has illustrated some of the uncertainties and unknowns in the growth of

undoped and doped ZnO thin �lms and it is hoped that future work will be carried out in

this and the following areas:
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(1) The investigation of the fundamental mechanism of Si+F co-doping in ZnO, doping

e�ciency, and the con�rmation of incorporation of Si and/or F into ZnO lattice by means

of XPS depth pro�ling, EDX, or other techniques.

(2) The investigation of the structural crystallographic point defects such as vacancies and

interstitials in Si+F co-doped, and single Si or F-doped ZnO in order to �nd out the lattice-

environment of the defects and real arrangement of atoms in the ZnO lattice. Electron

microscopy techniques under very high magni�cation, high resolution X-ray di�raction,

extended X-ray absorption �ne structure (EXAFS), and neutron di�raction techniques can

be used for this purpose.

(3) The study, modelling and understanding the role of parameters such as grain boundaries

scattering on limiting electronic transport properties in polycrystalline ZnO �lms, in order

to improve their electrical performance.

(4) The search for other novel combination of dopants (cation+cation or cation+anion) that

might be as e�cient as Si+F dopants for the production of highly conducting transparent

doped ZnO.

(5) The study of other parameters involved in spray pyrolysis process, such as various

solvent and pH values on the quality and properties of the thin �lms.

(6) The use of co-doping method in some other deposition techniques such as magnetron

sputtering or PLD to improve the properties of ZnO.

(7) The search for new zinc and dopant precursors, designed for the production of chemically

pure and highly conducting ZnO thin �lms in order to replace established precursors which

do not enable a low temperature growth of thin �lms.

(8) The investigation of the potential application of the thin �lms with optimised electrical

and optical properties in solar energy utilization and optoelectronic devices.

(9) The scale up of the fabrication process to commercial levels, using spray pyrolysis

technique which is capable of one-step and cost e�ective deposition of good quality and

large area thin �lms.
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